SHORT FRENCH ABSTRACT

Chez les mammifères, le contrôle central de la reproduction repose principalement sur une population hypothalamique de neurones à gonadolibérine (GnRH). Malgré la multitude d'études menées chez diverses espèces ces dernières décennies, les aspects physiologiques et pathologiques du système GnRH ne restent que partiellement décrits et requièrent d'être mieux documentés. Dans un premier temps, et par une technique moderne d'imagerie tridimensionnelle chez la souris, nous apportons de nouvelles données sur le développement et la distribution des neurones à GnRH et de leurs partenaires de l'embryon à l'adulte. De plus, grâce à des études fonctionnelles, nous décrivons comment des mutations de facteurs impliqués dans le développement du système GnRH contribuent aux pathologies des fonctions de reproduction chez l'humain. Ces travaux enrichissent les connaissances sur le contrôle central de la reproduction, et posent les bases de futures études reposant sur des approches tridimensionnelles.

SHORT ENGLISH ABSTRACT

In mammals, the central control of the reproductive functions relies on a hypothalamic population of gonadotropin-releasing hormone (GnRH) neurons. Despite extensive studies in numerous species over the last decades, the physiological and pathological aspects of the GnRH system remain only partially described and require further investigation. First, using a modern threedimensional imaging technique in mice, we provide new insights on the development and distribution of GnRH neurons and their interactors from the embryo to the adult. Second, using functional assays, we investigate how mutations of factors involved in the development of the GnRH system can contribute to pathologies of the reproductive functions in humans. We thus bring novel data on the central regulation of reproduction in mice and humans, and set the basis for future studies relying on three-dimensional approaches.

FRENCH ABSTRACT

Chez les mammifères, la fonction de reproduction est assurée par l'axe hypothalamo-hypophysogonadique (HHG). Dans ce système, des neurones à gonadolibérine (GnRH) parsemés dans l'hypothalamus projettent vers l'éminence médiane pour sécréter la GnRH dans la circulation porte hypothalamo-hypophysaire. La GnRH stimule les cellules gonadotropes de l'hypophyse, qui en réponse produisent et sécrètent les l'hormone lutéinisante (LH) et l'hormone folliculostimulante (FSH) dans la circulation systémique. La LH et la FSH agissent en périphérie pour activer la gamétogénèse et la stéroïdogenèse dans les gonades, et les stéroïdes sexuels ferment la boucle en exerçant un rétrocontrôle au niveau central. Une particularité des neurones à GnRH tient dans leur origine, puisqu'ils naissent dans la région nasale avant de migrer vers leur lieu d'installation dans le cerveau durant le développement embryonnaire. De plus, les neurones à GnRH poursuivent leur maturation après la naissance en interagissant avec diverses populations neuronales et non-neuronales, formant ainsi un « réseau GnRH » qui permet l'intégration de signaux physiologiques et environnementaux pour réguler finement l'axe HHG. De fait, les défauts impactant la genèse, la migration, les interactions ou l'activité des neurones à GnRH sont associés à des pathologies de la reproduction et causent une absence de puberté et une infertilité.

Ces pathologies incluent l'hypogonadisme hypogonadotrope (HH) et, si les patients présentent également une anosmie ou hyposmie, le syndrome de Kallmann (SK). Dû à la complexité des mécanismes moléculaires régissant le développement prénatal et postnatal du réseau GnRH, et puisque les mutations identifiées jusqu'ici n'expliquent qu'une fraction des cas de HH et SK, des études plus approfondies sont nécessaires pour comprendre la migration des neurones à GnRH depuis la région nasale et leur maturation dans le cerveau. En outre, de nouvelles approches doivent être adoptées pour décrire le développement prénatal et postnatal du réseau GnRH : les techniques histologiques conventionnelles ont notamment été limitantes, en partie car les neurones à GnRH et leurs partenaires sont éparpillés dans le cerveau et projettent parfois sur de longues distances. L'objectif des présents travaux est de compléter les connaissances sur le contrôle central de la reproduction, en recourant à des techniques complémentaires chez la souris et chez l'humain. Dans un premier temps, nous avons étudié les mutations de gènes codant pour la molécule de guidance Semaphorine 3F et son récepteur la Plexine A3, retrouvées chez l'humain, et avons évalué leur contribution à la pathogenèse du HH. Nous suggérons que la signalisation par la Semaphorine 3F est impliquée dans la migration des neurones à GnRH dans le nez, et qu'un défaut dans ce processus participe à l'étiologie du HH et du SK. Dans un second temps, nous avons contourné les limites inhérentes aux coupes de tissus en implémentant chez la souris l'immunomarquage et la transparisation d'échantillons entiers, suivis d'une imagerie en microscopie à feuille de lumière, permettant la visualisation et l'analyse tridimensionnelles des neurones à GnRH depuis l'embryon jusqu'à l'adulte. Nous revisitons ainsi la migration des neurones à GnRH, et révélons l'étendue de leur distribution et de leurs projectionsy compris dans des régions extra-hypothalamiques jusqu'ici peu considéréessuggérant par là même de potentiel nouveaux rôles pour la GnRH dans le cerveau des mammifères. En résumé, les travaux présentés ici apportent de nouvelles données sur le développement physiologique et pathologique des circuits neuraux contrôlant la reproduction chez la souris et l'humain.

ENGLISH ABSTRACT

In mammals, reproductive functions depend on the hypothalamus-pituitary-gonadal axis. In this system, a specialized population of gonadotropin-releasing hormone (GnRH) neurons scattered in the hypothalamus project to the median eminence to release GnRH in the hypothalamuspituitary portal circulation. GnRH reaches the anterior pituitary and stimulates the gonadotropic cells, which in response produce and release the gonadotropins LH and FSH in the general circulation. LH and FSH in turn act at the periphery to promote gametogenesis and production of sexual steroids in the gonads, and the sexual steroids close the loop via feedback mechanisms taking place at the central level. A surprising characteristic of GnRH neurons lies in their origin, as they are born in the nose and then migrate towards their final location in the brain during embryonic development. Additionally, the GnRH neurons continue their maturation after birth by establishing interactions with several neuronal and non-neuronal populations in the brain, forming a GnRH network which enables them to integrate diverse physiological and environmental cues and finely regulate the downstream HPG axis. Accordingly, defects in the processes governing the birth, migration, interactions or activity of GnRH neurons are associated with pathologies of reproductive functions leading to absent puberty and infertility. Such pathologies include hypogonadotropic hypogonadism (HH) and, when patients also present with anosmia or hyposmia, Kallmann Syndrome (KS). Given the molecular complexity underlying the prenatal and postnatal development of the GnRH network, and because mutations identified so far only account for a fraction of reported HH/KS cases, further investigations are needed to dissect the mechanisms guiding the migration of GnRH neurons in the nasal compartment and their maturation in the brain. Moreover, new approaches are needed to better document the prenatal and postnatal maturation of the GnRH network: notably, conventional histological approaches have been a limiting factor in previous studies, due in part to GnRH neurons and their partners being scattered in the brain and sometimes projecting over long distances. In the present work, we set out to complete our current knowledge on the central control of reproduction through the use of different, complementary approaches in mice and human. First, we have investigated human mutations of the genes coding for the guidance molecule Semaphorin 3F and and its receptor Plexin A3, and have assessed their contribution to the pathogenesis of hypogonadotropic hypogonadism. We propose that Semaphorin 3F signalling is involved in the migration of GnRH neurons in the nasal region in humans, and that defects in this process can participate to the etiology of HH and KS. Second, we overcame the limitations of classical sectioning techniques by implementing whole-mount immunolabelling, solvent-based tissue-clearing and light-sheet imaging to allow three-dimensional visualization and analysis of GnRH neurons from the embryo to the adult mouse. This sheds some new light on the migration and distribution of GnRH neurons and their projections in the murine model, and unexpectedly reveals their extent in previously overlooked extra-hypothalamic regions, thus setting the basis for future studies aimed at dissecting potential new roles for GnRH in mammals. Overall, the present work brings novel data on the physiological and pathological development of the neural circuits controlling reproduction in mice and humans. 

i. The hypothalamus

The hypothalamus is a small part of the brain located at the base of the organ, below the thalamus.

It is a region of great importance in the survival of both the individual and the species, since this centre is involved in numerous biological processes such as metabolism, homeostasis, sleep/wake cycles, and reproduction. Anatomically, it consists of several nuclei with specialized functions, distributed on both sides of the third ventricle: these nuclei are highly connected both locally and with other parts of the brain. The hypothalamus is also comprised of two circumventricular organs the organum vasculum of lamina terminalis (OVLT) and the median eminence (ME)which are specialized structures with fenestrated blood capillaries allowing communication between the brain and the periphery, exceptions to the general blood-brain-barrier [START_REF] Schröder | The Mouse Hypothalamus[END_REF]). In the reproductive frame, the hypothalamus is host to the gonadotropin-releasing hormone (GnRH) neurons, which produce and release GnRH in a pulsatile manner in the median eminence to target the pituitary.

ii. The pituitary

Located below the hypothalamus, and connected to it by a portal capillary circulation, the pituitary is a two-part gland consisting of an anterior and posterior part. While the posterior pituitary mainly consists in axons coming from the brain, the anterior pituitary contains different types of endocrine cells, which integrate signals from the portal circulation to regulate hormonal secretion.

Among those signals, GnRH is brought via the portal circulation to the pituitary where it binds the specific GnRH receptor (GnRH-R) located at the membrane of gonadotropic cells. Upon GnRH stimulation, the gonadotropic cells then produce the follicle-stimulating hormone (FSH) and the luteinizing hormone (LH), both of which are released to the systemic blood circulation to reach the gonads (Cohen-Tannoudji et al. 2014, Stamatiades and Kaiser 2017).

iii.

The gonads

If the central components of the reproductive axis are relatively similar in males and females, the gonads are instead highly dimorphic. In males, the testis is composed of seminiferous tubules organized in lobules and surrounded by a parenchyma. The seminiferous tubules join the rete testis and efferent ducts, to then open on the epididymis. The testicular parenchyma is host to the Leydig cells, which upon LH stimulation produce the sexual steroid hormone Testosterone from blood cholesterol. Sertoli cells, on the other hand, are found along the seminiferous tubules and will mainly activate gametogenesis upon FSH stimulation. In summary, the coordinated action of LH and FSH on the male gonads will promote steroidogenesis and the continuous gametogenesis [START_REF] Jégou | Le testicule[END_REF]). In females, the ovaries contain follicles at different stages, ranging from early primordial follicles to luteal follicles. Folliculogenesis, or maturation of the follicles, starts in utero and continues after birth, with the final folliculogenesis processes only happening after puberty onset. During their maturation, sensibility of the follicles to LH and FSH does not remain constant: while FSH and LH are involved in the basal development of follicles up to the preovulatory stage, it is to a lesser extent than the terminal maturation when gonadotrophins are essential to the selection and maintenance of the ovulatory follicle. After puberty, gonadotrophins are responsible for triggering ovulation and, by acting on theca and granulosa cells of the follicles, they also promote the production of progesterone, testosterone, and estradiol. In summary, LH and FSH act on the ovary to promote gametal maturation, steroidogenesis and ovulation [START_REF] Monniaux | Le développement folliculaire ovarien et l'ovulation[END_REF].

iv. The final link: a feedback between the components of the HPG axis

A feedback mechanism establishes the final link between the components of the reproductive axis: sexual steroids (testosterone, progesterone, estradiol) not only act locally in the gonads, but are also released in the systemic circulation to exert a retro-control on the hypothalamus and the pituitary. This retro-control can be positive or negative depending on the hormone at play and the timeframe of action, i.e. depending on the phase of the menstrual cycle.

During the menstrual cycle, estradiol first exerts a negative feedback at the central level, associated mostly to an inhibition of FSH secretion, and then switches to a positive feedback leading to an increase in LH levels in preparation of ovulation. The role of progesterone in the luteal phase of the cycle is mainly a negative retro-control suppressive of gonadotropin secretion, and it seems to require synergy with estradiol, since estradiol deficiency reduces the progesteronemediated feedback. Similarly, testosterone has been shown to possess an inhibiting effect on gonadotropin secretion, and thus exerts a negative feedback on the HPG axis [START_REF] Herbison | Chapter 11 -Physiology of the Adult Gonadotropin-Releasing Hormone Neuronal Network. in Knobil and Neill's Physiology of Reproduction[END_REF].

Interestingly, the positive and/or negative feedbacks of sexual steroids are not mediated by a single cell type nor in a single location. Instead, they can act at the hypothalamic and/or the pituitary levels, not necessarily through the same mechanisms [START_REF] Pitteloud | Inhibition of luteinizing hormone secretion by testosterone in men requires aromatization for its pituitary but not its hypothalamic effects: evidence from the tandem study of normal and gonadotropin-releasing hormone-deficient men[END_REF], and several populations have been involved including the GnRH neurons, their hypothalamic partners, and the gonadotropic cells, depending on specific receptor expression [START_REF] Marques | Physiology of GnRH and Gonadotropin Secretion[END_REF].

Figure I-1. Overview of the hypothalamic-pituitary-gonadal axis. Hypothalamic GnRH neurons (in green)

project to the median eminence and release GnRH in the hypothalamus-pituitary portal circulation (red lines) to target the gonadotropic cells of the anterior pituitary (blue). Gonadotropic cells then secrete the gonadotropins LH and FSH in the systemic circulation (dashed red lines). In the gonads, LH and FSH promote gametogenesis and steroidogenesis. The sexual steroids testosterone, estradiol and progesterone finally exert a feedback at the central levels.

B. Timeline of development of the HPG axis in rodents and humans

i.

Intrauterine development

The mammalian reproductive axis starts developing in utero: starting from the third week of human embryonic development, the expression of sex-specific genes triggers the differentiation of the so-far bipotential gonads derived from the mesonephros. Development of the testes will promote regression of the presumptive female sexual ducts, and growth of the male sexual organs namely the epididymis, vas deferens and the prostatewhile development of ovaries will be LH SH Estradiol Progesterone Testosterone accompanied by growth of the fallopian tube, uterus and vagina (Eggers et al. 2014, Biason-Lauber and[START_REF] Biason-Lauber | Ovarian development and disease: The known and the unexpected[END_REF]. Similarly in the murine model, the undifferentiated gonads appear at embryonic day E10.5, and the differentiation starts 24 hours later driven by sex-specific gene expression, leading to the development of the female or male reproductive tract [START_REF] Yildirim | Gonadal development and sex determination in mouse[END_REF]. Also during the embryonic development, the GnRH neurons migrate from their birth location in the nasal compartment, starting at the 5 th gestational week in human and around E10 in mice, to reach notably the preoptic and hypothalamic regions and send projections to the median eminence (Wray et al. 1989, Schwanzel-Fukuda et al. 1989, Casoni, Malone et al. 2016).

A transient intrauterine activation of the HPG axis occurs during the human fetal development (Figure I-2), with a measurable rise in LH and FSH around the 12 th gestational weeks and to midgestation, before placental hormones exert a progressive silencing effect on the axis. It is proposed that this activation plays a role in gonadal development, and notably in testicular descent. At birth, the main sexual structures and reproductive circuits are in place, but they still require maturation.

ii. Minipuberty

Shortly after birth, between postnatal day 10 (PN10) and PN15 in mice and within the first months of life in human infants, a new transient activation of the HPG axis happens which is termed minipuberty (Figure I-2). Minipuberty is associated with a rise in circulating gonadotropins and sexual steroids, and is believed to promote the first postnatal events of sexual maturation: activation of the testis occurs in males with an increase in size and production of Sertoli cells, Leydig cells and germ cells; and an increase in follicular development is observed in female ovaries. Minipuberty appears to play a key role in brain sexual differentiation as well, with impacts on language skills and potentially on behaviour. The HPG axis is once again silenced after minipuberty, and remains quiescent until puberty (Kuiri-Hänninen et al. 2014, Becker and Hesse 2020).

iii. Puberty

The timing of puberty onset in human varies depending on several factors including genetic background, environment or socio-economical status. However, it usually occurs between 9 and 14 years of age, and more precociously in females than males . Puberty is characterized by body as well as psychosocial changes. The main body changes include testicular enlargement, penile growth and development of public hair in males, breast development and apparition of pubic hair in females, later followed by production of sperm and first ejaculations in males, and start of menstrual cycles in females [START_REF] Spaziani | Hypothalamo-Pituitary axis and puberty[END_REF]). In mice also, the timing of puberty varies between strains and several changes are observed: depending on which manifestation is used to date pubertal onset, it is thus estimated to occur between PN21 and PN40 [START_REF] Pinter | Differences in the onset of puberty in selected inbred mouse strains[END_REF].

Puberty is synonym to the re-activation of the HPG axis, and this event depends upon several factors among which the potent kisspeptin, a neuropeptide produced notably by specialized populations of the hypothalamus. Mutations studies have indeed concluded that kisspeptin, and kisspeptin receptor (GPR54) were necessary for pubertal activation of the GnRH neurons, and that a failure of this system was associated with absent puberty and subsequent infertility (De Roux et al. 2003, Seminara et al. 2003). Other actors include neurokinin B (NKB), Dynorphin, Glutamate and γ-aminobutyric acid (GABA), Leptin and ghrelin (reviewed in Spaziani et al.

2021

) each with their own permissive or suppressive effect, and together they impose a pulsatile rhythm of GnRH secretion that will in turn trigger the release of gonadotropins from the pituitary gonadotropic cells. In addition to gonadal maturation, the subsequent production of sexual steroids will participate to brain development and explain psychosocial and behavioural changes [START_REF] Özdemir | Special Article Physical and Psychosocial Effects of the Changes in Adolescence Period[END_REF][START_REF] Wood | Puberty: Normal physiology (brief overview)[END_REF][START_REF] Spaziani | Hypothalamo-Pituitary axis and puberty[END_REF]). Together, these changes mark the acquisition of the reproductive functions, which are normally conserved throughout life in males, and until menopause occurs in women when depletion of the follicular reserve leads to a decrease in estrogen production. Of note, a progressive decrease of testosterone production with age in males exists, that is associated with impaired reproductive functions and termed andropause. 

1978).

This GnRH-driven LH pulsatility is essential for the maintenance of the reproductive capacities:

in the menstrual cycle, a low-frequency GnRH pulsatility progressively speeds up during the follicular phase, imprinting a gradual rise of LH levels. This is quickly followed by a strong elevation of LH secretion resulting in the mid-cycle LH surgethe trigger for ovulation. The frequency of GnRH pulses then decreases over the luteal phase of the cycle, to increase again as the next follicular phase is starting. Constant low GnRH and LH pulsatility during the menstrual cycle are associated with reproductive disorders such as hypothalamic amenorrhea, while maintained high pulsatility is found in polycystic ovary syndrome; and anovulation is a feature of both of these pathologies [START_REF] Marques | Physiology of GnRH and Gonadotropin Secretion[END_REF]. In men and women alike, GnRH deficiency is a cause of hypogonadotropic hypogonadism, a condition in which reproductive functions are diminished or abolished.

While the importance of the specific secretion pattern for GnRH has been established, the factors at play remain only partially understood. The current model proposes the existence of a pulse generator, responsible for pulsatile secretion, and a surge generator involved in the triggering of the pre-ovulatory surge of LH. These generators are not limited to the GnRH neurons but instead require the cooperation of a multitude of actors, including specialized neuronal populations and glial cells, that together form the "GnRH network" and will be discussed later (Herbison 2016).

Figure I-3. Gonadotropin profiles in relation to GnRH in an ovariectomized rhesus monkey. LH and FSH exhibit normal, pulsatile secretion driven by pulsatile GnRH administration. Continuous infusion of

GnRH inhibits gonadotropin release, an effect rescued by the return to a pulsatile administration of GnRH.

Adapted from [START_REF] Belchetz | Hypophysial responses to continuous and intermittent delivery of hypopthalamic gonadotropin-releasing hormone[END_REF] In the current frame, the hypothalamic GnRH system is considered the master regulator of the reproductive functions. To understand how this specific circuitry develops and achieves such a central role in the HPG axis, it is necessary to dive into the specificities of the GnRH neurons in several aspects, ranging from their birth origin to their final distribution, and their interactions with diverse partners to finely regulate the downstream axis. described as an inhibitor of prolactin secretion, which was first evidenced in cultured pituitary from rats and then confirmed in vivo [START_REF] Nikolics | A prolactin-inhibiting factor within the precursor for human gonadotropin-releasing hormone[END_REF][START_REF] Yu | Gonadotropin-releasing hormoneassociated peptide exerts a prolactin-inhibiting and weak gonadotropin-releasing activity in vivo[END_REF]). The latter group has also shown a stimulatory effect of GAP on gonadotrophins release in vivo in rats, although it was less potent than GnRH [START_REF] Yu | Effects of the gonadotropin-releasing hormone associated peptides (GAP) on the release of luteinizing hormone (LH), follicle stimulating hormone (FSH) and prolactin (PRL) in vivo[END_REF]). In human, two studies on cultured pituitary cells have concluded to opposite results regarding the inhibitory effect of GAP on prolactin secretion [START_REF] Ishibashi | Effect of GnRH-associated peptide on prolactin secretion from human lactotrope adenoma cells in culture[END_REF][START_REF] Wormald | Prolactin-inhibiting activity of GnRH associated peptide in cultured human pituitary cells[END_REF]). Overall, it is proposed that the coordinated processing and release of GnRH and GAP from the same initial prepropeptide establish a crosslink between the gonadotropic and lactatotropic pituitary components.
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ii.

GnRH signalling and decoding

After its release in the hypothalamic-pituitary portal circulation, the GnRH peptide has a short half-life of approximately 2 to 4 minutes [START_REF] Handelsman | Pharmacokinetics of gonadotropin-releasing hormone and its analogs[END_REF], compatible with its fast delivery to the pituitary gonadotropic cells expressing the GnRH receptor. The GnRH-R is a In 1989, a study demonstrated the extra-cerebral origin of the GnRH neurons using mouse embryos from embryonic days 9 to 20 (Schwanzel-Fukuda and Pfaff, 1989). Immunoreactivity for GnRH was detected as early as the 11 th embryonic day in the olfactory placodes of the nasal region, in the area of the future vomeronasal organ. GnRH neurons were described associated to the vomeronasal and terminal nerves throughout the nose, reaching the ventromedial forebrain and engaging towards the preoptic area and the hypothalamus by day 14. The authors notably remarked that the increase in brain GnRH neurons was correlated with a decrease in peripheral GnRH neurons, compatible with a migration from the nose to the brain. Concomitantly, a second group combined immunohistochemistry with in situ hybridization and resulted in the same conclusion: GnRH mRNA and immunoreactivity were found in the olfactory placodes but not in the brain around the 11 th embryonic day, and some positive neurons had reached the brain at E12.5 by migrating along vomeronasal and terminal nerve projections. Interestingly, the study reported that virtually all GnRH neurons had migrated out of the nasal region at E16.5, and that all GnRH neurons detected at E12.5approximately 800were accounted for in the adult brain. Moreover, this study provided insights pertaining to the birth of these GnRH neurons, which does not necessarily reflect the time at which the peptide itself is expressed: the authors relied on tritiated thymidine injections to determine that the GnRH neurons entered a post-mitotic stage around E10-E11, shortly before the peptide is expressed. They also estimated from these results that around 100 progenitor cells could give birth to the whole GnRH neuronal population (Wray et al. 1989).

In a study relying on the neural cell adhesion molecule (NCAM) immunostaining to stain the sensory projection of the olfactory, vomeronasal and terminal nerves, Schwanzel-Fukuda et al.

(1992) noted that migrating GnRH neurons were always in close association with vomeronasal and terminal projections, but not OMP-expressing olfactory projections, and that the crossing of the cribriform plate by the projections precedes that of the GnRH neurons. They thus concluded to a dependency of the neurons on the scaffolding formed by the sensory projections.

Interestingly, some GnRH neurons were still observed by the authors in the nose of postnatal and adult animals.

Long debated, the precise nature of the GnRH neurons progenitors remains uncertain decades later. Indeed, the olfactory placodes where GnRH neurons are first detected do not have a unique embryonic origin: while some cells derive from the neural crest, others have been shown to derive GnRH neurons in the nose of mouse embryos. They found that a majority ofbut not all -GnRH neurons were immunoreactive for Islet-1/2, with approximately 25% showing no staining.

Interestingly, using the transgenic Wnt1Cre/RYFP reporter line, the Islet-1/2 negative GnRH cells were also shown to be YFP positive, that is to say neural crest derivative, an observation coherent with the dual origin of this specific population.

While the evidence for intermixed origin of GnRH neurons is compelling in these studies, one needs to keep in mind that a controversy exists in the literature. Notably, a study in zebrafish from 2018 lead to the conclusion that GnRH-3 neuronsthe hypophysiotropic population, equivalent to the mammalian GnRH-1 neuronsderived exclusively from ectodermal progenitors [START_REF] Aguillon | Cell-type heterogeneity in the early zebrafish olfactory epithelium is generated from progenitors within preplacodal ectoderm[END_REF]. This is in contrast with previous work showing a neural crest contribution to the GnRH population [START_REF] Whitlock | Gonadotropin-releasing hormone (GnRH) cells arise from cranial neural crest and adenohypophyseal regions of the neural plate in the zebrafish, Danio rerio[END_REF]). Challenging conclusions have also been reached through graft studies conducted in chicken: grafts of presumptive neural crests from GFPexpressing transgenic embryos to wild-type embryos demonstrated that the neural crests were not contributing to the generation of GnRH neurons, which showed no GFP expression contrarily to the expected neural crest derivatives [START_REF] Sabado | Specification of GnRH-1 neurons by antagonistic FGF and retinoic acid signaling[END_REF]).

The different results obtained over the last decades regarding the neural crest and/or ectodermal origin of GnRH neurons could be explained in several ways. First, we cannot rule out inter-species differences in the ontogeny of the GnRH population: one could hypothesize that, during evolution, some species have lost a contributing subpopulation, resulting in a specific ectodermal or neural crest origin, while in other species both lineages would be involved. The controversy could also have arisen from the experimental methods themselves. For example, while transgenic reporter mice proved to be a useful tool for lineage tracing, the argumentation would benefit from an increased number of reporter genes to confirm the nature of the putative progenitors. In liveimaging and software-assisted backtracking studies on zebrafishes injected with synthetic mRNAs encoding for fluorescent histones [START_REF] Aguillon | Cell-type heterogeneity in the early zebrafish olfactory epithelium is generated from progenitors within preplacodal ectoderm[END_REF], one needs to pay attention to several pitfalls such as off-target/incomplete delivery and video undersampling inherent to the technique, as well as a lack of contextual markers to determine the precise original location of the cells.

In summary, while differences may exist in vertebrates, to date the results are strongly in favour If neuronal staining is detected around E9.5 in the olfactory placode, at that time the axons from the olfactory sensory neurons (OSNs) that will later project to the olfactory bulbs are not yet visible. 24 hours later however, peripherin-positive axons emanating from the olfactory epithelium are detectable in the medial region, together building the presumptive olfactory nerve.

The nerve will subsequently increase in density and organize in fascicles with the joining of new axons. Of note, a heterogeneous population of cells precedes the axons in crossing the basal lamina of the olfactory epithelium towards the nasal mesenchyme, suggesting a guiding role for these cells forming a "migratory mass" (Valverde et al. 1992). By E12, axons from the olfactory epithelium have reached the developing olfactory bulb and in the following 24 hours, 80% of the migratory mass cellular population disappears, consistent with the putative role of this transient population in guidance of the olfactory axons and scaffolding of the nerves. At the level of the olfactory bulbs the remaining cells participate, together with the olfactory axons, to the constitution of the nerve layer of the olfactory bulbs after crossing the presumptive cribriform plate. As the projections that have reached the olfactory bulbs start establishing synapses locally around E15, more olfactory axons grow from the olfactory epithelium towards the telencephalon, and continue to join the olfactory nerve bundle.

In the postnatal rodent, the olfactory system consists in a large cavity encapsulated in tubinates on both sides of the medial nasal septum. These turbinates present with the respiratory epithelium, as the first component of the respiratory tract, and the olfactory epithelium responsible for detection of the odorant cues. OSNs projections from the olfactory epithelium join into the olfactory nerves in the nasal mesenchyme, cross the cribriform plate through its perforation, and reach the glomerular layer of the olfactory bulbs (reviewed in [START_REF] Treloar | Development of the Olfactory System[END_REF], Miller et al. 2010).

iii. The vomeronasal organ and the vomeronasal nerve

Similarly to the olfactory epithelium, the vomeronasal epithelium develops during embryogenesis from an invagination of the ectoderm-derived olfactory placode, and becomes distinctly identifiable around E11. Shortly after, and around the same time when the olfactory sensory axons emanate from the olfactory epithelium, axons from the vomeronasal sensory neurons (VSNs) emerge from the vomeronasal epithelium medially and on each side of the midline to travel through the nasal mesenchyme towards the telencephalon. Fascicles of VSNs axons together with cells of the "migratory mass" progressively constitute a vomeronasal nerve that densifies with the addition of new VSNs axons, and while the olfactory nerves projects to the developing main olfactory bulbs, the vomeronasal nerves instead innervate and establish synapses in the accessory olfactory bulb (AOB) located in the medio-caudal part of the OB. By birth, the structure of the vomeronasal nerve is similar to that of the adult, but the system still requires maturation to achieve functionality. In the adult mouse, the VNO is an oblong-shaped organ encapsulated in cartilage and located on both side of the midline, at the floor of the nasal cavity, and it remains anatomically linked with the rest of the nasal cavity through a vomeronasal duct. In the vomeronasal epithelium, which is a pseudo-stratified structure, are VSNs presenting microvilli towards the VNO lumen, and sending axons towards the mesenchyme. The axons emanating from the VSNs bundle into the vomeronasal nerves which travel along the nasal septum, cross the cribriform plate and engage into the brain in-between the bulbs to take a lateral turn and join the accessory olfactory bulb (Dulac andTorello 2003, Zancarano 2014).

Although the VNO has been primarily associated to the detection of pheromonal cues [START_REF] Dulac | Molecular detection of pheromone signals in mammals: from genes to behaviour[END_REF], studies have also shown that VSNs of the vomeronasal epithelium can respond to olfactory cues, while OSNs of the olfactory epithelium can respond to pheromone-like compounds. Challenging the idea that the olfactory epithelium and VNO exert two functionally distinct roles, this suggest a complementary function in the detection of odors and pheromones [START_REF] Brennan | Pheromones and Mammalian Behavior[END_REF]. Despite the common origin of the VNO and olfactory epithelium, the similar organization and projections of the two systems, and their concurrent developmental timewindow, it must be noted that the projections emanating from the VNO and olfactory epithelium do not intermix in the two structures they form: indeed, the olfactory and vomeronasal nerves remain anatomically distinct and innervate differently the olfactory bulbs [START_REF] Wagner | A multireceptor genetic approach uncovers an ordered integration of VNO sensory inputs in the accessory olfactory bulb[END_REF]).

iv. The terminal nerve

Although the terminal nerve, also termed "cranial nerve 0" or "cranial nerve N", has been discovered more than a century ago, it has been mostly overlooked in the scientific literature [START_REF] Sonne | Cranial Nerve 0 (Terminal Nerve)[END_REF]). This nerve has been described as a diffuse and non-homogeneous structure, in that it is composed of different types of neurons scattered along its extension from the nasal region to the brain. First identified in sharks, where this nerve is anatomically well discriminated from the olfactory nerves, it has subsequently been described in a number of vertebrates including rodents and humans. The projections and cells constituting the terminal nerve emanate from the region of the vomeronasal organ and travel intermixed with the vomeronasal nerves and olfactory nerves in the nasal compartment, before engaging through the cribriform plate into the forebrain.

There, the terminal nerve separates from the vomeronasal and olfactory nerves and lies ventral to the olfactory bulbs, progressing caudally to reach the brain where it projects to several areas including olfactory and hypothalamic areas, as well as the amygdala (Wirsig-Wiechmann et al.

2002

). Immunocytochemical and electron microscopy studies have shown that the fibers of the terminal nerves are unmyelinated, and that its neuronal projections are bordered by glial processes [START_REF] Jennes | The nervus terminalis in the mouse: light and electron microscopic immunocytochemical studies[END_REF]). The origin of the terminal nerve is linked, like for its olfactory and vomeronasal counterparts, to the olfactory placode of which the ablation is associated with an absence of olfactory/vomeronasal/terminal structures. In addition, it has been proposed that neurons from the neural plate reach the olfactory placode, and from there migrate to form the terminal nerve In 1980, GnRH cells were for the first time characterized as a subpopulation of the terminal nerve neurons (Schwanzel-Fukuda and Silverman 1980), while neuropeptide-Y (NPY)-like / FMRFamide neurons and cholineacetyltransferase (ChAT) neurons were also described along the terminal nerve of several vertebrate species. However, strong differences may exist: for example, if NPY immunoreactivity was found together with GnRH immunoreactivity in the same neurons in fishes, no such colocalization was observed in mammals where the two populations seem to be distinct from one another; additionally the amount of GnRH-immunoreactive neurons in the terminal nerve greatly varies across species (Wirsig-Wiechmann et al. 2002). Retrograde transport studies in mice, based on intracerebral True Blue injections and intravascular horseradish peroxidase (HRP) injections, demonstrated that GnRH-immunoreactive as well as immunonegative neurons of the terminal nerve project to the amygdala and to the nasal epithelium, but also come in contact with fenestrated blood vessels [START_REF] Jennes | The nervus terminalis in the mouse: light and electron microscopic immunocytochemical studies[END_REF]).

The roles of the terminal nerve and its constituting populations remain unclear, and could differ between species. However the presence of GnRH-immunoreactive neurons and fibers, together with the projections from the vomeronasal epithelium to different areas of the brain, are suggestive of its participation to sex-related behaviours dependant for example on pheromonal detection.

v. The olfactory system from rodents to humans

Although the rodent model is used in all types of study to mirror human physiopathology, it should be obvious that not all observations and results can be transposed to humans. As the development of the olfactory systems and migratory mass are not an exception to the general rule, similarities and differences exist between species and are worth mentioning to fully understand how far parallels can be drawn.

While the general organization is comparable between the rodent and human nasal cavity, the latter is often considered less developed: the relative olfactory epithelium surface is less important in the human nose, being restricted to the region just below the cribriform plate, and respiratory epithelium covers the most part of the turbinates. Similar to rodents, human olfactory sensory axons emanating from the olfactory epithelium expand through the mesenchyme, associated with olfactory ensheating cells, to reach and cross the cribriform plate. Perhaps the biggest anatomical difference in the peripheral olfactory system between the species considered here lies in the vomeronasal system: while it has been observed in a number of mammals, the vomeronasal organ is believed to be absent or vestigial in human adultsand so is the accessory olfactory bulb; moreover even when a vomeronasal structure is found, no vomeronasal sensory nerves can be identified in the nasal mesenchyme [START_REF] Trotier | The Vomeronasal Cavity in Adult Humans[END_REF]. The system was not completely lost in evolution though, since a normal-appearing VNO is transiently observable in the developing foetus and presents characteristics similar to that of other species, including the establishment of sensory projections that will guide the migration of the GnRH neurons, before the organ starts to regress (Trotier 2011, Smith andBhatnagar 2019). From there, it is tempting to speculate that the only remaining role of the human vomeronasal organ is to give rise to the structures allowing the emergence and the guidance of the GnRH neurons on their journey from the nose to the brain, the lack of functionality at later stages thus explaining its subsequent regression.

vi. The migratory mass

During the investigation of the embryonic distribution of the GnRH system (Schwanzel-Fukuda and [START_REF] Schwanzel-Fukuda | The nervus terminalis of the guinea pig: a new luteinizing hormone-releasing hormone (LHRH) neuronal system[END_REF] and when the nasal origin of GnRH neurons was first established (Wray et al. 1989, Schwanzel-Fukuda and Pfaff 1989), other non-GnRH immunoreactive cells of seemingly different natures were described on the same migratory tracts. Together with the GnRH neurons, they form an ensemble called the migratory mass that was described by Valverde et al.

(1992) in a morphological study of the developing olfactory system in rat. The authors observed that the olfactory axons projecting towards the brain were accompanied by groups of cells and, based on the shapes of their cytoplasms and nuclei, they believed these cells were heterogeneous in type. They identified some of them as olfactory ensheating cells (OECs), and other as migratory cells and neurons. In addition to being of heterogenous composition, the migratory mass is not formed from a defined number of cells that originate at a specific time point and then scatter throughout the nasal compartment, but instead is also a niche that generates new cells during embryonic development. Indeed, using 5-bromo-2'-deoxyuridine (BrDU) injections to identify mitotic and newborn cells in the mouse embryo between E10 and E12, [START_REF] Blanchart | Peripheral contributions to olfactory bulb cell populations (migrations towards the olfactory bulb)[END_REF] have revealed that the migratory mass acts as a niche giving birth to new cells during the development of the main and accessory olfactory system.

Olfactory ensheating cells. The olfactory ensheating cells were previously discovered as glial fibrillary acidic protein (GFAP)-positive cells, found in association with the axons of the olfactory/vomeronasal sensory neurons, together constituting the olfactory/vomeronasal nerves.

First identified as an equivalent of the peripheral nerve Schwann cells, light and electron microscopy later revealed that the OECs had more of an astrocyte-like phenotype, and these cells are now considered to have a mixed phenotype between peripheral and central glial cells [START_REF] Fraher | The ultrastructure of sheath cells in developing rat vomeronasal nerve[END_REF][START_REF] Barber | Schwann cells of the olfactory nerves contain glial fibrillary acidic protein and resemble astrocytes[END_REF][START_REF] Fairless | Olfactory ensheathing cells: their role in central nervous system repair[END_REF]. During embryonic development, and in the context of the migratory mass, OECs and their projections encapsulate the sensory axons as well as other cells in the continuum reaching from the nasal sensory epithelia to the telencephalon, and are necessary for the proper scaffolding of the olfactory system. Neurons. If the first descriptions of neurons in the migratory mass were mainly based on morphological attributes, the use of specific markers later helped in the identification of their nature. Thus GAP-43, a protein involved in neuronal development and in mechanisms such as axonal growth and neurotransmitter release, can be used to determine the neuronal nature of cells in the embryonic nasal region. In rats, GAP-43 is expressed in the sensory neurons of the developing olfactory system, but also in a subpopulation of the migrating cells accompanying the sensory axons of the olfactory and vomeronasal epithelia, confirming previous reports of their neuronal nature [START_REF] Pellier | B-50/GAP-43 expression by the olfactory receptor cells and the neurons migrating from the olfactory placode in embryonic rats[END_REF]). Similarly, GAP-43 was later found in the migratory mass of mice in the time window corresponding to the formation of the olfactory/vomeronasal scaffold [START_REF] Miller | Composition of the migratory mass during development of the olfactory nerve[END_REF]. In fact, staining of immature neurons with β-tubulin III, a protein constitutive of the neuronal microtubules, enables identification of neuronal populations in the olfactory pit as early as E9.5 in mice. While some of these neurons are olfactory sensory neurons that will project to the olfactory bulb, other show a migratory phenotype and migrate to the mesenchyme to then engage caudally towards the brain. This neuronal population is not unique and homogenous, but instead is comprised of several types of neurons different in their morphologies and markers [START_REF] Miller | Composition of the migratory mass during development of the olfactory nerve[END_REF]). Among these cells of course are the previously described GnRHexpressing neurons. [START_REF] Valverde | Characterization of neuronal cell varieties migrating from the olfactory epithelium during prenatal development in the rat. Immunocytochemical study using antibodies against olfactory marker protein (OMP) and luteinizing hormone-releasing hormone (LH-RH)[END_REF] noticed the presence of olfactory marker protein (OMP) immunoreactive cells located along the sensory projections of the olfactory epithelia during the rat embryonic development. These OMP+ cells were later shown to express olfactory receptors in mouse, and to specifically associate with projections expressing the same olfactory receptors: this prompted the idea that the OMP+ cells of the migratory mass might be involved in the guidance and selection of the olfactory sensory axons during their growth towards the olfactory bulbs [START_REF] Conzelmann | Extraepithelial cells expressing distinct olfactory receptors are associated with axons of sensory cells with the same receptor type[END_REF].

Additionally, a subpart of the neuronal population in the migratory mass has been shown to express acetylcholine esterase (AChE) in rats. AChE immunoreactivity is found in the olfactory placode and in a number of cells migrating from it along olfactory sensory projections, but different from GnRH+ and OMP+ cells. These AChE+ cells, of which the neuronal nature was confirmed by TUJ1 (a β-tubulin III clone) labelling, were seen to exit the olfactory placode before the other cells of the migratory mass, and to sometimes migrate independent from sensory projections. After they invade the telencephalon, both ventrally and dorsally, the AChE immunoreactivity fades away as the embryo progresses towards the end of its intrauterine development [START_REF] De Carlos | The telencephalic vesicles are innervated by olfactory placode-derived cells: a possible mechanism to induce neocortical development[END_REF].

In 1996, Hilal and collaborators detected the neuropeptide Y (NPY), a known modulator of GnRH neurons, in the nasal region of the developing chick [START_REF] Hilal | Joint migration of gonadotropin-releasing hormone (GnRH) and neuropeptide Y (NPY) neurons from olfactory placode to central nervous system[END_REF]. NPY neurons were similar in morphology to GnRH neurons, and were intermixed with them along sensory projections reaching towards the brain. It was noted though that there were fewer NPY neurons than GnRH neurons at all developmental stages observed, both in the nasal compartment and in the brain.

Overall, different neuronal populations emerge from the olfactory placode to contribute to the migratory mass. While specific populations are well characterized, such as GnRH+ and OMP+ neurons, the fate of other migrating neurons remains unclear and it was for instance proposed that Semaphorin 4D is another semaphorin expressed in the developing nasal region, with immunoreactivity detected in the nasal mesenchyme and at the nose-forebrain junction notably, while its receptor Plexin B1 was found in GnRH, olfactory and vomeronasal epithelia cells.

Accordingly in mice lacking Plexin B1, migratory defects are observed in the GnRH population with an accumulation of cells in the nose during development, and a reduction of the number of cells and projections to the median eminence was also noted in postnatal animals, confirming the importance of semaphorin 4D/Plexin B1 signalling in these events [START_REF] Giacobini | Semaphorin 4D regulates gonadotropin hormone-releasing hormone-1 neuronal migration through PlexinB1-Met complex[END_REF]). 

D. Distribution of GnRH neurons in the adult murine and human brains i. The adult mouse brain

After their migration during embryonic development, GnRH neurons reach the brain and settle in their final location. This location is not unique, however, as GnRH neurons do not form a single well-defined population of cells grouped in a specific area: instead, they are found scattered in the murine brain. Cartography of immunoreactivity for GnRH was made possible with the generation of antibodies against the peptide in the 1970s [START_REF] Barry | LRF producing cells of the mammalian hypothalamus. A fluorescent antibody study[END_REF]) before other groups contributed to this mapping over the years. The majority of GnRH neurons cell bodies, and evidently the most described to date, form an inverted Y-shaped distribution spreading from the septal region of the anterior brain all the way to the posterior hypothalamus in mice. Even in this pseudo-continuum the distribution of cells is not even, with a higher density of cell bodies being found in the preoptic area, notably close to the OVLT, the circumventricular organ of the anterior hypothalamus which receives GnRH neuronal projections (Figure I-8). Also strongly immunoreactive is of course the median eminence where a great number of GnRH neurons terminals project to reach the portal circulation [START_REF] Zimmerman | Localization of gonadotropin-releasing hormone (Gn-RH) in the hypothalamus of the mouse by immunoperoxidase technique[END_REF], Gross 1976). When focusing on the control of reproduction, it is interesting to mention that not all of the reported GnRH neurons project to the median eminence and are actually hypophysiotropic: aiming to identify GnRH neurons with access to fenestrated capillaries, Jennes and Stumpf performed horseradish peroxidase uptake assays combined with GnRH immunolabeling and demonstrated that, in the different regions where GnRH cell bodies are found, both HRP-positive and negative neurons are present with a maximum of 65% GnRH neurons uptaking HRP from the capillaries (Jennes and Stumpf 1986). This approach, however, is not selective of access to the median eminence exclusively, as GnRH neurons in contact with capillaries in other regions could have uptaken HRP. Apart from this two major hypothalamic and olfactory regions, several other areas of the brain also host GnRH neurons, as cell bodies have been observed to reach the cingulate cortex, the subfornical organ, or the corpus callosum, although it is not known whether they were just lost in migration or if they are actually integrated in specific networks [START_REF] Herbison | Chapter 11 -Physiology of the Adult Gonadotropin-Releasing Hormone Neuronal Network. in Knobil and Neill's Physiology of Reproduction[END_REF]. Additionally, GnRH immunoreactive projections have been described in numerous regions including the epithalamus, the amygdala and the mesencephalon (Barry et al. 1973, King and[START_REF] King | LHRH neurons and their projections in humans and other mammals: Species comparisons[END_REF].

In all regions and species, characteristics of the GnRH neurons remain similar: they were described as being for the vast majority bipolar, around 20 µm in diameter, and usually present with a thickening of the projections in their most proximal part. These projections can cover several hundreds of micrometers, and both these fibers and the cell bodies can be covered with numerous plastic dendritic spines. Finally, an interesting feature of the projections consists in them being a hybrid dendrite/axon neurite, able to receive synaptics inputs, propagate axon Overall, GnRH neurons are distributed in several regions of the mouse brain, forming a pseudocontinuum from the olfactory regions to the hypothalamus inherited from their nose-to-brain migration during embryonic development. It is worth noting however that other areas of the brain contain GnRH cell bodies, and while it is not yet clear what their role is or where they project to, it is tempting to hypothesize that this distribution plays a role in the integration of diverse inputs important for the regulation of reproduction.

ii. The adult human brain

The study of the GnRH system in humans has been impaired by the availability of tissues and the limited amount of applicable techniques compared to animal models. Several groups have however investigated GnRH neurons and their distribution in the human brain.

The migration of GnRH from the nose to the brain, reviewed in details before, follows a similar pattern in humans: GnRH neurons are first seen in the olfactory placodes around the 5 th week of gestation, and migrate along vomeronasal and terminal nerves branches towards the telencephalon over the next days. However, and in addition to the common ventral migratory pathway towards the hypothalamus, a subset of migrating GnRH neurons engages more dorsally into the developing brain in humans, towards the neocortex and developing hippocampus. Of note, the number of migrating GnRH neurons is also significantly higher than in rodents reaching approximately 10,000 during human development, with around 2,000 neurons engaging ventrally and 8,000 dorsally in the brain (Casoni et al. 2016, Skrapits and Hrabovszky 2018).

In situ hybridization and immunohistochemistry experiments were used to map the GnRH system on postmortem human brain sections. GnRH neurons also form a scattered population in the human brain, although their distribution differs from that of the rodent GnRH system: they are even more dispersed, with the highest concentration of cell bodies found in the ventral and basal hypothalamus, and less in the rostral hypothalamic areas. In summary, GnRH cell bodies were identified in the preoptic and hypothalamic areas, the septal region, the amygdala, the pallidum, the putamen, the nucleus accumbens notably, for a total of approximately 7,000 hypothalamic iii.

Heterogeneity of GnRH neurons

During the embryonic development, GnRH neurons derive from mixed progenitors of the neural crest and ectodermal lineages in the nasal compartment before they migrate into the brain (Wray of GnRH neurons in the human brain: type 1 neurons were described as exhibiting a small and fusiform soma with extensive labelling of both the cell body and the processes (by in situ hybridization) and were primarily found in the mediobasal hypothalamus; type 2 neurons were depicted as small, roundish soma with low labelling; type 3 neurons were bigger with an area double of that of type 1 and 2 neurons, intermediate labelling intensity, and were numerous in the basal forebrain. All three types were found in different regions in varying proportions. The authors suggested that these differences and distributions were probably reflecting the existence of subgroups of GnRH neurons in the human. Similarly in mice, filling the neurons with a fluorescent tracer revealed different morphologies, from unipolar to bipolar and more ramified all mixed in the preoptic area, in addition to changes in proportions of these subtypes triggered after the onset puberty [START_REF] Cottrell | Postnatal Remodeling of Dendritic Structure and Spine Density in Gonadotropin-Releasing Hormone Neurons[END_REF].

As an example of differences in gene expression, in a study from 2005 on isolated cytoplasm of GnRH neurons from different regions including the medial septum and the preoptic area, the authors verified the expression of selected stress-related receptors and revealed that their expression in not homogeneous in the population. Indeed, 27% of the GnRH neurons studied showed expression of the corticotropin-releasing hormone receptor type 1 (CRH-R1) and 23%

showed expression of interleukin 1 receptor accessory protein (IL-1Racc), but both expressions did not overlap, illustrating the existence of subpopulations of GnRH neurons [START_REF] Jasoni | Expression of mRNAs Encoding Receptors That Mediate Stress Signals in Gonadotropin-Releasing Hormone Neurons of the Mouse[END_REF].

Similarly, a more recent study demonstrated that a subset (>50%) of GnRH neurons express the type 2 receptor for the anti-mullerian hormone (AMH-R2) in mice and humans, and that 50 to Accordingly, GnRH neurons do not seem to all exert the same function, and in all the species studied, only a part of the population is actually hypophysiotropic and responsible for the release of GnRH in the median eminence. While this does not exclude the rest of the population from the regulation of reproductive functions, through more indirect mechanisms, it reinforces the idea of specialized groups in the GnRH system as evidenced both in rodents [START_REF] Silverman | Localization of luteinizing hormone-releasing hormone (LHRH) neurons that project to the median eminence[END_REF]) and primates [START_REF] Goldsmith | Location of the Neuroendocrine Gonadotropin-Releasing Hormone Neurons in the Monkey Hypothalamus by Retrograde Tracing and Immunostaining*,**[END_REF]). In these studies, and depending on the brain region, a maximum of ~60% GnRH neurons were projecting to the median eminence.

In summary, we would be mistaken to consider the GnRH neurons as a homogeneous population in the mammalian brain: there are evidently several subpopulations each with their own specificities and, to fully understand the organization of the GnRH network and dissect its multiple roles, further investigations are needed. Recent works, building on the observations of previous studies, have started to characterize in more details the heterogeneity of the GnRH neurons and surely pave the way for future works relying on trending techniques such as singlecell approaches and spatial transcriptomics, well-suited to differentiate functional subpopulations.

III. How interactions and integration shape the production and secretion of GnRH A. The GnRH neuron as a central integrator

Proper functioning of the reproductive axis requires a fine regulation of hormonal secretions at all levelshypothalamus, pituitary and gonads. Over the decades an accumulation of studies demonstrated that the reproductive axis is sensitive to internal cues, such as the metabolic status of the organism or its stress level, as well as environmental variables such as the photoperiod and circadian rhythms, olfactory and/or pheromonal cues, that regulate the production and secretion of the hormones. The mechanisms at play are not limited to the adult functioning of the hypothalamic-pituitary-gonadal axis, but are also important during development (establishment of connections, fetal and minipubertal activations, etc.) and the GnRH neurons appear as the final integrators in this complex system.

Before discussing some of the signals integrated in the GnRH network, it is useful to remember that a double profile exists in GnRH secretion: a pulsatile release responsible and necessary for production and secretion of the gonadotropins LH and FSH, and a surge triggering the preovulatory LH peak mid-cycle in spontaneously ovulating females. Both can be affected, either together or separately, in the regulation of the GnRH network.

i. The feedback loop: integration of sexual steroids

As covered previously, the peripheral organs of the HPG axis, namely the gonads, produce and secrete sexual steroids in response to gonadotropin stimulationestradiol, progesterone, testosteronewhich exert a positive and/or negative feedback at the central level. There, GABA, glutamate and kisspeptin neurons have all been linked to the surge, as around this time GABA and glutamate are increased, and kisspeptin neurons are activated. Estradiol's negative feedback is more obscure, as some investigators concluded to an effect mediated by neurons in the preoptic area or the mediobasal hypothalamus, but this was not consistent with results from lesions studies. Candidate for the relay of the negative feedback are the preoptic GABAergic neurons and arcuate kisspeptin neurons. The latter have been shown to express ERα and show an increased expression of kisspeptin with ovariectomy, restored by estradiol [START_REF] Herbison | Chapter 11 -Physiology of the Adult Gonadotropin-Releasing Hormone Neuronal Network. in Knobil and Neill's Physiology of Reproduction[END_REF]).

Progesterone's feedback is mainly negative and effective after ovulation, during the luteal phase of the cycle. Because mature GnRH neurons of several species do not seem to express progesterone receptors, indirect effects are again most probably involved in its negative feedback.

Opioid peptides and dynorphin-expressing population of the arcuate nucleus have been involved in this action, while the mediation of the positive progesterone effects probably relies on the same actors that permit the positive estrogen feedback [START_REF] Herbison | Chapter 11 -Physiology of the Adult Gonadotropin-Releasing Hormone Neuronal Network. in Knobil and Neill's Physiology of Reproduction[END_REF]. ii.

Integration of circadian rhythms

The evidence for the integration of circadian rhythm, and notably photoperiod, in the control of reproductive functions has been long established. In their natural habitat, most mammals have adapted their breeding strategies to the moment of the year which is most favourable for survival of both the mother and offspring, and this adaptation can take several forms such as periods of impotency or very long pregnancies. Additionally, artificial maintenance of animals under controlled conditions in laboratories, thus suppressing natural photoperiod changes, have been shown to impact the reproductive functions [START_REF] Reiter | The Pineal and Its Hormones in the Control of Reproduction in Mammals*[END_REF]).

The biology of circadian rhythms is complex and its centre lies in a specialized region of the hypothalamus, namely the suprachiasmatic nuclei (SCN) which receive inputs from the visual system. Isolated SCN show an intrinsic cyclic activity in vitro, involving a number of "clock" genes that form retro-controlled loops to maintain this cyclicity [START_REF] Migaud | Rythmes biologiques et reproduction[END_REF]). Ablation of the suprachiasmatic nuclei, or mutations and deletions in genes involved in circadian rhythmicity lead to infertility in rodents. As an example in mice, a deletion in the Clock gene altering the CLOCK protein caused irregular cycles, alteration of the levels of LH and sexual steroids, and increased pregnancy failures [START_REF] Miller | Circadian Clock Mutation Disrupts Estrous Cyclicity and Maintenance of Pregnancy[END_REF]). The authors notably concluded that the abnormal cyclicity was not linked to the levels of sexual steroids, as supplementation did not rescue the phenotype, nor to pituitary defects as cultured gonadotropic cells presenting with the mutation were responding normally to GnRH. Instead, they proposed that a lack of synchronization between circadian signals from the suprachiasmatic nuclei and GnRH neurons was responsible for the alterations observed in mutant mice.

Other than the intrinsic activity, the evidence for extrinsic cues is strong in seasonal breeders, where the influence of the photoperiod has been long demonstrated and the duration of daylight influences the reproductive capacities of the animal. In the syrian hamster, artificial exposure to Recently, a melatonin-proficient mouse (the MSM mouse strain) was proposed as a model for the study of photoperiod integration by neuroendocrine circuits. In this mouse, indices of reproductive functions (testicular mass, hormone levels) decreased with the transition from long to short photoperiods, consistent with differences in melatonin expression, while no change was observed in control melatonin-deficient C57 mice. This alternative laboratory model can help elucidate some of the mechanisms which we cannot observe in common mouse strains used in reproductive studies (Sàenz de Miera et al. 2020).

iii. Integration of the metabolic status

The integration of metabolic cues in the control of reproductive functions is once again a logical adaptation for the preservation of the species, restricting breeding to the only individuals able to survive and care for the offspring. As a result, undernutrition is associated to diminished reproductive functions and/or alterations in the offspring (litter size, body mass). This requires the ability for the circuits controlling reproduction to sense peripheral cues reflecting the metabolic status of the organism. One such cue is a well-studied adipokine, namely leptin, of which the circulating levels are proportional to the adipose tissue in the animal.

Leptin's role in the control of the hypothalamic-pituitary-gonadal axis was first evidenced by the defective maturation of the axis in obese mice with mutations in the gene encoding for leptin (ob/ob mice), rendering them infertile [START_REF] Swerdloff | Reproductive hormonal function in the genetically obese (ob/ob) mouse[END_REF]). Two decades later, intraperitoneal administration of recombinant leptin in these same mice was shown to restore fertility and permit ovulation and successful pregnancy [START_REF] Chehab | Correction of the sterility defect in homozygous obese female mice by treatment with the human recombinant leptin[END_REF]. Interestingly, a rise in circulating levels of leptin occurs during prenatal (humans) or postnatal (rodents) development with no link to adipocity or the control of food intake, but rather involved in the development of metabolic and neuroendocrine circuits. In a leptin receptor-deficient mouse, where this perinatal rise in leptin cannot exert its effects, a number of metabolic alterations, but also reproductive defects are Finally, if undernutrition or obesity can lead to a reduction or loss of fertility, they are also inducers of immune stress which can participate to their negative impact on reproductive functions.

iv. Integration of stress

Physiological and psychosocial stressors are known to alter reproductive functions, and include a plethora of metabolic, immune, emotional or environmental perturbations for example. As stress is a coping mechanism for the organism facing changes or distress, and is resource-demanding, it often leads to the inhibition of functions that are not capital for its survival, including reproduction. Stressors act via the activation of the hypothalamic-pituitary-adrenal axis: The effect of the HPA on reproductive function in the context of an immune stress can be mimicked by injections of lipopolysaccharide, a constituent of bacteria membranes, or cytokins such as interleukins. The most observed result is a suppression of LH pulsatility in several species including rodents and monkeys, and in ewes a loss of GnRH pulsatility was also observed.

Psychosocial stressors have been studied in rodents using mainly changes in environment and restraint, and was investigated in monkeys using restraint chairs, showing again a loss of LH pulsatility that was recovered with habituation. Primates studies also revealed alterations of GnRH secretion and LH pulsatility under social stressors such as low social status or aggression (reviewed in Li and O'Byrne 201 ).

In their search for the mechanisms causing a defect in GnRH and thus LH release and pulsatility under stress conditions, investigators have proposed a role for kisspeptin-expressing neurons.

Expressions of kisspeptin and its receptor are reduced under the influence of various stressors, and administration of glucocorticoids to mimic levels found in stress-induced conditions provokes a similar decrease in expression. Whether the effects of glucocorticoids on kisspeptin neurons are direct or indirect is not certain, as glucorticoids receptor expression seems to vary with location and species. Alternatively, CRF release by hypothalamic populations could also act, either If the link between stress and silencing of reproductive functions is clear in all species, the circuits involved remain to be further elucidated. Induction of stress in animal models, through environmental, physical, or even genetic modifications are providing new leads on the interactions between the HPA and the HPG axes. However, it appears from current knowledge that they rely on synergistic mechanisms that are both central and peripheral, with probable variation between species, and with the precise circuitry of the GnRH system still being investigated, dissection of these mechanisms will require time and extensive work.

v. Interactions of GnRH neurons and non-neuronal cells

If non-neuronal contribution to the GnRH system development has been covered previously, so far only neuronal interactions were mentioned in the present section. However, several studies have hinted at and then confirmed the fundamental contribution of glial cells to the control of reproductive functions, since association of GnRH neurons and their terminals with glial cells prompted the idea of a role for glial cells in the regulation of GnRH physiology in the 1990s.

One of these glial cells interacting with GnRH neurons is the astrocyte. Astrocytes processes and cell bodies are found associated with GnRH neurons, they produce and release prostaglandin E2 Modules common to all species, such as pulse generation, influenced by integration of gonadal steroid/stress/metabolic hormones are attached directly to the core components, while species-specific and non-obligatory modules are distant. Taken from Herbison (2016) B. Kisspeptin and GnRH neurons, a special relationship i.

Kisspeptin in the brain

Although kisspeptin has a fundamental role in the control of reproduction, as will be discussed later in the text, this is not its only role in the mammalian brain. The kisspeptin cDNA was discovered in 1996 from non-metastatic melanoma cells, and identified in several organs including heart, liver, lungs, muscles and brain [START_REF] Lee | KiSS-1, a novel human malignant melanoma metastasis-suppressor gene[END_REF]). In the next years, several peptides derived from the kisspeptin (KISS1) protein were discovered, namely kisspeptin-54, kisspeptin-14, kisspeptin-13 and kisspeptin-10, of respectively 54, 14, 13 and 10 amino acids, and all were able to bind the orphan receptor GPR54 later renamed KISS1R.

In the brain, most of kisspeptin immunoreactivity is found in cell bodies and fibers distributed throughout the preoptic area and the hypothalamus in rodents, but fibers are also present in other brain regions such as the thalamus, the amygdala, the septum or the brainstem. Accordingly, KISS1R expression seems to be present in all regions were KISS was found, and to possess an even larger distribution, based on in situ hybridization assays. This large distribution, while variable between species, is suggestive of numerous roles for the kisspeptin system in the brain.

Although these roles are still being investigated, kisspeptin's stimulation of oxytocin and vasopressin neurons, presumably via both central and peripheral actions, have been described However, most of the effects of kisspeptin described above are not as potent as those it exerts on GnRH neurons, suggesting the control of reproduction as the most relevant physiological function of kisspeptin.

(
ii.

Kisspeptin and reproduction

The An interesting feature is the dimorphism in the number of kisspeptin-expressing neurons observed in the AVPV, but not the arcuate nucleus of rodents, with 10 times more neurons in females than males. Also, AVPV kisspeptin neurons show a progressive increase in number during postnatal development and until puberty, which is not the case of the arcuate nucleus population, and together with close appositions between kisspeptin fibers and GnRH neurons, this prompted the idea that the AVPV population was the one responsible for pubertal reactivation of the HPG axis [START_REF] Clarkson | Postnatal development of kisspeptin neurons in mouse hypothalamus; sexual dimorphism and projections to gonadotropin-releasing hormone neurons[END_REF]).

From there it became clear that kisspeptin, as a central player in puberty onset and potent stimulator of GnRH neurons, was a good candidate in the integration of internal and external cues for the regulation of GnRH production and release, which generated a great interest in the neuroendocrine community. Numerous studies soon focused on their role in the integration of photoperiod, steroid feedback, metabolic status or stress in the control of reproduction (mentioned before and reviewed in [START_REF] Clarke | Comprehensive Review on Kisspeptin and Its Role in Reproductive Disorders[END_REF].

In parallel, studies aiming to better understand the connections between GnRH and kisspeptin neurons were undertaken and great progress was made using transgenic mouse lines. In mice expressing a microtubule-associated τGFP after Cre recombinase-mediated recombination driven by kisspeptin expression, kisspeptin neurons were observed as early as E13.5 in the arcuate nucleus of females, and increased in number to reach approximately 1000 by E16.5, with projections to the preoptic area also detected. Interestingly, a similar reporter model for GPR54

revealed that expression of the kisspeptin receptor in GnRH neurons starts at E13. The system is silenced during the juvenile period (gray). As puberty approaches, arcuate kisspeptin inputs return, suggested to be involved in pulsatile GnRH secretion, and AVPV kisspeptin neurons interactions develop (blue) to allow surge generation. Taken from Herbison (2016) iii.

The KNDy neurons in the GnRH network

Despite the crucial roles for kisspeptin discussed above, kisspeptin neurons also express other peptides involved in the stimulation or modulation of GnRH neurons. Indeed, neurokinin B and dynorphin are also found in a subset of arcuate kisspeptin-expressing neurons as first described IV. Central defects in the HPG axis and alteration of fertility

A. Hypogonadotropic hypogonadism and Kallmann Syndrome

The previous sections emphasized the importance of the development and maturation of the neuroendocrine and peripheral systems comprising the HPG axis for the acquisition and maintenance of reproductive functions. At the central level, the ontogeny, migration and interactions of GnRH neurons, and the integration of diverse parameters by the GnRH network, are complex processes relying on a broad range of molecules. Accordingly, anomalies in these processes can lead to defects in the HPG axis and cause reproductive disorders.

Notably and when considering the GnRH network, a deficiency in the production, secretion or activity of GnRH, and thus gonadotropin control, manifests by incomplete/absent puberty and infertility, a condition termed Hypogonadotropic Hypogonadism (HH). HH is a heterogenous disease, as it can sometimes present with other anomalies of the facial or skeletal development.

Of note, in approximately 60% of cases it can be associated to an impaired sense of smell and when a patient presents with anosmia/hyposmia, HH is then termed Kallmann Syndrome (KS) after Kallmann's description of this co-segregation in 1944. These are rare diseases with an estimated incidence of 1:10,000 to 1:100,000, and with a male predominance of 3-5 to 1 In the same study, missense mutations of NRP1 and NRP2, coding for neuropilin-1 and neuropilin-2 respectively, were also detected in KS patients [START_REF] Marcos | Defective signaling through plexin-A1 compromises the development of the peripheral olfactory system and neuroendocrine reproductive axis in mice[END_REF]).

Noteworthy, many of the mutations mentioned above were found in a heterozygous state in patients, while studies of semaphorin signalling in animals (Sema7a-, Sema3a-, Sema3e-null mice for instance) usually relied on homozygous deletion to investigate their effect on GnRH neuron development (Messina et The next chapter presents our participation in this effort, as we have investigated mutations of the genes coding for semaphorin 3F and plexin A3, respectively SEMA3F and PLXNA3, found in patients presenting with HH/KS, to assess their contribution to the etiology of these pathologies.

CHAPTER TWO: LOSS-OF-FUNCTION VARIANTS IN

SEMA3F AND PLXNA3 ENCODING SEMAPHORIN-3F AND ITS RECEPTOR PLEXIN-A3 RESPECTIVELY CAUSE IDIOPATHIC HYPOGONADOTROPIC HYPOGONADISM

The content of this chapter was published as a research article in Genetics in Medecine 

II. Materials and methods

Patients

DNA Sequencing and Rare Variant Analyses

The genomic DNA samples for exome sequencing (ES) were prepared as an Illumina sequencing library, and in the second step, the sequencing libraries were enriched for the desired target using the Illumina Exome Enrichment protocol. The captured libraries were sequenced using Illumina HiSeq 2000 Sequencer (Macrogen, Seoul, Korea). The reads were mapped against UCSC (https://genome.ucsc.edu/cgi-bin/hgGateway) hg19. The presence of significant variants was verified by Sanger sequencing on an Applied Biosystems PRISM 3130 auto sequencer. The details of DNA sequencing and rare variant analyses including burden testing are found in Supplementary Information.

Cell-Based Functional assays

In order to test the functionality of the variants identified in KS and nIHH probands, we transiently transfected HEK293T cells with plasmids encoding the human wild-type proteins (SEMA3F and PLXNA3) or the corresponding variants and investigated whether the SEMA3F secretory capacity or PLXNA3 protein maturation and trafficking of transfected cells was affected. The details of Cell-Based Functional assays are provided in Supplementary Information.

Collection and Processing of Human Fetuses

Human fetal tissues were made available in accordance with French bylaws (Good Practice Concerning the Conservation, Transformation, and Transportation of Human Tissue to Be Used Therapeutically, published on December 29, 1998). The studies on human fetal tissue were approved by the French agency for biomedical research (Agence de la Biomédecine, Saint-Denis la Plaine, France, protocol n: PFS16-002). Non-pathological fetuses (7.5 and 10.5 gestational weeks (GW), n = 2 per each developmental stage) were obtained from voluntarily terminated pregnancies after written informed consent was obtained from the parents (Gynaecology Department, Jeanne de Flandre Hospital, Lille, France) and were fixed by immersion in 4% PFA at 4°C for 5 days. The tissues were then cryoprotected in PBS containing 30% sucrose at 4°C overnight, embedded in Tissue-Tek OCT compound (Sakura Finetek), frozen in dry ice, and stored at -80°C until sectioning.

Frozen samples were cut serially at 20 m with a Leica CM 3050S cryostat (Leica Biosystems Nussloch GmbH) and immunolabeled, as described below and as previously described (Casoni et al.

2016, Malone et al. 2019).

Immunohistochemistry

Immunohistochemistry for GnRH was performed as previously reported (Casoni et 

III. Results

We identified heterozygous or hemizygous missense variants in SEMA3F (HGNC:10728) and PLXNA3 (HGNC:9101) genes respectively in 15 patients from 11 unrelated families. Clinical and molecular genetic characteristics of the patients and their alterations are shown in Table II-1 and Supplementary Table II In order to avoid harmless polymorphisms, in addition to quality and read depth filtering, we filtered the protein altering heterozygous/hemizygous variants by setting a threshold occurrence of 1:10.000.

These 10 variants were either not seen or extremely rare with a minor allele frequency <0.0001 in the two largest reference population databases, TOPMed and gnomAD. Similarly, these variants were not reported in a much smaller but regional database, the Greater Middle East Variome (GME) (except for the SEMA3F R699W variant appearing once in 163 Turkish alleles). Sanger sequencing confirmed the presence of these variants. No variant was seen in ClinVar. These variants were all classified as variants of uncertain significance (VUS) by ACMG/AMP classification (Richards et al.

2015). Detailed information regarding these variants is given in Supplementary

Table II-1.
In the etiology of IHH, almost all causative gene alterations show phenotypic variability and segregations in families are often irregular as in some of the pedigrees in this study. Oligogenic In Family C and F, the other variants (a homozygous TACR3 and a heterozygous FGFR1, respectively) were already classified in the ClinVar database as pathogenic and likely pathogenic for IHH, respectively. We believe that these additional variants were the main driving force of the IHH phenotypes. The effects of the SEMA3F variants on the phenotypes were predicted to be minor.

Overall, the pattern of inheritance among the SEMA3F pedigrees is consistent with an autosomal dominant inheritance of each variant with variable penetrance and expressivity, irrespective of the inheritance whether it is familial or sporadic, which was repeatedly observed in recent IHH gene discoveries [START_REF] Bouilly | DCC/NTN1 complex mutations in patients with congenital hypogonadotropic hypogonadism impair GnRH neuron development[END_REF]). The inheritance of PLXNA3 variants are consistent with X-linked recessive pattern. With the exception of one SEMA3F (p.Pro452Thr) and one PLXNA3 (p.Arg108Cys) variants, all other variants were encountered once. Notably, two sisters in family G had variants in both SEMA3F and PLXNA3, which were both inherited from their apparently unaffected mother, but their phenotypes were not more severe, in fact, these sisters had a lighter phenotype, one of the sisters having only delayed menarche. Yet, a third sister (G-II-3), even though she has the same genotype as the affected two sisters, did not display any abnormal pubertal or reproductive phenotype. We cannot readily explain the inconsistencies of the phenotypes among these three sisters who have the same genotype. However, it is increasingly well appreciated in the genetic of IHH that oligogenic contribution with variably reduced penetrance complicates pedigrees (Xu et al. 2017). Overall, six of 15 (40%) patients (five of them with SEMA3F variants) had compromised olfaction. In two of them, brain MRIs were obtained, which showed hypoplastic/aplastic olfactory bulbs. Figure 1C IV.

Discussion

Our findings suggest that SEMA3F signaling is necessary for correct human puberty onset and reproduction. To substantiate this point, we present clinical, molecular, genetic, and in vitro functional data from 15 patients who belonged to 11 independent families. These patients all presented with pubertal failure and were clinically diagnosed with IHH or KS. Our study reveals that 

fetus. In addition to PLXNA3, migrating GnRH neurons and the olfactory/vomeronasal scaffold also express PLXNA1 (C-D) while PLXNA2 was detected in GnRH neurons and other cells of the migratory mass, but not in the olfactory/vomeronasal projections (E-F). However, PLXNA4 immunoreactivity was only found in scattered cells, distant from the migratory route of GNRH neurons (G-H). ob, olfactory bulbs.

Scale bars: B = 500 µm; E,C,G = 10 µm. 

Western blots

Homemade Tris-Triton lysis buffer was used for cell lysis and protein extraction, and the protein concentration was determined for each sample using the Pierce BCA protein assay kit (Thermofisher). For SEMA3F and PLXNA3 assays, 10 µg or 20 µg of proteins were loaded in each well of 6% or 8% hand-casted acrylamide gels, respectively. Migration was carried out in Tris/Glycine/SDS buffer and proteins were subsequently transferred to a 0.45 µm nitrocellulose membrane in Tris/Glycine/Methanol. The membranes were cut into strips and blocked in TBS-T (TBS, 0.05% Tween 20) + 5% milk for 1h at RT, followed by incubation with primary antibodies in TBS-T + 5% Bovine Serum Albumin overnight at 4°C. The next day, membranes were incubated with HRP-conjugated secondary antibodies in TBS-T + 5% milk for 1h at RT. Finally, the strips were incubated in SuperSignal West Pico PLUS (ThermoFisher) and revelation was performed in a dark room using X-ray films. Quantification was performed in FIJI, and GAPDH was used for normalization. Primary antibodies: Sheep anti-Semaphorin 3F (R&D AB3237, 1:1000), Goat anti-Plexin A3 (R&D AB4075, 1:500), Rabbit anti-GAPDH (Sigma G9545, 1:5000). Secondary antibodies: Anti-rabbit HRP-conjugated (Cell Signaling 7074S, 1:10000), Anti-Sheep HRPconjugated (R&D HAF016, 1:5000), Anti-Goat HRP-conjugated (Vector Labs PI-9500 , 1:5000).

Immunocytochemistry on transfected HEK293 cells

HEK293T cells were seeded on poly-L-lysin coated coverslips in a 24 wells-plate, and were transfected for 48h with PLXNA3 variants using ugene 6 (Promega) and following manufacturer's recommendations. Cells were fixed with paraformaldehyde 4% in PBS for 10 minutes, and rinsed three times before immunocytochemistry to assess the cellular distribution of PLEXIN A3 (PLXNA3). Immunocytochemistry was performed as follows: cells were first blocked and permeabilized for 1h in blocking buffer (PBS, 0.1% Triton, 5% Normal Donkey Serum) then incubated overnight in blocking buffer with primary antibodies (goat anti-PlexinA3 1:500, AF4275 R&D Systems, rabbit anti-Calnexin 1:1000, ab92573 Abcam), rinsed in PBS, and incubated for 2 hours in blocking buffer with secondary antibodies (donkey anti Goat/Rabbit, Alexa Fluor 488/568 conjugated, 1:500, Invitrogen). Cells were rinsed again in PBS, and nuclei were stained with DAPI 1:5000 in PBS for 2 minutes before mounting with Mowiol. Slides were imaged on an inverted laser scanning Axio observer confocal microscope (LSM 710, Zeiss; BICeL Imaging Core Facility of the University of Lille, France) using a 63x/1.40 oil-immersion objective, and 15 to 20 single-plane pictures were taken for each condition.

PLEXIN A3 cellular localization analysis

Signal analysis was performed using Fiji: Plexin A3 and endoplasmic reticulum stainings from single-plane acquisitions were thresholded with constant parameters. Plexin A3 signal was used as a mask to segment the ER staining and subsequently quantify the proportion of Plexin A3 in the ER.

Statistical analysis was performed in Graphpad Prism 7: data was first subjected to D'Agostino & Pearson normality test, and analyzed using a one-way ANOVA with Dunnett's multiple comparisons test.

Statistical analysis

Statistical analyses were performed using Prism 5 (GraphPad Software). Data sets were assessed for normality (Shapiro-Wilk test) and variance. Where appropriate a one-way or two-way ANOVA followed by post hoc testing (specified in the figure legends) was performed and for non-Gaussian distributions, a Kruskal-Wallis test followed by Dunn's multiple comparison test was usedindicated in figure legends. 

I. Then and now: from classical histological approaches to tissue-clearing

Working on a complex and multiplayer network, such as the one controlling the reproductive functions, poses technical difficulties. First, the GnRH network involves several key players, not all of them being located in a small well-defined region, and GnRH neurons themselves are scattered in the brain and do not form a homogeneous population; second, they exhibit hundredsmicrometres-long projections that are hard to trace from origin to endpoint; third, their peculiar birth and subsequent migration in the embryo dampens the understanding of their physiological development (all developed in the previous sections). Until recently, studies on GnRH neurons were exclusively using classical sectioning methods and histological approaches to detect and describe the GnRH neurons in several speciesfrom fishes to birds, rodents or primates and even humans. This fact is not surprising given the lack of reliable three-dimensional approaches, the inadaptability of standard microscopes to image large tissues, and the difficulty in processing large imaging data in the previous decades. In the best cases, it was possible to perform reconstruction after serial sectioning, immunolabeling and acquisition (Berlanga et al. 2011); but this was resource demanding and still provided incomplete information because of potential loss of sections, and the absence of overlapping regions.

In recent years, a new trend developed and was adopted in numerous of fields of biology: with a combination of tissue clearing and light-sheet microscopy, it is now possible to render biological samples transparent and image them in a three-dimensional approach. While not a new technology, light-sheet imaging had been mainly applied to naturally-transparent biological samples or models in the past, before tissue clearing broadened its use in the last decade, and both will undoubtedly benefit greatly to neuroendocrinology.

II. Principles and benefits of tissue clearing

A. Tissue clearing and 3D-imaging: different techniques, a common idea ii.

The basics of tissue clearing

Tissue clearing is not per se a recent technique, as the first occurrence of biological tissue rendered transparent appeared in the beginning of the 20 th century, when the German anatomist Werner Spalteholz set up a protocol using organic solvents (benzyl alcohol and methyl salicylate) to clear initially opaque biological samples [START_REF] Spalteholz | Über das Durchsichtigmachen von menschlichen und tierischen Präparaten und seine theoretischen Bedingungen, nebst Anhang: Über Knochenfärbung[END_REF]). However, the method was labor-intensive as it required various dehydration, tissue bleaching, and clearing steps, which eventually led to clearing few millimeters of tissue after several months of preparation. This method was rapidly forgotten because of the above-mentioned reasons and due to the lack of appropriate imaging modalities at that time. However, during the last decade, with the advent of new microscopy setups (light-sheet) Spalteholz method was rejuvenated, as new increasing interest in the scientific community emerged. Over the last decade notably, numerous protocols have been proposed and modified, each time giving birth to a new technique: while some of them have been designed to be applicable to a wide variety of tissues and uses, others are instead restricted to specific organs and applications. Going through the entire catalogue of tissue-clearing techniques would make little sense, since their applicability is highly variable and because the list is ever-growing. In the next paragraphs however, we will discuss some of the most commonly used techniques, their classification as well as pros and cons. iii.

An overview of tissue clearing approaches

The initial protocols for tissue clearing all used a different approach to achieve transparency, and they underwent a series of optimizations over time to maximize their compatibility with immunostaining procedures, specific types of tissues, or imaging and analysis modalities. To date, basically all clearing protocols and their adaptations can be divided in three groups ( Here, capitalizing on 3DISCO/iDISCO methods with modern three-dimensional imaging methods and on novel approaches that we developed to improve multiplex immunolabeling and imaging through the bones, we set out to thoroughly document the prenatal and postnatal development of the GnRH system in mice. We provide novel robust evidences about the nature of the scaffold used by GnRH neurons during their migratory process and we shed light on intriguing extra-hypothalamic and extra-cerebral populations of GnRH-expressing cells.

Our work offers a new perspective on the investigation of GnRH neurons and its cellular interactors in the mammalian brain, and opens a novel route for high-resolution studies of brain architecture in mammals in physiological and pathological conditions.

with 1% Triton X-100 to wash out the secondary antibodies. They were dehydrated in a gradient of methanol, then incubated overnight in 66% dichloromethane / 33% methanol, before a final wash for 1h in 100% dichloromethane. Finally, the samples were cleared by immersion in dibenzylether for at least 2 hours in rotation. After transparency was achieved, a fresh solution of dibenzylether was used for storage, and the samples were kept protected from light at room temperature until imaging.

Reprocessing of cleared samples for cryosectioning

Dibenzyl ether was removed from the samples by two washes in methanol (90 minutes each), before rehydration in a decreasing gradient of methanol/PBS. The samples were further rinsed in PBS and cryoprotected in sucrose 30% overnight. After embedding in Tissue-Tek® O.C.T.

Compound, the samples were frozen in isopentane over dry ice. The blocks were kept at -80°C until cryosectioning on a Leica CM3050S cryostat, and free-floating serial sections of 30 µm were collected in PBS and kept at 4°C until further processing.

Immunolabeling of mouse brain sections

Sections were blocked in an incubation solution of Tris-buffered saline (TBS 0.05M, pH 7.6), 0.25% bovine serum albumin (BSA; Sigma, A9418), 0.3% Triton X-100 (TBS-T; Sigma, T8787) with 10% normal donkey serum (NDS; D9663; Sigma) for 2h at room temperature before incubation with the primary antibodies over 1-2 nights. After TBS rinses, the sections were further incubated with secondary antibodies for 2h, then rinsed in TBS several times. Finally, nuclear staining was performed (DAPI, 1:5000 in TBS; D1306; Fisher). The sections were coverslipped with a homemade mowiol mounting medium, and allowed to dry overnight before imaging.

Light-sheet and confocal imaging

Imaging of cleared tissues was performed in dibenzylether on the Ultramicroscope 1 (Lavision BioTec, available at the BioImaging Center of Lille) and using several objectives and magnifications: LVMI-Fluor 4x/0.3 objective with optional 2x zoom, MI PLAN 12x/0.53 with optional 2x zoom, Olympus MVPLAPO 2x/0.5 with optional 0.63-6.3x zoom. Sequences were acquired with ImspectorPro Software. The following parameters were used: z-step was set to 2-4 µm, laser width and numerical aperture were kept to the maximum, and for mosaic acquisitions a 10% overlap between tiles was configured.

For confocal observation, an inverted laser scanning Axio observer microscope (LSM 710, Zeiss) with a 63x/1.4 numerical aperture oil-immersion objective (Zeiss) was used (Bioimaging Center of Lille, France). Images were acquired with the Zen software.

Image processing and 3D analysis

Tiff sequences resulting from light-sheet acquisitions were converted to the Imaris file format using Imaris FileConverter, and tiles were stitched using the Imaris Stitcher.

Finally, Imaris 9.1-9.5 (Bitplane) was used for visualization and 3D processing of the datasets. 

III. Results

Whole-mount immunostaining and tissue clearing allow visualization of the developing

GnRH system in mice

The GnRH neurons are a peculiar neuronal population as, unlike the majority of neuronal cell types, these cells originate in the nasal region before they migrate towards the brain during Moreover, given the intermingled relationship of olfactory, vomeronasal, terminal nerve axons within the developing nose, and the lack of exclusive markers for each of these components, it has been near impossible so far to assess with precision the nature of the axonal scaffold used by GnRH neurons during their migratory process. In order to overcome these limitations, we took advantage of an image segmentation approach, which is the process of partitioning a digital image into multiple segments, and applied this technique to the entire stack of images obtained at the light-sheet microscope after whole-head peripherin/GnRH immunolabeling and tissue-clearing. In this study, we challenged the concept of a GnRH migration restricted to the fetal age. We combined head decalcification with iDISCO+, followed by 3D-imaging during early postnatal development (Figure 3) and at adulthood (Figure 4). Surprisingly, our results reveal a previously overlooked population of GnRH neurons located in the nose of postnatal animals. Even more intriguingly, these neurons appear to form a continuum of projections and cell bodies reaching from the territory of the VNO to the OB at birth (postnatal day 0, PN0, In this last part of the study, we aimed at developing new methods to combine volume imaging with high-resolution confocal imaging, in order to overcome the limitations described above. We have shown that iDISCO+ tissue clearing is reversible since following a hydrating procedure, tissues can be returned to their previous hydrated and non-transparent state (Figure 9A). We have also proved that this is suitable for further processing, including freezing, cryosectioning and confocal imaging (Figure 9A). Using iDISCO+ and light-sheet microscopy, we were able to observe the entire GnRH population (immunolabeled in red) throughout the brain (Figure 9B) and then navigate through the olfactory bulbs to visualize some scattered cell bodies and fibres in the caudal part of the OB (Figure 9C 

IV. Discussion

The GnRH network is the central circuitry controlling reproduction in mammals, and its failures are associated with a number of reproductive disorders. Thus, a precise characterization of the The sensory projections of the olfactory system were also visualized in our samples by immunostaining for peripherin, a marker of peripheral nerves [START_REF] Escurat | Differential expression of two neuronal intermediate-filament proteins, peripherin and the low-molecular-mass neurofilament protein (NF-L), during the development of the rat[END_REF]) which has been used before to label the developing olfactory system in mice and humans [START_REF] Gorham | Differential spatial and temporal expression of two type III intermediate filament proteins in olfactory receptor neurons[END_REF], Wray et al. 1994, Casoni et al. 2016). We observed that the migrating GnRH neurons, either in clusters or individualized, are indeed systematically found along these peripherin-positive projections in the nasal region as they project towards the nose/forebrain junction [START_REF] Wray | A subset of peripherin positive olfactory axons delineates the luteinizing hormone releasing hormone neuronal migratory pathway in developing mouse[END_REF]). While the olfactory and vomeronasal nerves innervate the main and accessory olfactory bulbs, branches of the terminal nerve were seen engaging in the forebrain and were detected at E12, E14 and E16.5. The fact that the putative branches of the terminal nerve are still found in the forebrain at E16.5 is in accordance with the continued migration of GnRH neurons, and the fate of this branches later in development remains to be explored. A secondary observation came from our 3D-imaging of mouse embryos. Indeed, peripherin staining revealed that, mid-development (E11.5), and in addition to a subset of the developing olfactory system, only the trigeminal ganglion and some projections towards the mandibular process were observable in the head. By contrast, the territory of trigeminal innervation extends dramatically over the following days, resulting in the three branches of the trigeminal nerve being discernible by E12.5, and their ramifications subsequently invading their respective territories as described before [START_REF] Durham | Development of functional units within trigeminal ganglia correlates with increased expression of proteins involved in neuron-glia interactions[END_REF]. This is, to our knowledge, the first report of these events using a three-dimensional approach, and another demonstration of how such methods can 
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 2 Figure I-2. Timeline of activation of the HPG axis. The blue line represents variations in the secretion of GnRH/LH in life. The HPG axis undergoes a first activation in utero, then peaks again shortly after birth during minipuberty. Quiescent throughout childhood, the axis is activated again at puberty, a time that marks the acquisition of reproductive functions, and remains active during adulthood. Adapted from Boehm et al. 2015

  development and distribution of GnRH neurons A. GnRH: from gene to action i. GnRH production and secretion There are to date three known forms of GnRH in vertebrates, respectively termed GnRH-1, GnRH-2 and GnRH-3. In mammals, GnRH-3 is absent and GnRH-2 functionality has been lost is numerous species (Stewart et al. 2009) and only GnRH-1, referred to as GnRH in the present work, is involved in the control of the reproductive functions. While it was initially called LHRH (luteinizing hormone-releasing hormone), this acronym was progressively replaced by GnRH due to the ability of the hormone to control the release of both LH and FSH. GnRH was first described in 1971 when it was isolated and sequenced from porcine hypothalamic, as a decapeptide of sequence Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 (Schally et al. 1971). Studies have shown that the GnRH sequence is highly conserved throughout evolution, an expected feature considering the key role of reproduction in species preservation (Roch et al. 2011). The hormone actually derives from a prepropeptide containing the sequence of GnRH as well as the sequence of a 56 amino-acids long GnRH-associated peptide or GAP (Seeburg and Adelamn 1984). Studies conducted around in the late 1980s showed that GnRH-producing cells are indeed immmunoreactive for GnRH and GAP in several species, and that the two peptides are found together in secretion vesicles, being even co-secreted in the hypothalamic-pituitary portal circulation (Clarke et al. 1987, Song et al. 1987, Sarkar & Mitsugi 1990). GAP has been mainly
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 7 domains transmembrane G protein-coupled receptor, which like GnRH shows high conservation between several mammalian species including mouse, rat, sheep or human. It is interesting to note that GnRH-R expression in the gonadotropic cells is regulated by several factors including the sexual steroid hormones. Notably, estradiol has a positive effect on GnRH-R expression and availability in the pituitary, while progesterone has been shown to have an opposite effect, decreasing GnRH-R availability[START_REF] Rispoli | Pituitary gonadotropin-releasing hormone (GnRH) receptor: structure, distribution and regulation of expression[END_REF]. In a similar fashion, stimulation of the gonadotropic cells by activin leads to an increase in the gene expression and the number of GnRH-R, while inhibin shows opposite effects in rodents[START_REF] Gregory | Regulation of gonadotropins by inhibin and activin[END_REF].Importantly, GnRH itself is also a key player in this regulation: studies have shown that GnRH pulses stimulate GnRH-R expression, while continuous exposure to GnRH leads to a decrease in GnRH-R availability in gonadotropic cells[START_REF] Rispoli | Pituitary gonadotropin-releasing hormone (GnRH) receptor: structure, distribution and regulation of expression[END_REF]. The regulation of the expression and availability of the GnRH-R in the gonadotropic cell undoubtedly participates in decoding GnRH inputs and regulating gonadotropin expression and secretion, but acts in synergy with other mechanisms. Indeed, the gonadotropins LH and FSH are composed of a common alpha subunit (α-GSU) and a differential beta subunit (LHβ or FSHβ) and the genes coding for these subunits are regulated by GnRH pulsatility. A high pulsatility triggers preferentially LHβ expression, while a low pulsatility increases FSHβ expression. The common subunit however does not seem subjected to the same regulation, since it is expressed in a similar manner in both cases, and even under continuous GnRH exposure(Stamatiades et Kaiser 2018). Several signalling pathways have been proposed downstream of the GnRH-R upon GnRH binding, among which the MAPK/ERK has notably been involved in regulation of gonadotropin expression[START_REF] Roberson | A role for mitogenactivated protein kinase in mediating activation of the glycoprotein hormone alpha-subunit promoter by gonadotropin-releasing hormone[END_REF][START_REF] Sundaresan | Stimulation of mitogen-activated protein kinase by gonadotropin-releasing hormone: evidence for the involvement of protein kinase C[END_REF][START_REF] White | Homologous regulation of the gonadotropin-releasing hormone receptor gene is partially mediated by protein kinase C activation of an activator protein-1 element[END_REF][START_REF] Kanasaki | Gonadotropin-releasing hormone pulse frequency-dependent activation of extracellular signal-regulated kinase pathways in perifused LbetaT2 cells[END_REF]. Moreover, the effect of GnRH on the gonadotropins is not limited to the regulation of their expression: as binding of GnRH to the GnRH-R also induces a rise in intracellular calcium levels, this leads to the rapid exocytosis of gonadotropins by the cells, linking GnRH rhythmicity with gonadotropin secretion[START_REF] Naor | Signaling by G-protein-coupled receptor (GPCR): Studies on the GnRH receptor[END_REF]. Despite numerous studies in different models, the signalling pathways downstream of the GnRH receptor are not fully elucidated. Importantly, most of the studies conducted so far have been performed on primary cultures or immortalized and transgenic cell lines, sometimes not best representative of the physiological truth. They have however made it clearer that several pathways are contributing to the decoding of GnRH pulsatility, through modulation of gene expression and receptor availability, to differentially regulate LH and FSH production and secretion by gonadotropic cells (Stamatiades et Kaiser 2018). Lastly, transgenic approaches have recently been proposed that constitute a valuable tool for future studies aimed at dissecting the cellular and intracellular mechanisms occurring in gonadotropic cells (Wen et al. 2008, Alim et al. 2012, Tran et al. 2013, Fortin et al. 2014, Beck et al. 2017), and since GnRH-R expression is not restricted to the pituitary, they will be crucial in uncovering the extent and roles of GnRH signalling during development and in the adult brain (Wen et al. 2010, Wen et al. 2011, Schauer et al. 2015).B. Embryonic origin of GnRH neurons i.A journey from the nose to the brain Unlike other neurons, the GnRH neurons originate outside the brain and are born in the nasal region during the embryonic development. In 1980, Schwanzel-Fukuda and Silverman demonstrated the presence of cell bodies and fibers immunoreactive for several antisera directed against GnRH in the nasal region of the guinea pig at several stages between embryonic days 28-45. They were able to follow a scattered population of GnRH neurons in the path of the nervus terminalislater recognized as cranial nerve 0from the ventromedial side of the brain to the nose through the cribriform plate. In the nasal region, some cell bodies and their axons were described as intertwined with the olfactory nerves, and axons were seen in close proximity to blood vessels, prompting the idea that these neurons could exert a sensory function. However, at later stages of development and in the postnatal guinea pig, the authors did not report data on the nasal region because extraction of the brain from the skull disrupted the nervus terminalis (Schwanzel-Fukuda and Silverman, 1980). The same year, another group released a mapping of the GnRH neurons and fibers in the golden hamster brain, in which they were able to decalcify skull bones and observe GnRH immunoreactivity in the nasal region close to the olfactory and vomeronasal nerves (Jennes and Stumpf 1980). Complementary observations were made some years later in the gray opossum, with GnRH-immunoreactive neurons detected in the nose along the olfactory/vomeronasal/terminal nerves even at early postnatal stages (Schwanzel-Fukuda et al. 1988). Interestingly, there was no formal conclusion regarding the developmental origin of the GnRH neurons themselves, a fact which the authors explained by a lack of immunoreactivity for GnRH in very early embryonic specimenpreventing the identification of their original birth region. However, they hinted at a peripheral origin because of the greater number of GnRHimmunoreactive cells in the nasal region compared to the brain at early stages. "The fact that more LHRH-immunoreactive cells were seen in the peripheral ganglia of the nervus terminalis than in the central nervous system early in development is suggestive of an origin from the neural crest or olfactory placode" Schwanzel-Fukuda et al. 1988

  from non-neural ectodermal progenitors (reviewed in Forni and Wray 2012) and the cell composition of this specific structure, as well as the extent to which both of its origins contribute to the embryonic derivatives, is thus unclear. In 2011, Forni and collaborators released their work on the use of transgenic mouse lines to investigate the origin of GnRH neurons. Mice expressing the Cre recombinase either under the control of the Wnt1 promoter (expressed in neural crest cells) or the AP-2α cis-regulatory element (Crect, expressed in ectodermal cells) were crossed with Rosa26-LacZ or YFP reporter mice. The resulting Wnt1Cre/RLacZ or Wnt1Cre/RYFP animals expressed the tracers in neural crest derivatives, while the Crect/RLacZ and Crect/RYFP animals expressed the tracers in ectodermal derivatives. As could be expected from the double origin of the olfactory placode, the GnRH cells did not appear as a homogenous population. GnRH Immunostainings and cell counting at PN0 on these reporter lines instead enabled the authors to determine that around 37% of the total GnRH population derives from the neural crests progenitors, while a complementary 73% of the population is of ectodermal origin. In summary, neural crest progenitor cells and ectodermal progenitor cells contribute in the olfactory placode to form the whole GnRH population[START_REF] Forni | Neural crest and Ectodermal cells intermix in the nasal placode to give rise to GnRH-1 Neurons, Sensory Neurons and Olfactory Ensheathing Cells[END_REF]). More recently,[START_REF] Shan | Heterogeneous Origin of Gonadotropin Releasing Hormone-1 Neurons in Mouse Embryos Detected by Islet-1/2 Expression[END_REF] investigated the expression of the Islet-1/2 transcription factors in the developing and migrating

  of a dual contribution to the GnRH population at least in mammals. Future studies combining the techniques used so far in a single more integrative work, and/or new approaches overcoming their limitations, might put an end to the controversy in a near future. After their birth around E10.5 in mice, GnRH neurons migrate along sensory projections constitutive of the vomeronasal and terminal nerves in the medial part of the nose (Wray et al. 1989, Schwanzel-Fukuda et al. 1989, Schwanzel-Fukuda et al.1992) to reach and cross the cribriform plate and enter the brain. They are not, however, alone on their path to the brain. ii. The olfactory epithelium and the olfactory nerve On the rostral part of the developing mouse embryo, around E9, the olfactory placode forms from a thickening of the ectoderm and progressively invaginates to give rise to the olfactory pit, future olfactory epithelium and vomeronasal organ (Figure I-4). In the same time window, the olfactory bulbs start to form from the telencephalon, and by E11.5 to E13 the olfactory epithelium, the presumptive vomeronasal organ (VNO) and the developing olfactory bulbs (OB) are identifiable in the medial part of the head, on both sides of the midline (reviewed in Treloar et al. 2010, Miller et al. 2010).

Figure I- 4 .

 4 Figure I-4. Schematic of the developing nasal cavity from E9.5 to E11.5. A thickening of the ectoderm forms the nasal/olfactory placode (p), which invaginates to give rise to the nasal/olfactory pit (np). The olfactory epithelium (oe) develops as the pit deepens to form the nasal cavity (nc). V: ventricle, t:telencephalon. Adapted from[START_REF] Treloar | Development of the Olfactory System[END_REF] 

(

  [START_REF] Wirsig-Wiechmann | What defines the nervus terminalis? Neurochemical, developmental, and anatomical criteria[END_REF].

  they could be involved in the development of the olfactory bulbs and telencephalon[START_REF] De Carlos | The telencephalic vesicles are innervated by olfactory placode-derived cells: a possible mechanism to induce neocortical development[END_REF] or the olfactory nerve[START_REF] Miller | Composition of the migratory mass during development of the olfactory nerve[END_REF]). Moreover, using Doublecortin (DCX)-GFP transgenic mice to detect migrating neurons,[START_REF] Miller | Composition of the migratory mass during development of the olfactory nerve[END_REF] made it clear that the so-far identified neurons of the migratory mass do not account for the whole neuronal component of the migratory mass, thus motivating further studies.C. Regulation of the GnRH neuronal migrationi. Diversity of molecules involved the migration of GnRH neurons Early work on the migrating GnRH neurons have concluded, based on the timing of emergence and on local interactions, to their dependency upon the scaffolding of the olfactory/vomeronasal/terminal projections for proper migration (Schwanzel-Fukuda et al. 1992). In addition, cases of defective axonal targeting of these sensory projections to the brain were associated with a failure in GnRH neuron migration (Schwanzel-Fukuda et al. 1989). The ensemble of mechanisms involved in the interactions between the GnRH neurons, the nerves and other cells of the migratory mass remained however to elucidate. Since then, numerous guidance molecules have been identified, and mutation and disruption studies have largely contributed to the current knowledge (Figure I-5). Neural cell-adhesion molecule (NCAM) was among the first molecule suggested as a cue for proper GnRH migration. The work of Schwanzel-Fukuda et al. (1992) revealed strong NCAM immunoreactivity on the migratory path of the GnRH neurons, including in the sensory axons of the olfactory, vomeronasal and terminal nerves, but also in cells of the migratory mass. Moreover, when NCAM antibodies were injected in the developing olfactory pit, a delay was observed in the extraction of migrating cells from the olfactory pit epithelium, although this did not prevent proper targeting of the sensory projection and subsequent migration. In addition to showing NCAM's role in the development of the migratory mass, these results also demonstrate the multifactorial, compensatory nature of guidance mechanisms involved in this complex process. Several cell surface molecules, as well as secreted molecules, and their downstream signalling pathways play a role in the regulation of GnRH neuronal migration through direct or indirect effects. Anosmin is a secreted guidance protein which has been involved in the proper development and targeting of the olfactory axons to the olfactory bulbs, and its disruption is associated with anomalies in the migration of GnRH neurons (Legouis et al. 1991, Wierman et al. 2011). Ephrins are cell-surface molecules with roles in axon guidance, and a mutation of the Ephrin receptor EphA5 is responsible for abnormal accumulation of GnRH neurons in the nasal region (Gamble et al. 2005). Similarly, inhibition of NELF (nasal embryonic LHRH factor), a membrane protein found in migrating GnRH neurons and in olfactory sensory neurons, is deleterious for both olfactory axons scaffolding and GnRH neuronal migration (Kramer and Wray 2000). These are just a few examples out of many molecules regulating the early events of GnRH development (Wierman et al. 2011, Oleari et al. 2021), and it is undoubtable that numerous other molecules remain to discover. Among them and of particular interest in the context of the present work are specific guidance proteins and their interactors, namely the semaphorins, neuropilins, plexins and integrins.
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 5 Figure I-5. Genes contributing to the development of the GnRH system. This schematic illustrates the great diversity of genes involved in the regulation of the GnRH neuronogenesis and migration (A) and

Figure I- 6 .

 6 Figure I-6. Diversity of semaphorins and their receptors. PSI: plexin semaphorin integrin; IPT: Ig-like Plexin Transcription factors; Ig-like: immunoglobulin like; CUB: complement C1r/C1s: Uegf: Bmp1; FV/VIII: coagulation factor V/VIII homology like; MAM: meprin like; GPI: glycosylphosphatidylinositol. From Messina and Giacobini 2013.

  Messina et al. (2011) later revealed in developing mice immunoreactivity for semaphorin 7A and Plexin C1 on the migratory route of GnRH neurons, and notably in the vomeronasal/olfactory epithelia and their projections to the forebrain. Additionally, they showed that migratory GnRH neurons express β1-integrin, and post-migratory GnRH neurons found in the forebrain express Plexin C1. Interestingly, mice deficient for semaphorin 7A showed a defective migration and an altered distribution of GnRH neurons in the brain compared to control animals, associated with reduced fertility but without impairments of the olfactory/vomeronasal scaffold, while Plexin C1 deficient mice did not show any alteration in the distribution of GnRH neurons. Lastly, functional assays demonstrated that semaphorin 7A acts through β1-integrin to promote GnRH neuronal migration in the nasal compartment, and through Plexin C1 to inhibit cell motility. These results led to the conclusion that semaphorin 7A and its interactors play different spatio-temporally regulated roles on the regulation of the GnRH neuron migration and projections. Consistent with this idea, further studies showed that β1-integrin deletion in GnRH neurons also caused an alteration of GnRH projections to the median eminence and reduced fertility in mice, and that Semaphorin7A/PlexinC1/β1-integrin signalling was involved in the plasticity of these GnRH projections during the reproductive cycle (Parkash et al. 2012, Parkash et al. 2015).

Figure I- 7 .

 7 Figure I-7. Semaphorins in the developing olfactory and vomeronasal system. (a) Schematic of the embryonic GnRH neuron migration along the sensory projections. (b) Expression of diverse semaphorins on the migratory route of GnRH neurons. aob/mob: accessory/main olfactory bulb; n/fb j: nose/forebrain junction; nm: nasal mesenchyme; ob: olfactory bulb; oe: olfactory epithelium; on: olfactory nerve; TN:terminal nerve; vfb: ventral forebrain; VNN: vomeronasal nerve; vno: vomeronasal organ; FromGiacobini (2015) 

Figure I- 8 .

 8 Figure I-8. Distribution of GnRH cell bodies in the mouse brain. Black dots represent GnRH neurons cell bodies in sagittal (top) and coronal (bottom) sections. While the whole population extends from the olfactory bulbs to the posterior hypothalamus, a high number of GnRH neurons is found in a region defined by the medial septal nucleus and the preoptic area. Close to the OVLT, the population divides in two branches forming an inverted Y shape (bottom center panel). 3V: third ventricle; ac: anterior commissure; AHA: anterior hypothalamic area; ME: median eminence; MS: medial septal region; oc: optic chiasma;

Figure I- 9 .

 9 Figure I-9. Schematic representation of the olfactory GnRH system. GnRH cell bodies (circles) and projections are shown scattered from the medial septal region of the brain to the nasal compartment. GnRHimmunoreactive fibers form a ring around the caudal part of the olfactory bulbs, while projections and cell bodies form a continuum extending in-between the bulbs and through the cribriform plate. GT: ganglion terminale; NT: terminal nerve; OB: olfactory bulb. FromJennes (1986) 

  potentials and exert a secretory function in the terminals. This notably has implications in the distal regulation of GnRH secretion (King and Anthony 1984, Herbison 2015, Campbell 2018).

and 6 ,

 6 000 extra-hypothalamic reported cells (Figure I-10, King and Anthony 1984, Rance et al. 1994, reviewed in Skrapits and Hrabovszky 2018). The presence of GnRH neurons and projections in the nasal compartment of the adult, as observed in several rodent species, remains however undescribed so far.

Figure I- 10 .

 10 Figure I-10. Distribution of GnRH neurons in the human brain. Black dots represent GnRH neurons identified by in situ hybridization or immunohistochemistry on human brain sections, and reveal the dispersion of the GnRH system in hypothalamic and extra-hypothalamic regions. Taken from Skrapits and Hrabovszky 2018

  et al. 1989, Schwanzel-Fukuda et al. 1989, Forni et al. 2011) and, in humans notably, additional on-site origins are highly probable for a large portion of the GnRH immunoreactive cells. This is consistent with several studies showing heterogeneity in the GnRH neuronal population, either regarding the morphological aspect, projection patterns, or gene and protein expression in these neurons in different species. GnRH neurons were described as possessing different morphologies, sometimes intermixed in the same regions of the murine and human brain. Rance et al. (1994) thus characterized 3 types

  70% of GnRH neurons are activated by AMH ex vivo[START_REF] Cimino | Novel role for anti-Müllerian hormone in the regulation of GnRH neuron excitability and hormone secretion[END_REF], another evidence for subgroups of neurons with specific phenotypes and functions.Apart from morphology and expression, the large distribution of GnRH neurons is also a source of heterogeneity. Interestingly and in relation with the particular origin of GnRH neurons, it seems that the fate regarding their final location is dependent upon their time of birth.Jasoni et al. (2009) used a pulsatile 5-bromo-2-deoxyuridine (BrdU, which is incorporated in DNA during replication) approach in mice to show that early-born GnRH neurons were preferentially settling in the more rostral regions of the brain, while late-born GnRH neurons were ceasing their migration more caudally. The authors hypothesized that this phenomenon could be explained by changes in the progenitors of GnRH neurons and/or in the migrating environment over time. The mixed origin of GnRH neurons, together with changes in the progenitors during development, would explain differences in morphology and protein expression such as those mentioned before.While a good candidate for the determination of the stopping point of GnRH neuronal migration, a change in the migrating environment alone would not however justify the co-existence of subtypes of neurons in close proximity, suggesting that a combination of factors is at play in this population's heterogeneity.

  Estradiol has been shown to possess mixed effects on GnRH-driven gonadotropin levels. Direct action of estradiol on GnRH neurons has been proposed, mediated by the estrogen receptor β (ERβ)its alpha variant (ERα) being absent in GnRH neurons, but remains controversial and instead, indirect action through other cell populations is the preferred theory. As an example of direct mechanism, ERβ has been involved in the direct facilitation of glutamatergic and GABAergic stimulation of GnRH neurons[START_REF] Farkas | Estradiol Increases Glutamate and GABA Neurotransmission into GnRH Neurons via Retrograde NO-Signaling in Proestrous Mice during the Positive Estradiol Feedback Period[END_REF]. Regarding partner populations able to mediate estrogenic effects, tracing studies revealed that several populations expressing ERα (which mediates the vast majority of estradiol's actions) were located in preoptic and hypothalamic regions, host to numerous GABA-, glutamate-and kisspeptin-producing neurons with connections to GnRH neurons. Estradiol's positive feedback plays an important role in the LH surge, when elevated and sustained levels of the hormone are required hours prior to the surge for it to happen. In rodents, lesion studies have demonstrated that populations essential to the induction of the LH surge by estradiol were located in the rostral periventricular region (RP3V).

Finally, testosterone has

  been shown to modulate LH and FSH release from the pituitary, and proposed to inhibit the GnRH pulse generator[START_REF] Matsumoto | Modulation of pulsatile gonadotropin secretion by testosterone in man[END_REF]. However, for a lack of androgen receptor in GnRH neurons, this effect is not direct, but requires upstream partners (such as kisspeptin neurons) and has been established to act either via androgenic pathways or estrogenic pathways after aromatisation of testosterone(Marques et al. 2000, Navarro et al. 2011, Moore et al. 2018).

  short daylight supresses the reproductive functions, thus mimicking the natural breeding rhythms of the species which does not reproduce during winter. This integration of daylight involves the pineal gland, downstream of the SCN, and secretion of melatonin[START_REF] Migaud | Rythmes biologiques et reproduction[END_REF]). While GnRH neurons themselves do not express the melatonin receptors, other populations expressing those receptors can relay the signals, such as RFamide-related peptide (RFRP) and kisspeptin neurons of the hypothalamus which are upstream of GnRH neurons[START_REF] Revel | Kisspeptin Mediates the Photoperiodic Control of Reproduction in Hamsters[END_REF][START_REF] Ancel | Stimulatory Effect of RFRP-3 on the Gonadotrophic Axis in the Male Syrian Hamster: The Exception Proves the Rule[END_REF]).

  observed which cannot be rescued with subsequent leptin-receptor reactivation (Ramos-Lobo et al. 2019).As GnRH neurons do not express the leptin receptor, it was first uncertain how the effects of leptin were mediated. Studies conducted around 2010 pointed to neurons of the ventral premammillary nucleus (PMV) as relays of the leptin signalling, since lesions in this nucleus abolish leptin-mediated restoration of fertility in ob/ob mice. Neurons in the PMV that responded to leptin were shown to send projections towards kisspeptin neurons in the preoptic region and GnRH terminals in the median eminence, two possible ways for the stimulation of GnRH neurons. (Donato et al. 2011) The precise mechanisms are still elusive, and several candidates have been proposed in the transduction of leptin signalling from PMV neurons to either kisspeptin or GnRH neurons, including glutamate and nitric oxide. Additionally, sensing of leptin by orexigenic neuropeptide Y/Agouti-related peptide (NPY/AgRP) neurons of the arcuate nucleus could also be involved (reviewed in Childs et al. 2021).Another potential player at the crossroad of energy balance and reproduction is ghrelin, a hormone mainly secreted by the stomach, which acts as an orexigenic signal. Ghrelin has been shown to decrease LH levels in rats, inhibit GnRH secretion in vitro, and affect the timing of puberty in male but not female rats[START_REF] Fernandez-Fernandez | Novel signals for the integration of energy balance and reproduction[END_REF]). Of note, a lack of ghrelin receptor in the GnRH neurons points to a relay of ghrelin signalling via upstream populations with connections to the GnRH neurons. Kisspeptin neurons are again candidates for this relay, as a subset of arcuate kisspeptin neurons expresses the ghrelin receptor and is activated by ghrelin ex vivo[START_REF] Frazao | Estradiol modulates Kiss1 neuronal response to ghrelin[END_REF]). Anorexigenic and orexigenic neurons of the arcuate nucleus, the proopiomelanocortin (POMC) and NPY/AgRP neurons well-known for their controlling of food intake, also possess the ghrelin receptor, are connected with kisspeptin neurons and could potentially directly and indirectly affect GnRH neuronal activity (reviewed in Navarro and Kaiser2013).If only leptin and ghrelin where mentioned here, other factors such as insulin are also investigated in the link between the sensing of metabolic cues and the central control of the HPG axis (Navarro and Kaiser 2013, Roa and Tena-Sempere 2014). Overall, the coupling of metabolism and reproduction does not rely on a single mechanism, but instead seems to involve the integration of a multitude of signals reflecting different aspects of the energetic status (adiposity, hunger, etc.), and these signals are using more than one route to fine-tune GnRH production and secretion.

  corticotropin-releasing factor (CRF) and arginine vasopressin (AVP) are released from the hypothalamus into the portal circulation to stimulate the production of adrenocorticotrophic hormone (ACTH), which reaches the adrenal gland to increase glucocorticoids (cortisol/corticosterone) release. This activation is responsible for a number of physiological changes increasing survival chances (accelerated heart rate and respiration, increased glucose levels) and inhibiting dispensable processes (immune response, memory). Routes for the activation of the HPA axis are diverse, with the endpoint being in the paraventricular nucleus of the hypothalamus (PVN) where CRF and AVP-expressing neurons are located (Li and O'Byrne 2015).

  directly or via a proxy, on kisspeptin neurons to in turn modulate GnRH neurons. Possible relays of the stress-induced suppression of reproductive functions also include the well-known GnRH neuron regulator GABA, since GABA-ergic signalling is affected by a number of stressors and by administration of CRF, as well as RFRP which is upregulated under stress conditions (reviewed in Li and O'Byrne 201 , Sominsky et al. 2017).

(

  PGE2), and PGE2 triggers depolarization and generation of action potentials in GnRH neurons, as well as the release of GnRH through a post-synaptic excitatory effect. In addition, chemical blockade of PGE2 synthesis, as well as a deficiency in PGE2 production by astrocytes, both cause impaired GnRH neuron firing, strongly suggesting a role for astrocytes in the regulation of GnRH neuronal excitability (Clasadonte et al. 2011, reviewed in Prévot and Sharif 2018). The second glial cell type with a strong role in the neuroendocrine control of reproduction is the tanycyte. Tanycytes are specialized ependymal cells lining the wall of the third ventricle, shown to send their projections towards the vessels of the median eminence notably, and their endfeet also encapsulate GnRH terminals while showing structural plasticity during the estrous cycle (Prévot et al. 1999), thus providing a regulation of GnRH terminals access to the portal circulation (reviewed in Prévot and Sharif 2018). Such plasticity appears to depend upon the guidance molecule semaphorin 7A, expressed by tanycytes, that promotes both retraction of GnRH terminals and extension of tanycytic endfeets (Parkash et al. 2015). Finally, endothelial cells have also been investigated in neuroendocrine-related structural changes in the median eminence. First reports of the structural plasticity included apparent cycledependant evaginations of the basal lamina in rats, and the aforementioned sprouting of GnRH terminals, a phenomenon which was then proposed to involve the contribution of endothelial cells (Prévot et al. 1999). It was later revealed that endothelial cells of the portal system in the median eminence express and release semaphorin 3A, with varying levels across the estrous cycle, and via semaphorin 3A signalling they can attract neuropilin-1-expressing GnRH terminals. Of note, neutralization of semaphorin 3A or neuropilin-1 in vivo in the median eminence of rats disrupts the estrous cycle (Giacobini et al. 2014). In summary, non-neuronal contribution to the control of GnRH neurons is well-established, both at the level of neuronal activity and excitability with the role of astrocytes, or in the control of the GnRH release in the median eminence through regulation of axonal accessibility to the portal circulation by tanycytes and endothelial cells (Figure I-11). Interestingly, several of these mechanisms have been linked to specific phases of the estrous cycle and correlated with the levels of sexual steroids, pointing to their importance in the regulation of the pre-ovulatory GnRH/LH surge (Prévot and Sharif 2018).
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 11 Figure I-11. Non-neuronal cells in the central control of reproduction. The schematic illustrates the roles of glial cells such as astrocytes and tanycytes, and endothelial cells in the regulation of GnRH neurons via morphological, molecular and structural interactions. Taken from Prévot and Sharif 2018
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 12 Figure I-12. Herbison's proposed model of the GnRH network regulation. The two profiles of GnRH neurons, responsible for surges and pulses of GnRH release, are represented in the centre of the design.

  [START_REF] Scott | Kisspeptin activation of supraoptic nucleus neurons in vivo[END_REF], as well as a role in the arcuate nucleus through stimulation of POMC neurons and inhibition of NPY neurons (Fu and van den Pol 2010). Additionally, kisspeptin has been suggested to act as a neuromodulator in the hippocampus and in memory processes (reviewed in Liu and Herbison 2016).

  major role of kisspeptin in puberty and thus reproductive functions was demonstrated in the early 2000s, when two studies pointed at mutations of the kisspeptin receptor GPR54/KISS1R in the etiology of hypogonadotropic hypogonadism, with manifestations such as impuberism, partial breast development, low circulating gonadotropins and sexual steroids in affected families. In addition, GPR54 -/-mice exhibited alterations of the HPG axis including a lack of sexual maturation and disrupted estrous cycles. While it was not yet clear at which level of the axis kisspeptin and its receptor were acting, the ability of peripheral organs to react to gonadotropins in patients and mutant mice were suggesting a central mechanism of action (de Roux et al. 2003, Seminara et al. 2003).Mapping of kisspeptin and its receptor in the brain revealed their expression in regions were GnRH neurons and projections are also found, compatible with a direct action on GnRH neurons: kisspeptin mRNA was thus detected in the preoptic area, the anteroventral periventricular nucleus (AVPV) and the arcuate nucleus in rodents[START_REF] Gottsch | A Role for Kisspeptins in the Regulation of Gonadotropin Secretion in the Mouse[END_REF]), while GPR54 mRNA was detected in GnRH neurons themselves[START_REF] Herbison | Distribution and Postnatal Development of Gpr54 Gene Expression in Mouse Brain and Gonadotropin-Releasing Hormone Neurons[END_REF]). Notably, low doses of kisspeptin are able to stimulate GnRH release in vitro[START_REF] Novaira | Kisspeptin increases GnRH mRNA expression and secretion in GnRH secreting neuronal cell lines[END_REF]), as well as in vivo, and intracerebroventricular (ICV) administration of kisspeptin elicits LH release in a GnRHdependant manner[START_REF] Gottsch | A Role for Kisspeptins in the Regulation of Gonadotropin Secretion in the Mouse[END_REF]).

  5 and progressively increases during development, and 50% of GnRH neurons express GPR54 at E16.5.Moreover, trans-synaptic tracing further demonstrated that kisspeptin neurons of the arcuate nucleus were connected to and upstream of a subset of GnRH neurons already at E16.5(Kumar et al. 2014). Of note, almost identical data were obtained on the prenatal development of the arcuate kisspeptin population in male embryos using these approaches(Kumar et al. 2015).Genetically engineered trans-synaptic tracing also established that kisspeptin neurons of both the AVPV and arcuate nucleus are synaptically connected to GnRH neurons in adult mice, but subpopulations exist since not all kisspeptin neurons show this connection. Noteworthy, all kisspeptin neurons in contact with GnRH neurons express ERα, consistent with a relay of estradiol signalling(Kumar et al. 2015). Finally, viral-based conditional tract tracing demonstrated that kisspeptin neurons of the AVPV contact mainly GnRH cell bodies and their proximal projections, while arcuate kisspeptin neurons do not, and conversely are seen contacting the distal part of GnRH projections and their terminals near the median eminence (Yip et al. 2015). Given the differential development of the AVPV and arcuate nucleus kisspeptin populations and their projections to GnRH neurons and terminals, their proposed roles in integration of diverse internal and external cues, and the general timeline of development of the kisspeptin/GnRH system, a model of kisspeptin-GnRH interactions in the regulation of the HPG axis was recently proposed (Herbison 2016). During prenatal and postnatal development, GnRH neurons receive stimulatory inputs from the arcuate nucleus kisspeptin neurons, which are silenced during the juvenile period, and return in the prepubertal period. At puberty, the stimulation from both the AVPV and ARC kisspeptin neurons (among other partners) allows acquisition of proper reproductive functions. In this model, arcuate kisspeptin neurons are believed to be involved in pulse generation, while AVPV neurons are responsible for the surge mechanism (Figure I-13).
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 13 Figure I-13. Timeline of development of the GnRH/Kisspeptin system. Arcuate kisspeptin neurons (red) contact distal GnRH (green) projections in utero and are involved in perinatal activations of the HPG axis.

  in the ewes before extension to other species[START_REF] Goodman | Kisspeptin neurons in the arcuate nucleus of the ewe express both dynorphin A and neurokinin B[END_REF],[START_REF] Lehman | Neuroanatomy of the kisspeptin signaling system in mammals: comparative and developmental aspects[END_REF], and mutations in neurokinin B and its receptor were associated with altered reproductive functions in humans(Topaloglu et al. 2009). This led to these specific sets of neurons being nicknamed KNDy (Kisspeptin-NeurokininB-Dynorphin) neurons.The modes of action of kisspeptin, neurokinin and dynorphin are believed to be multiple in the control of GnRH neurons. KNDy neurons emit projections towards GnRH cell bodies and terminals in the hypothalamus, but also establish contacts between themselves forming an interconnected network able to fine-tune GnRH release. While kisspeptin and neurokinin B have been shown to be stimulators of GnRH and LH release, the kisspeptin receptor is not found in KNDy neurons, but the receptor for neurokinin B is expressed in those cells and points to neurokinin B as the candidate synchronizer for the KNDy population. A different case is made for dynorphin which is considered as the mediator of the negative feedback of sexual steroids (reviewed in Lehman et al. 2010, Uenoyama et al. 2021) and thus a final modulator of GnRH neurons. Overall, it is currently proposed that arcuate KNDy neurons form an interconnected population that integrates a number of physiological cues and synchronizes its activity through stimulatory neurokinin B and modulatory dynorphin inputs, to finely regulate GnRH pulses via kisspeptin, GABA and glutamate signalling (Uenoyama et al. 2021). Finally, and while most studies used ovine or rodent models, less data is currently available on the KNDy neurons in human and primate physiology. So far however, immunohistochemistry demonstrated colocalization of kisspeptin, neurokinin B and dynorphin in arcuate nucleus neurons, mutations in the kisspeptin and neurokinin B signalling pathways are associated with altered reproductive functions, and endogenous opioids such as dynorphin have been linked with inhibition of GnRH/LH secretion; all suggesting at least a partial applicability of the proposed model to the human control of reproduction (reviewed in Lehman et al. 2019).Perhaps a more integrative view of the control of GnRH neurons by partner neuronal populations in the hypothalamus is better recapitulated in the recently proposed KiNG (kisspeptin, nNOS, GnRH) system which also takes into account the nitric oxide (NO) synthetizing neurons of the hypothalamus. These neurons are found in several nuclei of the hypothalamus, including the preoptic area and the arcuate nucleus, and possess the neuronal nitric oxide synthase (nNOS).Moreover, NO production and release is under the influence of sexual steroids, is involved in the control of GnRH neurons, and a subset of nNOS neurons are close to kisspeptin-expressing neurons/fibers and express the kisspeptin receptor. As a result, NO has been proposed as an actor in the control of pulse generation, by modulating the refractory response of GnRH neurons after stimulation by kisspeptin, and promoting their return to excitability. Additionally, nNOS neurons could play a role in the surge of GnRH/LH by restraining GnRH neuron activity to promote their synchronization at the time of the surge. While it is supported by several recent studies, the validity of this model requires further investigation to be confirmed (reviewed in[START_REF] Delli | The KiNG of reproduction: Kisspeptin/ nNOS interactions shaping hypothalamic GnRH release[END_REF]).
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 14 Figure I-14. Numerous genes are involved in the development of the GnRH network. The ontogeny and migration of GnRH neurons, and the maturation of the GnRH network, rely on a wide range of mechanisms and a diversity of genes, many of which are known to be mutated in patients with hypogonadotropic hypogonadism and Kallmann Syndrome. Taken from Balasubramanian and Crowley (2011)

Finally, mutations in

  the plexin and neuropilin families, known receptors of semaphorins, can also contribute to hypogonadotropic hypogonadism. Thus, in a study from 2017, Marcos and colleagues identified several missense mutations of PLXNA1, coding for plexin A1, in a cohort of KS patients. They further demonstrated that genetic deletion of plexin A1 in mice triggered failure of the olfactory/vomeronasal/terminal axons to reach the brain, and restriction of GnRH neurons to the nasal compartment in some embryos, together with decreased fertility in adult male mice, all consistent with a KS phenotype. Functional cell assays associated seven of the identified PLXNA1 mutations with defective production or localization of the receptor[START_REF] Marcos | Defective signaling through plexin-A1 compromises the development of the peripheral olfactory system and neuroendocrine reproductive axis in mice[END_REF]).

A

  total of 216 IHH patients (nIHH, n = 181 and KS, n = 35) from 178 independent families recruited in Turkey were included in the study. IHH patients had absent pubertal development by age 13 and 14 in girls and boys respectively and low or normal basal gonadotropin levels in the face of low estradiol/testosterone levels. The KS patients additionally had anosmia/hyposmia. The levels of olfactory function were determined based on self-reporting and physical examination by administering a culturally appropriate 10-item (mint, lemon, soap etc.) smell test. All individuals and/or their legal guardians provided written informed consent, and the study was approved by the Ethics Committee of the Cukurova University Faculty of Medicine and by the institutional review board of the University of Mississippi Medical Center.

  -1, respectively. The location of the variants on SEMA3F and PLXNA3 gene diagrams and the pedigrees are depicted in Figures II-1 and II-2. We found six rare SEMA3F variants located in critical regions for the proper protein function or its dimerization (Figure II-1A). We identified one variant (T29M) located close to the signal sequence (SS) of the protein, one (P452T) located within the SEMA domain, one (A652S) in the Ig domain and three (R699W, P722L, T724M) located in the basic motif of the protein (Figure II-1A). Seven IHH patients carried variants in PLXNA3 respectively in the SEMA binding domain (R108C), in the Plexin-Semaphorin-Integrin (PSI2) domain (S646P) and in the Ig domain (IPT3 region) (L1086V), and RAS-GAP domain (R1359C), which suggest that these mutants are likely to affect ligand and co-receptor interactions (Figure II-2A).

  etiology(Sykiotis et al. 2017) and clinical reversibility[START_REF] Sidhoum | Reversal and Relapse of Hypogonadotropic Hypogonadism: Resilience and Fragility of the Reproductive Neuroendocrine System[END_REF], among others, are well recognized in this condition to explain these complex pedigrees.In six of the 11 kindreds (54%), there was at least one more gene known to be associated with IHH (oligogenecity)(Topaloglu 2017[START_REF] Sykiotis | Oligogenic basis of isolated gonadotropin-releasing hormone deficiency[END_REF]). This high rate is consistent with our recent observation of the increased detection of oligogenecity in the etiology of IHH[START_REF] Bouilly | DCC/NTN1 complex mutations in patients with congenital hypogonadotropic hypogonadism impair GnRH neuron development[END_REF], which was earlier reported to be 10-20%[START_REF] Sykiotis | Oligogenic basis of isolated gonadotropin-releasing hormone deficiency[END_REF]). This probably reflects increased number of recognized genes for IHH as well as recent diagnostic popularity of exome sequencing.

  depicts the absent olfactory bulbs in Case D-II-2 due to p.Thr29Met in SEMA3F. These data are consistent with previous rodent studies showing the role of SEMA3F in the proper projections and fasciculations of the olfactory nerve and thus in the development of the olfactory bulb[START_REF] Takeuchi | Sequential Arrival and Graded Secretion of Sema3F by Olfactory Neuron Axons Specify Map Topography at the Bulb[END_REF]). Interestingly, the same SEMA3F variant (Pro452Thr) was associated with normosmia or anosmia in two different families (Family A and B respectively). On the other hand, male patients in both families had cryptorchidism, indicating the presence of severe congenital hypogonadism. In congenital IHH, fetal pituitary gonadotropin secretion is low, leading to inadequate testosterone levels in fetal serum. As the testicular descent and growth of phallus are androgen-dependent, consequently, boys with severe IHH present with micropenis, cryptorchidism, and hypospadias at birth[START_REF] Pitteloud | Predictors of Outcome of Long-Term GnRH Therapy in Men with Idiopathic Hypogonadotropic Hypogonadism[END_REF]. Again, there was a discrepancy in olfactory function in patients carrying the same PLXNA3 variant (p.Arg108Cys) in two different kindreds (Family H and I, FigureII-2A, B). These observations suggest that there is a complex input to the olfactory phenotype. To date, all Semaphorin signaling gene variant discoveries were carried out solely in the KS patients cohorts(Hanchate et al. 2012[START_REF] Marcos | Defective signaling through plexin-A1 compromises the development of the peripheral olfactory system and neuroendocrine reproductive axis in mice[END_REF][START_REF] Young | SEMA3A deletion in a family with Kallmann syndrome validates the role of semaphorin 3A in human puberty and olfactory system development[END_REF]). This may have obscured the breadth of the phenotypic spectrum associated with these versatile family of molecules. Our population, on the contrary, is made up of all-inclusive IHH patients regardless of their olfactory functions. Therefore, our study has an unrestricted ability to observe all possible phenotypes. Case in point, in a previous screening study of PLXNA1 mutant cases in the same cohort as in this study, we found nine cases, among which only one third had compromised olfaction[START_REF] Kotan | Prevalence and associated phenotypes of PLXNA1 variants in normosmic and anosmic idiopathic hypogonadotropic hypogonadism[END_REF]). In contrast, the seminal publication on this gene was from an all anosmic (KS) cohort[START_REF] Marcos | Defective signaling through plexin-A1 compromises the development of the peripheral olfactory system and neuroendocrine reproductive axis in mice[END_REF].Western blot analysis revealed normal protein content of SEMA3F variants in whole cell lysates (Supplementary FigureII-1A, B). By contrast, SEMA3Fs harboring the P452T, T29M, and T724M missense variants showed impaired SEMA3F secretion, as shown by western blot analysis of the conditioned media (Supplementary FigureII-1A, C). The P722L variant on the other hand had secreted levels of protein similar to the wild type. Since the Family E proband has SEMA3F P722L only, it is curious if this variant is responsible for the IHH phenotype. Even though SEMA3F P722L is an extremely rare variant, the functional studies did not support its potential deleterious ramifications. Therefore, it is unlikely that this variant is solely responsible for the IHH phenotype in the family E proband. Interestingly this proband also has a variant in QRFP (NM_198180:c.G277A:p.E93K), which is heavily expressed in the hypothalamic arcuate nucleus and is known to regulate food intake[START_REF] Chartrel | The Neuropeptide 26RFa (QRFP) and Its Role in the Regulation of Energy Homeostasis: A Mini-Review[END_REF]). Its product, Pyroglutamylated RFamide peptide 43, has been shown to stimulate the hypothalamic-pituitary-gonadal axis via gonadotropinreleasing hormone in rats[START_REF] Patel | Pyroglutamylated RFamide Peptide 43 Stimulates the Hypothalamic-Pituitary-Gonadal Axis via Gonadotropin-Releasing Hormone in Rats[END_REF]). Given the extreme obesity and IHH of this patient, it's tempting to think that variants in these two genes together contributed to the IHH phenotype of this patient. Since SEMA3F is a bifunctional guidance molecule that can exert both axon-repulsive and these individuals have likely minimal signaling through PLXNA3 and argue in favor of the pathogenic effect of PLXNA3 mutants in IHH.With the exception of NRP2(Casoni et al. 2016), expression of SEMA3F signaling pathway has never been investigated in the developing human GnRH and olfactory system. We, thus, evaluated the expression pattern of SEMA3F and PLXNA1-A4 receptors in sagittal and coronal sections of human fetal heads (gestational weeks post amenorrhea: GW, GW7.5 and GW10.5), together with the expression of GnRH and peripherin, a marker of the developing olfactory and vomeronasal fibers (Casoni et al. Fueshko ans Wray 1994) (Figures II-3, II-4). At GW7.5, the great majority of GnRH neurons migrate in chains across the nasal septum along vomeronasal/terminal peripherinpositive fibers directed toward the forebrain (Figure II-3 B, C, E, H), in agreement with our previous immunohistochemical study (Casoni et al. 2016). PLXNA3 expression was found along the vomeronasal and terminal nerves (Figure II-3 D-H), as well as in migratory GnRH neurons (see arrows in Figure II-3 F, G). At GW11, about 80% of GnRH neurons have been reported to enter the brain and migrate toward their final target areas (Casoni et al. 2016). Our immunofluorescence analysis of a GW10.5 fetus indeed revealed robust GnRH-immunoreactivity in migratory cells invading the developing forebrain (Figure II-3 I, J, M). Similarly to the mouse olfactory system, where SEMA3F is secreted by early-arriving olfactory axons and deposited at the anterodorsal olfactory bulb (OB) (Takeuchi et al. 2010), in GW10.5 human fetuses, SEMA3F is expressed along the olfactory nerve (on), by the developing olfactory epithelium (oe) and by the vomeronasal and terminal nerves (VNN and TN) entering the brain (Figure II-3 K, N). SEMA3F expression was absent in human migratory GnRH neurons (Figure II-3 M, N). At this fetal stage, like at GW7.5, PLXNA3 is expressed along the vomeronasal and terminal nerves, which also express its ligand (Figure II-3 L-P). However, at GW10.5 GnRH neurons are PLXNA3-negative (Figure II-3 M, O, P), thus suggesting that PLXNA3 could be downregulated in GnRH neurons that entered the brain compartment. In order to assess the expression pattern of the other PLXN receptors through which SEMA3F can possibly signal, we next performed double-immunofluorescence staining of sagittal sections of GW7.5 fetuses using antibodies raised against GnRH and PLXNA1, PLXNA2 and PLXN4. This analysis revealed that GnRH neurons migrating in the nasal compartment express PLXNA1 and PLXNA2 (Figure II-4 A-F; arrows) but not PLXNA4 (Figure II-4 G, H). Also, PLXNA1 was found to be expressed by the vomeronasal/terminal nerves that form the migratory scaffold for GnRH neurons (Figure II-4 D). GnRH neurons migrate together with a heterogeneous coalescence of placode-derived and neural crest-derived migratory cells and olfactory axons, collectively called the 'migratory mass' (MM) (Valverde et al. 1992). At this stage, we observed a mixed mass of GnRH neurons and other cells migrating across the nasal mesenchyme towards the telencephalon expressing PLXNA2 (Figure II-4 E, F). Overall, these results show that SEMA3F and PLXNA3 are both expressed along the olfactory nerve (on) and along the intracranial projection of the vomeronasal nerve/terminal nerve (vnn/tn). Our immohistochemical data also indicated that the signal-transducing receptors PLXNA1-A3 are expressed in early migratory GnRH neurons, therefore suggesting that SEMA3F signaling through PLXNA1-A3 could be involved in the guidance of GnRH neurons and of olfactory and vomeronasal nerve fibers in humans.
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 6 9% of probands with nIHH/KS harbor variants in SEMA3F and/or PLXNA3. This indicates that genes in the SEMA3F signaling pathway are among the most frequently mutated ones in congenital GnRH deficiency, together with FGFR1 and CHD7(Topaloglu 2017).With regards to any previous implication of SEMA3F in human puberty/reproduction, in a large genome-wide association study, an SNP near SEMA3F was found to be strongly correlated with "age at first birth," which indicates earlier puberty timing and reproductive success[START_REF] Day | Physical and neurobehavioral determinants of reproductive onset and success[END_REF], suggesting the relevance of SEMA3F to reproductive function in humans.To support further our message, we provide unequivocal human embryonic data showing the expression of SEMA3F along the developing human GnRH migratory pathway. Moreover, our data provide compelling evidence that all the receptors required for the SEMA3F signaling, including PLXNA3, a key component of the SEMA3F holoreceptor complex (Sharma et al. 2012), are expressed by the human GnRH and olfactory/vomeronasal systems. Based on the expression of SEMA3F signaling pathway in the nasal compartment of early human fetuses, and on the chemotactic role of this semaphorin reported in other species (Sharma et al. 2012), our data raise the hypotheses that SEMA3F/PLXNA3 could regulate GnRH neuronal migration and olfactory/vomeronasal axonal elongation in humans. Notably, our data indicated that the signaltransducing receptors PLXNA1-A3 are expressed in early migratory GnRH neurons. This is consistent with a recent investigation highlighting cooperation of Plxna1 and Plxna3 in the formation of the GnRH migratory scaffold in mice, based on which the human orthologue of Plxna3 (i.e., PLXNA3), like PLXNA1, was proposed to be a candidate gene for mutation screening in patient with KS (Oleari et al. 2019). Indeed, in that study the authors have shown that, while mice lacking plxna1 or plxna3 present only mild or absent defects in the development of the GnRH neuron and olfactory systems, double-mutant Plxna1 -/-; Plxna3 -/-animals phenocopied the full spectrum of nasal axon and GnRH neuron defects typical of KS (Oleari et al. 2019). In line with the oligogenic nature of KS, these data suggest that Plxna1 synergises with Plxna3 during nasal axon guidance required for proper GnRH neuron migration. The existing literature indicates that the SEMA3F signals through Nrp2/Plxna3 holoreceptor complex, while Sema3a signaling occurs mainly via Nrp1/Plxna1 (Giacobini 2015, Sharma et al. 2012). Importantly, Nrp2 and its ligand, SEMA3F, are expressed by olfactory sensory neurons in rodents in a complementary manner that is important for establishing olfactory map topography (Takeuchi et al. 2010). Despite these evidences, based on typical GnRH migration patterns and expected numbers of GnRH neurons in the Sema3f deficient mice, this guidance molecule was reported to be dispensable for GnRH neuron migration (Cariboni et al. 2011). However, similarly to the recently described cooperation of Plxna1 with Plxna (Oleari et al. 2019), it is possible that Sema3f may synergize with other Semaphorins to regulate the proper GnRH migratory process and/or olfactory axonal elongation. Moreover, pubertal and adult reproductive phenotypes of Sema3f -/- mice, such as the timing of puberty onset, first estrus, fertility index, litter size, etc. have not been investigated. Besides, species-specific differences in Sema3s functions between mice and humans may exist. In fact, significant species differences, even with well-established reproductive genes including TAC3/TACR3 and KISS1/KISS1R, have been previously documented. Specifically, patients bearing mutations in TAC3 and TACR3 (Topaloglu et al. 2009) have sexual infantilism and infertility due to GnRH deficiency. In contrast, a recent transgenic Tacr3(-/-) mouse model demonstrated that normal sexual maturation occurs in these mice, albeit some significant reproductive defects are evident in adulthood (Yang et al. 2012). Likewise, while humans with KISS1 (Topaloglu et al. 2012) and KISS1R (Seminara et al. 2003) mutations typically suffer from pubertal failure and infertility, a considerable proportion of female Kiss1 and Kiss1r knockout mice exhibit normal estrous cyclicity, and some male Kiss1-and Kiss1r-null mice exhibit spermatogenesis (Lapatto et al. 2007). These species differences underscore the importance of human studies in puberty/reproduction research. Finally, a recent work provided compelling evidence that SEMA3s-mediated signalling drives the development of hypothalamic melanocortin circuits and that mutations in these pathways cause obesity (van der Klaauw et al. 2019). Interestingly, the hypothalamic pro-opiomelanocortin (POMC)expressing neurons have been repeatedly observed to send projections to and be in close contact with kisspeptin/neurokinin B/dynorphin (KNDy) cells (Manfredi-Lozano et al. 2018, Moore et al. 2019). A plethora of investigations have recently identified the role of the hypothalamic KNDy neuronal population as the GnRH pulse generator (Topaloglu 2017, Moore et al. 2019). Importantly, in the study of van der Klaauw and colleagues, one of the patients harboring a PLXNA3 variant (D1710N) had hypogonadotropic hypogonadism in addition to obesity (van der Klaauw et al. 2019). However, since the majority of the probands in that study were pre-pubertal age children, the true prevalence of hypogonadotropic hypogonadism among variant carriers may be underestimated (van der Klaauw et al. 2019). Although we noted in this study that a significant proportion of the patients (40%) was obese, SEMA3F/PLXNA3 variants were not statistically more enriched in the subset of obese IHH patients than in our general IHH cohort, where 56 patients (26.0%) featured overweight or obesity (p = 0.24). It would be interesting in the future to carefully look at larger and multiple IHH cohorts and determine whether statistical significance in the frequency of obesity or metabolic disorders could emerge when analysing larger populations and probands carrying variants in SEMA3F signalling pathway.In summary, we provide clinical, genetic, molecular/cellular, and developmental evidence to implicate variants in SEMA3F signalling in the etiology of IHH. We propose that this phenotype could be exerted via a direct deleterious effect of these mutants on the GnRH neuronal migration and potentially a harmful impact of SEMA3F/PLXNA3 mutants on the development of hypothalamic melanocortin circuits involved in the regulation of energy homeostasis, which are also known to influence GnRH secretion and reproduction. Each of these events or a combination could hence negatively affect the development and function of the HPG axis. Further studies aimed at addressing the contribution of SEMA3F and PLXNA3 in each one of the above-mentioned developmental processes may uncover new mechanisms underlying human disorders characterized by central hypothalamic dysfunction and infertility. symbols represent unaffected female family members, and the double line indicates consanguinity. Under each symbol are the genotypes in the same order as the gene and variant descriptions, with WT and M denoting wild type and mutant, respectively. ND: Not determined. Since PLXNA3 is on the X chromosome male individuals are expected to have only one allele.means allele absent. C. The T2-weighted magnetic resonance imaging (MRI) from a healthy control (a) and from patient DII-2 (b). The arrows point to normal (a) and aplastic olfactory bulbs (b).

Figure II- 2 .

 2 Figure II-2. PLXNA3 mutations in patients with idiopathic hypogonadotropic hypogonadism. A. The diagram of PLXNA3 showing the positions of the missense mutations found in patients. B. The pedigrees of the three families with PLXNA3 mutations are shown. Note that patients in Family G in Figure 1 also have PLXNA3 mutations in addition to SEMA3F mutations. Affected males and females are represented by black squares and black circles respectively. White square symbols indicate unaffected male family members, white circle symbols represent unaffected female family members, and the double line indicates

Figure II- 3 .

 3 Figure II-3. Semaphorin 3F and Plexin A3 are expressed along the migratory route of GnRH neurons in human fetuses. Fluorescent IHC was performed to assess SEMA3F and PLXNA3 expression both in the nasal region (A) and at the nasal/forebrain junction (I) during the early fetal development. (B-D) Representative immunostaining for GnRH, Peripherin and Plexin A3 on sagittal sections of a GW7.5 human fetus. (E-H) Magnification of the boxed area in B, revealing that PLXNA3 is found in the peripherinpositive olfactory/vomeronasal scaffold, as well as in GnRH neurons (arrows) during their migration

Figure II- 4 .

 4 Figure II-4. PLXNA1 and PLXNA2 could also contribute to SEMA3F signalling in the human fetal nose. Since SEMA3F can signal not only through PLXNA3, but through the PLXNA1-A4 family, additional stainings were performed to check for PLXNA1-A4 expression in the nasal compartment of a GW7.5 human

  . The pathogenicity prediction scores 0-4 out of 4 were obtained for each variant. InterVar (http://wintervar.wglab.org/) was used to determine variant classification based on the 2015 American College of Medical Genetics and Genomics and Association for Molecular Pathology guidelines (ACMG/AMP) (Richards et al. 2015).

  microscopy: getting the full picture Light-sheet microscopy is a specific imaging modality in which usually one or several aligned sheet(s) of light of a few micrometres in thickness, are used to selectively illuminate a thin plane of a transparent sample, virtually slicing said sample. The (auto)fluorescence coming for the virtual slice can then be acquired through the detection pathway, usually perpendicular to the illumination pathway. Thus, moving the sample along the axis perpendicular to that of the light sheets (the Z axis) then allows sequential imaging of several tens or hundreds of planes, while moving it in the X and Y axes changes the field of view and allows for mosaic or multiposition acquisitions (Figure III-1). Because the light sheet(s) illuminate the different planes sequentially, and entire planes are acquired at once, light-sheet imaging performs faster than scanning microscopy and results in reduced photobleaching, rendering it particularly interesting for imaging large samples, and effectively enabling democratization of volume imaging (Jährling et al. 2017). Noteworthy, where epifluorescence and confocal microscopes can reach the nanometrescale and are ideal for subcellular imaging, most current light-sheet microscopes are still limited in resolution and usually provide micrometre-scale resolution: thus, they were primarily designed for investigations at the level of cellular networks or organs, and up to organisms in naturally transparent samples. This is subject to change, however, as great progress has been made over the years in light-sheet microscopy, notably by the development of new illumination and detection strategies (Saghafi et al. 2014, Voigt et al. 2019), and since several ways of achieving optical clearing of biological samples were introduced, accompanied by a new need for fast and reliable 3D imaging with high resolution (Figure III-1).

Figure III- 1 .

 1 Figure III-1. Principle of light-sheet imaging applied to a large sample. A: Illustration of a dual-sided laser sheet selectively illuminating a single plane of a cleared mouse brain. The resulting fluorescence from the whole plane is collected through the objective lens. B: Application of the principle described in A. Single plane illumination enables optical slicing of the sample. C: Example of limitation in the illumination strategy of a light-sheet microscope. The thickness of the laser sheet is not constant, resulting in a better axial resolution in the centre of the field of view, which degrades from the centre out along the Y axis. D: Recent optimizations in the illumination strategies compensate this issue by horizontally moving the narrowest portion of the laser sheet across the sample, thus achieving best resolution all along the Y axis. Adapted from Erturk et al. 2012, with illustrations from the Miltenyi Biotec website (www.miltenyibiotec.com)

  If tissue clearing protocols can greatly differ from one to another, their initial aim remains the same: a biological sample, through which light cannot pass because of the physical principles of absorption, diffraction and refraction, is chemically altered to alleviate or eliminate these disturbances. Absorption is the extinction of light by the sample as a function of distance/depth: in imaging of biological samples, absorption is mainly due to pigmentation stopping the photons on their way to the detection path of the microscope. Diffraction, on the other hand, is a scattering of the photons that has been strongly associated to the lipidic content of the tissue. Finally, refraction is a modification of the speed and path of the light as a result of a change in the refractive indices between two media, i.e. when passing from air to water[START_REF] Ryan | Introduction to Modern Methods in Light Microscopy[END_REF].Tissue clearing techniques tackle these three limitations in volume imaging through 1) depigmentation or decolorization to reduce absorption of light, 2) delipidation to reduce diffraction and scattering of light and 3) equilibration of the refractive indices both inside and around the sample to reduce deviation of light. In doing so, tissue clearing renders the tissues transparent to the eye and enables light to pass through a biological sample in a more homogeneous way, thus opening new imaging possibilities on samples previously impossible to explore because of their size and opacity.

Figure III- 2 )

 2 based on their refractive index-matching approach: hydrophobic or solvent-based, hydrogelbased, and hydrophilic or aqueous-based tissue clearing (Ueda et al. 2020, Molbay et al. 2021). The pioneer investigators of modern tissue clearing applied to neurosciences relied on Spalteholz's work, and proposed to overcome the limitations in ultramicroscopy by rendering biological tissue transparent through a solvent-based treatment (Dodt et al. 2007). Insects, embryos, pieces of brains or even intact brains of young mice were cleared by ethanol dehydration followed by immersion in a refractive-index matching solution comprised of benzyl alcohol and benzyl benzoate (BABB). In older animals (more than 3 weeks of age) however, the authors reported increased scattering of the light and difficulties to obtain complete clearing, which they attributed to the heavy myelinization in some regions of the brain. Overall, their work provided the template for all solvent-based tissue clearing protocols, which form the first group of tissueclearing techniques. From there, other groups overcame the limitations of the first method by delipidating tissue before clearing: Erturk and colleagues used tetrahydrofuran (THF) to both delipidate and dehydrate tissues, and replaced BABB with dibenzyl ether (DBE) in the refractive index matching step, thus obtaining better preservation of endogenous GFP fluorescence (Erturk et al. 2012a, Erturk et al. 2012b).

Figure III- 2 .

 2 Figure III-2. Simplified workflows for the main tissue clearing techniques. Hydrophobic (a), hydrophilic (b) and hydrogel-based (c) strategies for delipidation/decolorization, staining, and refractive-index matching are presented. Secondary effects or applications, such as tissue shrinkage or expansion are also illustrated, together with notable features for the different techniques. Taken from Ueda et al. 2020

Figure III- 3 .

 3 Figure III-3. An overview of tissue clearing techniques. The schematic illustrates the great diversity of available tissue clearing protocols, and their repartition in three main groups: hydrophobic or solventbased methods (pink) including 3DISCO and its derivatives, hydrophilic or aqueous methods (green) with notably Scale, CUBIC or SeeDB, and hydrogel-based methods (brown) such as CLARITY. Taken from Molbay et al. (2021)
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 4 Figure III-4. Altered olfactory bulb innervation and GnRH neuron migration in a mouse model of Ndnf invalidation. Whole-mount immunostaining and tissue clearing in Ndnf-knockout (Ndnf -/-) and control (Ndnf +/+ ) mouse embryos at E13.5 reveals an accumulation of GnRH neurons in the nasal region, with fewer cells reaching the forebrain (A-D, I-J), and a reduced innervation of the olfactory bulb by the olfactory and vomeronasal axons (E-H). Taken fromMessina et al. (2020) 

  embryonic development(Wray et al. 1989, Schwanzel-Fukuda et al. 1989). Here, we used an adaptation of the iDISCO+ protocol(Renier et al. 2016) to clear and image mouse embryos at several stages of development (Figure IV-1). Consistent with the literature, GnRH immunoreactivity is first detected in the region of the olfactory placodes (OP), on each side of the medial septum at the 11 th embryonic day (E11.5) (Figure IV-1, B). No GnRH neurons are observed at this stage in the upper part of the nasal compartment, at the nose/forebrain junction,or in the brain. As previously reported, staining for peripherin, a marker of the peripheral nervous system[START_REF] Escurat | Differential expression of two neuronal intermediate-filament proteins, peripherin and the low-molecular-mass neurofilament protein (NF-L), during the development of the rat[END_REF]), also labels the vomeronasal/olfactory axonal scaffold used by GnRH neurons during their migratory process(Fueshko and Wray 1994), extending from the vomeronasal and olfactory epithelia to the presumptive olfactory bulb (OB) area. Twenty-four hours later, at E12.5, the migrating GnRH-immunoreactive population is far more dispersed and forms a continuum throughout the nose, with some cells already reaching the nose/forebrain junction and crossing the cribriform plate (FigureIV-1, C). At this stage, the peripherin-positive olfactory scaffold appears more ramified, reflecting the progressive development of the system, and a higher density of fibres reveals the territory of the OB. Invasion of the brain by GnRH neurons is evident at E14.5, and as reported before(Wray et al. 1989, Schwanzel-Fukuda et al. 1989), roughly half of the population appears to have crossed the nose/forebrain junction at this stage (Figure IV-1, D). Interestingly and in contrast to the nasal compartment, fewer GnRH neurons clusters are seen in the brain as they are starting to scatter. Finally, at E16.5, GnRH neurons of the brain are already adopting their classically reported distribution in the septal and hypothalamic areas, and immunoreactivity is detected as a pseudo-continuum reaching from the olfactory bulbs to the posterior hypothalamus (Figure IV-1, E). Notably, enough GnRH immunoreactivity is detected in the median eminence to allow visualization of the circumventricular organ at this age (Figure IV-1,E). In the nose, a large portion of the GnRHimmunoreactive population is still associated to the migratory scaffold, while fewer neurons are observed at the nose/forebrain junction. Of note, and in addition to the developing olfactory system, peripherin staining also allowed visualization of the trigeminal ganglion (TGG) and the progressive innervation of their target territories by the branches of the trigeminal nerves. Peripherin staining densifies gradually over time, with little immunoreactivity detected at E11.5, to become highly ramified with immunoreactivity detected in all superficial areas of the skull, as well as a strong staining for the nerves of the nose and in the spinal cord at E16.5 (FigureIV-1).
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 1 Figure IV-1. iDISCO-based immunostaining and clearing of mouse embryos at different stages allows whole-mount imaging and 3D visualization of the developing GnRH network. A. Mouse embryos underwent iDISCO+ treatment consisting in depigmentation, delipidation, immunostaining and solventbased tissue clearing. Light-sheet microscopy (LSM) enables rapid imaging of the entire cleared samples. B-E. Whole-mount immunostainings for GnRH (green) and Peripherin (white) show both the ontology and migration of the GnRH cells, and the progressive innervation of the head in mouse during the embryonic development. GnRH neurons are restricted to the olfactory placodes at E11.5 (B), and seen crossing the cribriform plate at E12.5 (C). At E14.5, GnRH neurons are seen engaging in the brain, ventrally towards the hypothalamus (D). Frontal reprojections show the GnRH neurons traveling along the peripherinpositive nerves of the vomeronasal/olfactory system in the medial nasal region. At E16.5, GnRH neurons have progressed into the brain, and projections to the median eminence are already evident (E). Scale bars: 100µm (B), 200µm (C, D), 500µm (E); Fb: forebrain; IHC: immunohistochemistry; on: olfactory nerve; op: olfactory placode; tn: terminal nerve; vnn: vomeronasal nerve; TGG: trigeminal ganglion; v1/v2/v3: branches of the trigeminal nerve

Figure IV- 2 ,

 2 Figure IV-2, C shows a frontal view of an E14.5 head immunostained for peripherin (white) and

Figure IV- 2 .

 2 Figure IV-2. Tissue-clearing and light-sheet imaging open new analysis modalities. A. Light-sheet imaging of an intact E12 embryo stained for peripherin (white) and GnRH (green) reveals the peripheral innervation and the migratory GnRH neurons. B. Automatic 3D reconstruction of the GnRH neurons (green) and the olfactive/vomeronasal system (purple) from the GnRH and peripherin fluorecent signal respectively. C. Manual segmentation of the peripherin signal (white) was used to pseudo-color the peripherin-positive nerves of the nasal region, and distinguish between the olfactory (light blue) and

  Figure IV-3, A-F), relayed then by the aforementioned brain population scattered all the way to the hypothalamus. In the VNO, both projections and cell bodies immunoreactive for GnRH were detected, and this was verified also 3 days later at PN3 (Figure IV-3, G-H). Of particular interest is the density of innervation of the VNO by GnRH fibres in this period, as observed at higher magnification (Figure IV-3, F, H). Counting both in 3D and on 2D reslices for validation estimated 193±30 neurons in the nose of animals at PN3 (n=3). In addition, and as previously described (Casoni et al. 2016), a ring-like distribution of GnRH neurons and fibres at the caudal part of the OB could be observed (Figure IV-3, C).

Figure IV- 3 .

 3 Figure IV-3. Decalcification-enabled iDISCO+ on early postnatal mouse heads. A. A decalcified head from a postantal day 0 mouse (PN0) was processed with iDISCO+ and stained for GnRH (green) and peripherin (white). B. 3D-projection of a medial part of the head shown in (A) allows visualization of GnRH neurons along peripherin-positive sensory fibers in the nose. C. Frontal reprojection of the view presented in (B) revels the ring-like distribution of GnRH immunoractivity around the olfactory bulbs. D. GnRH staining alone from the view presented in (A). E. Maximum intensity projetion of medial optical sections through the PN0 head shows a continuum of GnRH immunoreactivity throughout the nasal compartement and into the brain. F. Magnification of the area delimited in (E) reveals immunoreactivity for GnRH in theVNO. G. Autofluorescence (white) and GnRH immunoreactivity (green) in a decalcified mouse head at PN3. Numerous GnRH neurons are detected in the nose and in the region of the VNO. H. Magnification of the area delimited in (G) shows the high density of GnRH neuron cell bodies and fibres in the region of the

Figure IV- 4 .

 4 Figure IV-4. Decalcification-enabled iDISCO+ on adult mouse heads. A. Sagittal projection of a lowmagnification (2X) acquisition, showing the autofluorescence in the cleared head of an adult mouse. B. 250µm-thick sagittal reslice of a low-magnification acquisition in the whole head immunolabled for GnRH.C. Magnification of (A) centered on the nose/brain junction. GnRH cell bodies are visible and distributed

Figure IV- 5 .

 5 Figure IV-5. iDISCO+ processing of a juvenile mouse brain shows the whole-brain distribution of GnRH. Brains underwent iDISCO+ treatment consisting in pretreatment (depigmentation, delipidation), immunostaining and solvent-based tissue clearing. Light-sheet microscopy (LSM) enables rapid imaging of the entire cleared samples, and subsequent 3D-visualization and reprojection of the rendered sample. Example of whole-brain visualization are given for a postnatal day 7 (PN7) animal. B. Ventral view of a high-magnification acquisition of the hypothalamus, revealing the typical inverted-Y distribution of the GnRH neurons from the septal region to the preoptic and hypothalamic area. Note the division in two branches that invade laterally the ventral hypothalamus, and the string immunoreactivity

Figure IV- 6 .

 6 Figure IV-6. iDISCO+ reveals the extent of the adult hypothalamic and extrahypothalamic GnRH immunoreactivity. A. Ventral redering of the mouse brain from the Allen Brain Atlas. B. Ventral view of a high magnification acquisition of the intact adult hypothalamus stained for GnRH. C. Reslicing and segmentation allow tracing of single GnRH-positive projections. D-E. Automatic signal-based segmentation reveals the extent of GnRH innveration in the hypothalamus (purple) and extrahypothalamic (blue, green) regions, including the cortex, striatum and habenula. Scale bars: 300µm; 3V: third ventricle; ac: anterior comissure; AHA/LHA: anterior/lateral hypothalamic area; ARC: arcuate nucleus; AVPV: anteroventral periventricular nucleus; MPOA: medial preoptic area; OVLT: organum vasculosum of lamina terminalis; cc: corpus callosum; cx: cortex; hab: habenula; hyp: hypothalamus; me: median eminence; str:striatum

Figure IV- 7 .Figure IV- 4 ,

 74 Figure IV-7. iDISCO+ Visualization of the of GFP-expressing kisspeptin neurons of the hypothalamus.A-D. Ventral hypothalamic views at PN4, PN10, PN21 and PN90 show GnRH immunoreactivity (green) limited to cell bodies in prepubertal animals, and extended to fibres in the adult. GFP-immunoreactivity (white) is first observable in the arcuate nucleus alone (ARC) in early stages, before the preoptic population is visible at later stages (C-D). E-H. Sagittal optical reslices from 3D-imaged brains show first GFP expression limited to the arcuate nucleus at PN4 (E), before it expands with an increase in positive cell bodies and projections (F-H). Absent at PN4 (E), GFP expression increases gradually over time in the AVPV (F-H) with cell bodies and projections becoming visible. I-L. Coronal reslices through the arcuate

  , D). After rehydration, freezing and cryosectioning, we could image the OB sections on a confocal microscope, without performing additional rounds of immunostaining (Figure9E-H). Our data showed indeed that the fluorescence from the former whole-mount immunostaining was preserved, even after light-sheet imaging and tissue reprocessing. After having assessed that, we took advantage of the scattered distribution and small size of the GnRH population in the OB to identify a GnRH cell body in our light-sheet optical sections (Figure9D), relocate this neuron in a thin OB section and re-image it at high-power and high-resolution using confocal microscopy (Figure9 E-H). Moreover, we were able to observe close proximity between the GnRH-immunoreactive neurons surrounding the caudal part of the OB and TH-expressing cells (Figure9 E-G). Finally, we could visualize very fine (< 1µm) cell-cell interactions (Figure9H), otherwise impossible to detect using light-sheet microscopy. Interestingly, we observed GnRH terminals in close proximity to dendritic spines of TH neurons (Figure9H), strongly suggesting communication between these populations. Overall, these data showed that combining light-sheet with confocal imaging makes possible the visualization of single neurons in high resolution, and their assembly into circuits in the intact central nervous system. Our results also open new avenues in the investigation of extra-hypothalamic GnRH populations.

Figure IV- 9 .

 9 Figure IV-9. Combination of iDISCO+, light-sheet imaging and tissue reprocessing opens new multidimensional imaging possibilities. A. iDISCO+ processed samples can be rehydrated, frozen and

  development and maturation of this network is needed to fully comprehend the mechanisms involved and the deleterious consequences of their defects. So far, immunohistochemical studies of GnRH neurons and their interactors, both in physiology and pathology, have greatly relied on sectioning techniques. These techniques come at the cost of a damaging loss of information, and are poorly suited to study migratory, scattered populations and complex networks. In contrast, only very recently have investigators started using modern three-dimensional approaches to further explore the central regulators of reproduction(Casoni et al. 2016, Moore et al. 2018, Malone et al. 2019). Notably, Casoni and colleagues have applied tissue-clearing and 3D imaging to human fetuses, mouse embryos and adult brains to provide new insights on the migration and distribution of GnRH (Casoni et al. 2016).In the present work, we go further in the characterization of the GnRH network throughout the mouse embryonic and postnatal development. We first observe GnRH neurons in the olfactory placode, in agreement with previous data from the literature(Wray et al. 1989, Schwanzel-Fukuda and Pfaff 1989), and in contrast to human observations that detected first GnRH immunoreactivity outside of the VNO / olfactory epithelium even at early stages(Casoni et al. 2016). We observed, strating from E11.5, the subsequent migration of GnRH-immunoreactive cells through the nose and towards the brain. On this part, our results contrast with earlier works regarding the timing of migration: while previous investigators concluded that the migration was achieved by E16 and that GnRH neurons had assumed their adult distribution at that stage(Wray et al. 1989, Schwanzel-Fukuda and Pfaff 1989), we found that a substantial part of the total embryonic GnRH population was still present in the nose at E16.5, on the same sensory tracts that delineate their migratory pathway[START_REF] Wray | A subset of peripherin positive olfactory axons delineates the luteinizing hormone releasing hormone neuronal migratory pathway in developing mouse[END_REF]) (Figure IV-1).

Figure IV- 10 .

 10 Figure IV-10. iDISCO+ processing of an intact adult mouse head. EDTA-decalcified heads can be cleared through the iDISCO+ protocol. The figure illustrates a cleared head outside (top) and inside (middle, bottom) the clearing solution. Note the clearing efficiency throughout the head.

  benefit to the study of embryonic development (Vieites-Prado and Renier, 2021) (FigureIV-1).One of the most surprising finding of this work lies in the hundreds of GnRH neurons residing in the nasal regions of postnatal and adult animals (Figure IV-3, FigureIV-4). Whether these GnRH neurons are mature neurons integrated in functional circuits, or migrating GnRH neurons at the adult stage will need to be addressed, for example by staining for markers of immature or migratory neurons such as doublecortin[START_REF] Gleeson | Doublecortin Is a Microtubule-Associated Protein and Is Expressed Widely by Migrating Neurons[END_REF]) and by using BrDU/EdU pulse labelling at several embryonic and postnatal stages to time their birth(Jasoni et al. 2009).Although GnRH immunoreactivity has been described before in the nose of the golden hamster(Jennes and Stumpf 1980) and mouse(Jennes 1986), it was then overlooked and its extent was unknown until today. We provide not only a counting of the neurons in this olfactory GnRH which were recently described through the use of tissue clearing and light-sheet imaging(Casoni et al. 2016). Consistently, we have found GnRH neurons and fibers distributed in the olfactory bulbs at both early postnatal stages and in adult brains, pursuing the continuum of GnRH cells dispersed rostrocaudally from the septum to the hypothalamus (Figure IV-3, Figure IV-4, Figure IV-5). It is unclear what the roles for this specific set of neurons are, but high-resolution imaging strongly suggests interactions between the dopaminergic TH-positive circuits of the olfactory bulbs, involved in olfaction (Cave and Baker 2009), and the OB GnRH neurons (Figure IV-9). Furthermore, our approach allowed us to document in a new way the maturation of the kisspeptinexpressing neurons of the brain using transgenic mouse lines. The presence of kisspeptin and kisspeptin receptor expression in extrahypothalamic region is not surprising (Oakley et al. 2009, Liu and Herbison 2016), but the large distribution and density of detected cells is unexpected (Figure IV-8). Because kisspeptin's roles in extrahypothalamic regions appears to involve lower physiological levels of kisspeptin secretion (Liu and Herbison 2016), it is possible that kisspeptin immunostainings failed to reveal the extent of the population, which the present transgenic model circumvents. Additionally, previous work documenting kisspeptin expression through direct immunohistochemistry in 3D were conducted in rats and focused only on the hypothalamus (Moore et al. 2018). Additional experiments validating that kisspeptin (receptor) expression indeed occurs in all detected neurons are required. Regarding the development of the two welldescribed AVPV and ARC kisspeptin populations, the absence of immunoreactivity for GFP in the AVPV population in early postnatal animals is consistent with previous observations in mouse development (Kumar et al. 2014), and so is the extension of the innervation from the ARC kisspeptin neurons to other regions including the AVPV (Bouret et al. 2004) (Figure IV-7).Further studies on the connections of the kisspeptin populations in the murine brain will help in understanding their hypothalamic and extra-hypothalamic roles, in regard or not to GnRH neurons. In that aim, the Cre-expressing lines, together with the whole-brain visualization provided here, enable targeted stereotaxic delivery of Cre-dependent viruses for chemogenetic/optogenetic manipulation or trans-synaptic tracing of these populations(Kumar et al. 2014, Kumar et al. 2015).Overall, we have shown that a combination of iDISCO+, light-sheet imaging and tissue reprocessing is particularly well-suited to the study of the neuroendocrine networks controlling reproduction, as it allowed us to provide new information on the development and interactions of GnRH neurons throughout the murine brain. Even more remains to be gained: the work so far is descriptive, but quantitative data can be gathered as well and new tools have emerged to help analyse the distribution and/or innervation of specific cell populations in the brain in an automated or semi-automated manner and with atlas registration(Renier et al. 2016[START_REF] Wang | Bi-channel image registration and deep-learning segmentation (BIRDS) for efficient, versatile 3D mapping of mouse brain[END_REF]), which will greatly benefit to neuroendocrinology. In addition, with the democratization of (and advances in) three-dimensional imaging strategies, and with the constant optimization of tissueclearing protocols and microscopy setups, these techniques will become more easily applicable to a broader range of species, including primates and humans(Xu et al. 2021). Thus, references and templates will be useful to the scientific community on several levels. Establishment of standardized protocols, precise description of the GnRH network development and organization, and development of new analysis pipelines will help in dissecting physiological (sexual dimorphism, estrous cycle variations) and pathological (animal models of reproductive disorders) aspects of the neuroendocrine control of reproduction. As such, the present work is putting in the cornerstone of future studies on the murine GnRH system. Throughout the present work, an overview of the development and migration of GnRH neurons and their integration in the GnRH network, the central circuit controlling reproduction in mammals, has been provided. Some of the known physiological mechanisms regulating these processes, as well as the consequences of their defects, were also covered (Chapter One). It was notably emphasized that the current knowledge on both the physiological and pathological aspects of the GnRH network remains largely incomplete, and thus, that further work is required to 1) elucidate the wide range of molecules and interactions shaping the GnRH neuron development and maturation and 2) identify precisely the nature of their failures and how they are causative of reproductive disorders.In Chapter Two, through a collaborative work which I co-first-authored, we report new variants of SEMA3F and PLXNA3 in the etiology of hypogonadotropic hypogonadism. The variants were identified in 15 individuals from a turkish cohort of patients, and were predicted to affect protein function and interaction. Moreover, I performed immunohistochemistry for SEMA3F and PLEXINA1-A3 along the migratory route of GnRH neurons in the human fetus, and found that their expression was consistent with a role of SEMA3F signalling in the regulation of GnRH neuron migration in humans. To further confirm the hypothesis that the variants could affect protein function, I performed molecular and functional cell assays on the identified mutations, revealing that three out of four SEMA3F variants were associated with defective expression or secretion, while the two tested PLXNA3 variants were associated with unexpected isoforms, and one of them also showed altered cellular localization. Altogether, these results strongly argue in favour of the participation of the identified SEMA3F and PLXNA3 variants to the hypogonadotropic hypogonadism phenotype of the patients.In light of recent advances, the present work also discussed how new imaging methods can revolutionize our investigations of the GnRH network. Chapter Three indeed recapitulated the limitations of previous studies conducted on the GnRH neurons, and how the sectioning methods which wereand still areroutinely used inherently associate with a dramatic loss of information. An overview of modern and trending tissue-clearing and 3D-imaging techniques was also provided, together with their established and potential contribution to neurosciences and to the neuroendocrinology of reproduction. Notably, recent publications leveraging on these new methods to study the GnRH network, two of which I co-authored, were discussed.Taking advantage of these techniques, we and others have investigated the ontogeny, migration, and maturation of the GnRH neurons in the mouse brain, as well as the distribution of their wellknown interactors the kisspeptin-expressing neurons, and I detailed the results of this study in Chapter Four. Remarkably, we document for the first time with a three-dimensional approach the migratory route of GnRH neurons from the olfactory placode to the brain at several embryonic stages, and describe in the most reliable way to date the distribution of these neurons in the postnatal mouse. Furthermore, we studied the maturation of kisspeptin-expressing neurons, wellknown interactors of GnRH neurons, first in the hypothalamus to reveal the timeline and the scope of kisspeptin expression, then in the whole brain, demonstrating a common pattern of expression of GnRH and kisspeptin in several extra-hypothalamic regions. We also shed light on a number of GnRH neurons in the postnatal nasal region, and reveal the extent of this population and its projections, which were previously overlooked by the scientific community. Finally, we report close interactions between GnRH neurons and TH-expressing neurons in the olfactory bulbs by combining tissue clearing and 3D imaging with reprocessing and high-resolution confocal imaging, providing at the same time new ways to study the GnRH circuitry at both the network and the subcellular scale.In summary, the present work brings important new insights on the neuroendocrine circuits controlling reproduction, and the mechanisms of central reproductive disorders. New players in the etiology of hypogonadotropic hypogonadism and Kallmann Syndrome were identified through mutation screening and functional cell assays, and new data was provided on the development of the complex GnRH circuitry. I am confident that this work will contribute significantly to the field of neuroendocrinology by 1) helping in the identifications of mutations causative of hypogonadotropic hypogonadism and Kallmann Syndrome in patients for whom the causative genes have not yet been identified, and 2) reporting the precise migration and

  

  

  "The significant feature of our data is the exact temporal relationship between GnRH secretion and LH secretion. It is clear that each LH pulse was synchronous with a GnRH pulse. Peak values of GnRH and LH always occurred within the same sampling interval.

	No LH pulses were observed without concomitant GnRH pulses." Clarke and Cummins
	(1982)
	Around this time, pulsatility of GnRH was also evidenced in several other species including
	rodents and humans, and several groups set out to elucidate its physiological relevance on
	gonadotropin profiles, notably by abolishing and/or restoring this pulsatility. Use of GnRH

antisera in ewes, for instance, was correlated with the abolition of LH pulses

[START_REF] Caraty | A new method for studying pituitary responsiveness in vivo using pulses of LH-RH analogue in ewes passively immunized against native LH-RH[END_REF]

, and they were retrieved with injection of a GnRH agonist. In rhesus monkeys with lesions of the hypothalamus, the continuous administration of GnRH failed to restore normal gonadotropin levels, whereas intermittent administration succeeded in doing so (Figure I-3, Belchetz et al.

(

  Kallmann et al. 1944, Bianco and Kaiser 2009, Boehm et al. 2015).Clinically, HH can be detected as soon as the neonatal period in some patients. Indeed, in males a deficiency of the HPG axis during perinatal development can be the cause of cryptorchidism or micropenis, but the condition is harder to detect in females at that stage. The condition is more easily detected during adolescence and in the adult: in both sexes, absent puberty after the age of associated with Kallmann Syndrome, and named it KAL1. The investigators noted at the time that the predicted product of this gene showed similarities with molecules involved in cell adhesion and axonal pathfinding(Franco et al. 1991). The nature of the protein was confirmed later when discovery was made that the gene codes for anosmin-1, a secreted glycoprotein, which prompted renaming KAL1 as ANOS1 (Hardelin et al. 1999). Since then, the list of genes involved in HH and KS has incremented gradually, and today counts more than 50 genes (Oleari et al.2021), but approximately half of reported HH/KS cases remain of unidentified cause (Table I-1).The deficiency in GnRH secretion, production or activity in HH and KS can result from a number of alterations in the neuroendocrine circuitry of reproduction: abnormal development or migration of GnRH neurons in the nose, defect in neuronal projections and interactions, altered hormone synthesis or release, and defective hormone signalling(Forni and Wray 2015). Interestingly,

	GENE	PROTEIN	ROLE IN GNRH SYSTEM	PHENOTYPE
	AMH	anti-Müllerian hormone	Migration and axon elongation	nHH/KS
	AMHR2	Type 2 receptor for the anti-Müllerian	Migration and axon elongation	nHH/KS
		hormone		
	ANOS1	anosmin-1	Migration	KS
	CHD7	chromodomain helicase DNA binding	Neurogenesis	nHH/KS
		protein 7		
	FGF8	fibroblast growth factor 8	Neurogenesis and axon	nHH/KS
			elongation	
	FGF17	fibroblast growth factor 17	Neurogenesis and axon	HH
			elongation (hypothesized)	
	FGFR1	fibroblast growth factor receptor 1	Neurogenesis and axon	nHH/KS
			elongation	
	GNRH1	gonadotropin-releasing hormone	Signalling and secretion	nHH
	KISS1	kisspeptin	Signalling and secretion	nHH
	KISS1R	kisspeptin receptor / GPR54	Signalling and secretion	nHH
	NDNF	neuron-derived neurotrophic factor	Migration	KS
	NRP1	neuropilin-1	Migration	KS
	NRP2	neuropilin-2	Migration	KS
	PLXNA1	plexin A1	Migration	KS
	PLXNA3	plexin A3	Migration	nHH/KS
	SEMA3A	semaphorin 3A	Migration	nHH/KS
	SEMA3E	semaphorin 3E	Survival	KS
	treatments are available to correct the manifestations of HH: several approaches exist to rectify SEMA3F semaphorin 3F Migration nHH/KS
	cryptorchidism/micropenis (surgery, testosterone or gonadotropin injections), develop sexual SEMA7A semaphorin 7A Migration nHH/KS
	characteristics and fertility in males (pulsatile GnRH administration, gonadotropin or testosterone TAC3 tachykinin-3 / neurokinin B Signalling and secretion nHH
	injections), and in females (administration of estradiol, gonadotropin or GnRH therapy), and such TACR3 tachykinin receptor 3 / neurokinin B Signalling and secretion nCHH
	treatment occasionally trigger HH reversal (Boehm et al. 2015). receptor	

normal puberty onset can reveal HH, with undervirilization, cryptorchidism and micropenis in males, while females generally exhibit no breast development and absent menstruation.

Additionally, poor or absent sense of smell points to Kallmann Syndrome. As a side effect, psychosocial manifestations can be encountered (low libido and self-esteem, depression). In general, confirmation of the diagnostic relies on the exclusion of other pathologies presenting with similar manifestations, and on hormonal profiling to assess levels of circulating gonadotropins or sexual steroids. In cases of KS, MRI can reveal defective olfactory bulb development. Finally, and because the conditions have a hereditary component, genetic testing and counselling are warranted for HH/KS patients. After initial diagnostic and confirmation, As for its clinical aspects, HH is heterogenous in its genetic origins, with sporadic and familial cases, and monogenic as well as oligogenic forms reported. Franco et al. (1991) were the first to identify a gene genes identified from patients and families presenting with HH and KS are involved in all of these processes (Figure I-14, Table I-1). For instance, pertaining to GnRH production, secretion and action, mutations have been found in the genes coding for GnRH (GNRH1, Chan et al. 2009) or its receptor (GNRHR, de Roux et al. 1997), kisspeptin (KISS1, Chan et al. 2011) and its receptor (GPR54, Nimri et al. 2011), neurokinin B and its receptor (TAC3/TACR3, Topaloglu et al. 2009), among others (Marino et al. 2014, Boehm et al. 2015, Forni and Wray 2015).

Because of their particular interest in the context of the present work, the next section will focus on mutations of genes involved in the origin and migration of GnRH neurons, and their contribution to the etiology of HH/KS.

Table I -1. Selected hypogonadotropic hypogonadism-associated genes

 I 

. The table illustrates the diversity of genes with known mutations in hypogonadotropic hypogonadism and Kallmann Syndrome, with a selection of genes relevant to the present section. 23 out of more than 50 genes reported so far are listed, together with the corresponding proteins and associated roles in GnRH neuron development, and the phenotype of affected patients. (n)HH: normosmic hypogonadotropic hypogonadism; KS: Kallmann Syndrome. Adapted from

[START_REF] Oleari | The Differential Roles for Neurodevelopmental and Neuroendocrine Genes in Shaping GnRH Neuron Physiology and Deficiency[END_REF] 

  B. Guidance molecules and HH/KS: a long and incomplete story Already in 1989, soon after the nasal origin of GnRH neurons was uncovered in rodents (Wray et al. 1989, Schwanzel-Fukuda and Pfaff 1989), Schwanzel-Fukuda and colleagues reported the absence of GnRH neurons in the brain of a Kallmann fetus, but accumulation of these neurons in the nose (Schwanzel-Fukuda et al. 1989). It was then postulated than cases of KS could derive from a failure of migration of GnRH neurons to their final location in the brain. Over the years, studies from different groups have unveiled a number of mutations of genes involved in the birth and migration of GnRH neurons from the nose to the preoptic/hypothalamic regions. Another example is the CHD7 (chromodomain helicase DNA binding protein 7) gene, which was found mutated in KS patients (Ogata et al. 2006, Gonçalves et al. 2019, Xu et al. 2021). After CHD7 was shown to play a role in cell proliferation and protein synthesis (Zentner et al. 2010), secretion or action of semaphorin 3A for these variants (Hanchate et al. 2012). Since then, novel SEMA3A variants have been identified through the screening of HH/KS patients (Marcos et al. 2017, Dai et al. 2020).

	further investigation demonstrated its involvement in cellular proliferation at the level of the Other class 3 semaphorins were also implicated in the etiology of HH/KS. A mutation in
	olfactory placode (Layman et al. 2011), and in the migration of cells from the neural crests (Schulz SEMA3E, coding for semaphorin 3E, was found in brothers presenting with a KS phenotype, and
	et al. 2014), the structures upon which development of the olfactory and GnRH systems depends subsequent investigations in rodents revealed that disruption of semaphorin 3E and its receptor
	(Forni et al. 2011). Defects in CHD7 could thus impair olfactory and GnRH neurogenesis. plexin D1 impaired GnRH neuron survival in vitro and in vivo (Cariboni et al. 2015). Similarly,
	Oleari et al. (2021) uncovered a mutation of SEMA3G in two HH brothers presenting also with
	Cariboni et al. (2011) demonstrated that proper semaphorin 3A signalling through neuropilin-1/2
	is important for the patterning of vomeronasal projections and migration of GnRH neurons: in
	2003, Pitteloud et al. 2006, Villanueva and de Roux 2010). Of note, it was recently reported that Sema3a-null mutant mouse embryos, desfasciculation of vomeronasal axons and accumulation of
	deletion of FGFR1 in GnRH neurons themselves did not prevent acquisition of reproductive GnRH neurons in the nose were observed, reminiscent of the KS phenotype. Consistently, shortly
	functions in mice, with normal GnRH migration to the brain, supporting the indirect role of altered after, several SEMA3A mutations were identified in cohorts of HH and KS patients (Hanchate et

i. Defects in the origin of GnRH neurons

Defects in the origin of GnRH neurons usually result from abnormal development of the nasal region during embryogenesis, or defective GnRH neurogenesis itself

(Forni and Wray 2015)

. This is nicely illustrated by mutations affecting fibroblast growth factor 8 (FGF8) signalling.

Nonsense mutations of the

FGF8 gene were identified in families presenting with HH, KS, and associated developmental defects such as cleft lip and palate, or deafness (Falardeau et al. 2008, Trarbach et al. 2010). FGF8 was later proven to play a crucial role in the development of the face, and notably the formation of the nose (Griffin et al. 2013) and, as a result, mutations of the gene coding for FGF8 resulted in abnormal craniofacial development and disruption of GnRH neurogenesis in both rodents and humans (Forni and Wray 2015). In addition, mutations of the gene coding for the receptor for FGF8, namely FGFR1, were also found in HH/KS families, further demonstrating the role of FGF signalling in the ontogeny of GnRH neurons (Dodé et al. FGF8/FGFR1 signalling in GnRH deficiency (Dela Cruz et al. 2020). ii. Defects in the migration of GnRH neurons As discussed in previous sections, guidance mechanisms are central to the migration of GnRH neurons, either by directly influencing GnRH neurons, or indirectly by affecting the olfactory/vomeronasal/terminal scaffold they use to migrate. Accordingly, mutations in a number of genes coding for molecules involved in cell adhesion, motility, chemoattraction/repulsion, have been identified in patients suffering from HH/KS, such as the KAL1/ANOS1 gene mentioned before (Franco et al. 1991, Hardelin et al. 1999). Semaphorin signalling has been introduced previously, together with its major role in GnRH neuron migration and regulation. It is then not surprising that genes coding for several semaphorins and their receptors have been found mutated in patients exhibiting HH/KS phenotypes. al. 2012, Young et al. 2012, Känsäkoski et al. 2014). Of note, in one of these studies, functional cell assays were performed to further characterize the effects of the identified mutations, and revealed impaired developmental defects. In trying to dissect the potential roles of its product semaphorin 3G on GnRH neuron development, they found that the identified mutation of semaphorin 3G increased its affinity for plexins and diminished semaphorin 3A-induced response in vitro, and they described a reduced number of GnRH neurons in the forebrain of Sema3g-null embryos, although an overall normal HPG axis was observed in the adults. Another class of semaphorin has also been involved in HH/KS. Semaphorin 7A signalling through Plexin C1 and β1-integrin is involved in GnRH neuron migration, as evidenced from their altered migration and distribution in Sema7a-null mice, and these mice also exhibit altered fertility, a feature of HH (Messina et al. 2011). Interestingly, two SEMA7A missense variants were identified in patients presenting with HH and KS (Känsäkoski et al. 2014), and more recently, a point mutation in an intron of SEMA7A was reported in a female case of KS (Zhao et al. 2020).

  al. 2011, Cariboni et al. 2011[START_REF] Cariboni | Dysfunctional SEMA3E signaling underlies gonadotropin-releasing hormone neuron deficiency in Kallmann syndrome[END_REF]. Observations in patients are however consistent with an oligogenic inheritance pattern in HH/KS, as several mutations are often found in patients and can together contribute to the phenotype(Pitteloud et 

al. 2007,

Boehm et al. 2015)

. Accordingly in a mice model of double heterozygous deletion of Plxnd1 and Chd7 (Plxnd1 +/-Chd7 +/-animals), Cariboni and colleagues demonstrated that the compound heterozygous animals exhibited a stronger alteration in GnRH innervation, and smaller testes, than their Plxnd1 +/-or Chd7 +/-counterparts harbouring only one of the two heterozygous mutations

[START_REF] Cariboni | Dysfunctional SEMA3E signaling underlies gonadotropin-releasing hormone neuron deficiency in Kallmann syndrome[END_REF]

.

In summary, numerous mutations causing HH/KS have been identified so far in genes that directly or indirectly impact GnRH neuron development (ontogeny, migration, survival) and function (GnRH production, secretion and signalling). However, given the wide range of mechanisms governing the migration and maturation of the GnRH system, and the fact that ~50% of HH/KS cases are still to elucidate

(Marino et al. 2014, Boehm et al. 2015)

, there remains a great need for investigations aimed at dissecting the genetic complexity of HH/KS, and subsequently provide adequate treatment and counselling to the patients.

  Janssen et al. 2012). Loss of function of Plxna1, Nrp1 and Nrp2 have been linked to defective GnRH neuron development in mice (Hanchate et al. 2012, Cariboni et al. 2007, Marcos et al. 2017, Oleari et al. 2019), and nonsynonymous heterozygous variants in PLXNA1 and NRP2 have been identified in KS individuals (Marcos et al. 2017).

	I. Introduction
	Idiopathic hypogonadotropic hypogonadism (IHH) is a rare genetic disorder characterized by
	complete or partial pubertal failure caused by gonadotropin-releasing hormone (GnRH) deficiency.
	According to olfactory function, IHH is divided into two major forms: normal sense of smell
	(normosmic IHH, nIHH) and inability to smell, anosmia, defined as Kallmann syndrome (KS). Among SEMA3s, there is semaphorin-3F (SEMA3F), a secreted protein that serves as a guidance
	However, this distinction is often blurred, probably reflecting the wealth of pathophysiological cue to repel late-arriving olfactory axons that express neuropilin-2 (Nrp2) receptor to the olfactory
	mechanisms and their variety of combinations in individual cases. Up to the present, nearly 50 genes bulbs (Takeuchi et al. 2010). SEMA3F, PLXNA3, and NRP2 have a spatio-temporal expression
	have been reported to be associated with IHH (Topaloglu 2017); these account for nearly 50% of all consistent with a possible role on the regulation of the GnRH system, olfactory, and vomeronasal
	Kotan, Ternier et al. 2021 -PMID: 33495532 -DOI: 10.1038/s41436-020-01087-5
	Proper navigation of growing axons and neurons during embryonic development depend on the
	action of guidance cues, which include semaphorins, a large and diverse family of secreted and
	membrane-associated proteins (Pasterkamp 2012). Correct targeting of GnRH neurons and
	olfactory/vomeronasal projections have been shown to depend on the orchestrated action of this
	family of guidance cues (Giacobini 2015). Mutations in members of class-3 semaphorins, SEMA3A,

cases thus suggesting that other associated genes remain to be discovered. To date, the genes implicated in IHH impact GnRH neuron ontogenesis, GnRH neuron migration and/or axon growth, GnRH secretion, and/or gonadotrope function. GnRH-secreting neurons are unique neuroendocrine cells as they originate in the nasal placode, outside the central nervous system, during embryonic development, and migrate to the hypothalamus along the vomeronasal and terminal nerves (VNN, TN)

(Wray et al. 1989

). This process is evolutionarily conserved and follows a similar spatiotemporal pattern in all mammals

(Wray et al. 1989)

, including humans (Casoni et al. 2016, Schwanzel-Fukuda and Pfaff 1989). Maldevelopment of this neuroendocrine system results in hypothalamic hypogonadotropic hypogonadism. Unraveling new genetic pathways involved in the development or function of GnRH neurons is relevant for understanding the basis of pathogenesis leading to IHH in humans. SEMA3E and SEMA3G, have been associated with IHH (Oleari et al. 2020, Cariboni et al. 2015, Hanchate et al. 2012). To exert its functions, SEMA3s bind to Neuropilin co-receptors (NRP1 and NRP2) in hetero-complexes with PlexinA1-4 (PLXNA1-4) receptors to activate plexin signal-transduction (development (Casoni et al. 2016, Oleari et al. 2019, Takeuchi et al. 2010).

Table II -1. Clinical characteristics of individuals with SEMA3F and PLXNA3 variants.

 II and WDR11) known to be associated with nIHH/KS were also screened with added scrutiny for additional variants. Moreover, these data were also analyzed for new candidate gene detection in the etiology of IHH. The presence of significant variants was verified by Sanger sequencing on an Applied Biosystems PRISM 3130 auto sequencer.

	Family/individual V. Supplementary data Gene/variant	Age at	Sex	Obesity	Olfaction Reproductive phenotype
	number		diagnosis			
	A I-2 DNA sequencing and rare variant analyses SEMA3F p.Pro452Thr 28	F	No	Anosmic	No delayed puberty or
							infertility reported
						Absent puberty, primary
	A II-1 The ES data from the 216 IHH cohort patients were screened for rare sequence variants (RSVs) in SEMA3F p.Pro452Thr 20 F No Anosmic amenorrhea
	Absent puberty, the SEMA3F (NM_004186) and PLXNA3 (NM_017514). A total of 53 genes (AMH, AMHR, ANOS1,
	A II-2	SEMA3F p.Pro452Thr	12	M	Obese	Anosmic
	cryptorchidism AXL, CCDC141, CHD7, DMXL2, DUSP6, FEZF1, FGF17, FGFR1, FGFR8, FLRT3, FSHB,
	B II-1	SEMA3F p.Pro452Thr	10.5	M	Overweight Normosmic	Cryptorchidism
	Absent puberty, primary GNRH1, GNRHR, HESX1, HS6ST1, IGSF10, IL17RD, KISS1, KISS1R, KLB, LEP, LEPR, LHB,
	C II-1	SEMA3F p.Arg699Trp	16	F	No	Normosmic
	amenorrhea NDNF, NR0B1, NSMF, OTUD4, PCSK1, PLXNA1, PNPLA6, POLR3A, POLR3B, PROK2,
	D II-2 PROKR2, RAB18, RAB3GAP1, RAB3GAP2, RNF216, SEMA3A, SEMA3E, SMCHD1, SOX10, SEMA3F p.Thr29Met 17 M Obese Hyposmic Absent puberty,
							cryptorchidism
	E II-1 F II-1 G II-2 G II-6 H II-1 H II-2 I II-1 J II-1 SPRY4, SRA1, STUB1, TAC3, TACR3, TBC1D20, TUBB3, The Combined Annotation Dependent Depletion, CADD (https://cadd.gs.washington.edu/snv) SEMA3F p.Pro722Leu 14 M Obese Normosmic Absent puberty SEMA3F p.Ala652Ser 35 M No Hyposmic Absent puberty, micropenis, infertility SEMA3F p.Thr724Met PLXNA3 p.Ser646Pro 20 F No Normosmic Primary amenorrhea, delayed menarche at age 16 SEMA3F p.Thr724Met PLXNA3 p.Ser646Pro 14 F No Normosmic Absent puberty PLXNA3 p.Arg108Cys 19 M No Normosmic Absent puberty PLXNA3 p.Arg108Cys 17 M No Normosmic Absent puberty PLXNA3 p.Arg108Cys 21 M No Hyposmic Absent puberty, cryptorchidism PLXNA3 p.Leu1086Val 14 M Overweight Normosmic Absent puberty, micropenis
						Absent puberty, primary
	K II-1 scores were used for in silico prediction. Additionally, variants were evaluated by four different in PLXNA3 p.Arg1359Cys 18 F Obese Normosmic amenorrhea
	silico pathogenicity prediction methods: MutationTaster; SIFT, Sorting Intolerant From Tolerant;
	LRT, Likelihood Ratio Test; PolyPhen-2, Polymorphism Phenotyping v2

The NHLBI Trans-Omics for Precision Medicine Whole Genome Sequencing Program, TOPMed (https://bravo.sph.umich.edu/freeze5/hg38/), the Genome Aggregation Consortium, gnomAD (http://gnomad.broadinstitute.org/), and the Greater Middle East Variom Project, GME (http://igm.ucsd.edu/gme/data-browser.php) were used to determine the allelic frequencies. Variants with minor allele frequency (MAF) <0.01% in each of these database were considered rare.
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Description of supplemental data Supplemental data include text on subjects, methods and supplemental references. may soon be realized, maybe first through a combination of sectioning and clearing similar to that used on a rhesus macaque brain recently (Xu et al. 2021) or new combinations of permeabilizing and clearing reagents (Zhao et al. 2020). distribution of GnRH neurons and their interactors in the rodent, while at the same time emphasizing the benefits of using modern imaging approaches, and providing new tools and templates to investigate their defects.

LOSS-OF-FUNCTION VARIANTS IN SEMA3F AND PLXNA3 ENCODING SEMAPHORIN-3F AND ITS RECEPTOR PLEXIN-A3 RESPECTIVELY CAUSE IDIOPATHIC HYPOGONADOTROPIC HYPOGONADISM

ABSTRACT

Purpose

Idiopathic hypogonadotropic hypogonadism (IHH) is characterized by absent puberty and subsequent infertility due to gonadotropin-releasing hormone (GnRH) deficiency. IHH can be accompanied by normal or compromised olfaction (Kallmann syndrome). Several semaphorins are known potent modulators of GnRH, olfactory, and vomeronasal system development. In this study, we investigated the role of Semaphorin-3F signaling in the etiology of IHH.

Methods

We screened 216 IHH patients by exome sequencing. We transiently transfected HEK293T cells with plasmids encoding wild type (WT) or corresponding variants to investigate the functional consequences. We performed fluorescent IHC to assess SEMA3F and PLXNA3 expression both in the nasal region and at the nasal/forebrain junction during the early human fetal development.

Results

We identified ten rare missense variants in SEMA3F and PLXNA3 in 15 patients from 11 independent families. Most of these variants were predicted to be deleterious by functional assays. SEMA3F and PLXNA3 are both expressed along the olfactory nerve and intracranial projection of the vomeronasal nerve/terminal nerve. PLXNA1-A3 are expressed in the early migratory GnRH neurons.

Conclusion

SEMA3F signaling through PLXNA1-A3 is involved in the guidance of GnRH neurons and of olfactory and vomeronasal nerve fibers in humans. Overall, our findings suggest that Semaphorin-3F signaling insufficiency contributes to the pathogenesis of IHH.

-attractive effects depending on its gradient and on receptors' composition on target cells [START_REF] Kolk | Semaphorin 3F Is a Bifunctional Guidance Cue for Dopaminergic Axons and Controls Their Fasciculation, Channeling, Rostral Growth, and Intracortical Targeting[END_REF], future studies will be aimed at understanding how different SEMA3F concentrations and different receptors' complexes may affect GnRH neuronal migration and or olfactory and vomeronasal axon orientation. We also tested the effect of the PLXNA3 variants (with the exception of R1359C and L1086V) on receptor synthesis by western-blot analyses on transfected HEK293T cells producing PLXNA3 WT, PLXNA3 S646P and PLXNA3 R108C (Supplementary Figure II-2 We next immunostained transfected HEK293 cells for PLXNA3 and Calnexin, a marker of the endoplasmic reticulum (ER). WT PLXNA3 was predominantly localized on the plasma membrane (Supplementary Figure II-2B). In contrast, S646P, but not R108C, variant showed PLXNA3 localization exclusively in the ER (Supplementary Figure II-2B, II-2C), indicating that the variant S646P disrupts cell-surface localization of PLXNA3. Overall, these data revealed the existence of two PLXNA3 isoforms, which raises two functional hypotheses: 1) these variants could affect the processing and/or maturation of the glycosylation of the receptor with a subsequent accumulation of PLXNA3 in endoplasmic reticulum (ER); and/or 2) these mutations could affect the protein trafficking of the receptor from the ER to the cell surface. The observation that PLXNA3 S646P variant was predominantly found within the endoplasmic reticulum rather than at the cell surface, supports those hypotheses. Interestingly, all probands carrying mutations in PLXNA3 were males (Table II-1). These data together with the fact that PLXNA3 lies on the X chromosome suggest that 

Cell-Based Functional Assays

SEMA3F and PLXNA3 protein expression

A cDNA containing the entire coding region of the human SEMA3F transcript variant 1 (GenBank: NM_004186.5) was inserted into a modified pcDNA3.1+ expression vector containing a his-tag at the 'end (GeneCust). Similarly, plasmid encoding SEMA3F mutants were obtained using modified pcDNA3.1+ expression vector containing a myc-tag at the 'end of the coding region (GeneCust).

A cDNA containing the entire coding region of the human PLXNA3 (GenBank: NM_017514.5) was inserted into a modified pcDNA3.1+ expression vector containing a his-tag at the 'end (GeneCust).

Similarly, plasmid encoding PLNXA3 mutants were obtained using modified pcDNA3.1+ expression vector containing a myc-tag at the 'end of the coding region (GeneCust).

To assess the impact of the variants on SEMA3F expression and secretion, and on PLNXA3 signaling, we performed western-blot assays as previously described (Hanchate et al. 2014, Malone et al. 2019).

Cell cultures

Kidney cells (HEK 293T) from human embryo 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 < 20 times. HEK 293T were authenticated based on morphology, and DNA staining revealed no mycoplasma contamination.

Transfection was performed in 6-or 12-well plates using Fugene6 (Promega) according to the manufacturer's protocol, in a transfection rate of :1 ( ugene6:DNA) and for 48 h at 7°C. Conditioned media were collected for secretion assays, and the plates were quickly rinsed with PBS and frozen on dry ice for subsequent expression assays. Proteins from conditioned media and cells were subjected to western blot analysis as described below. 

II. Methods

Animals

Whole-mount immunolabeling and tissue clearing

Mouse embryos at several embryonic stages were immersed in fixative (PFA 4% in PBS) for 1 night at 4°C. For whole-head processing at early postnatal stages, mice were anaesthetized and the whole head was collected in fixative and immersion-fixed for 24-96h depending on the age.

Adult mice were perfused with ice-cold fixative, and the brain or head was post-fixed for 4 or 24 hours respectively. All samples were rinsed after fixation and kept in PBS at 4°C until further processing. Before iDISCO+ processing, postnatal and adult mouse heads were decalcified by immersion in 20% EDTA for 3 and 6 days respectively.

Samples were processed using an adapted version of the iDISCO+ protocol described previously (Belle et al. 2017). Briefly, samples were dehydrated with methanol, bleached with 5% H2O2, delipidated in a solution of 66% dichloromethane / 33% methanol, and rehydrated to PBS. They were then permeabilized and blocked in incubation solution (PBS, 0.2% gelatin, 0.5-1% Triton X100, 0.05% sodium azide) for 2 -4 days. Samples were incubated with primary antibodies in incubation solution for 5-14 days, rinsed several times in incubation solution, and incubated further with secondary antibodies for 3 -7 days. Samples were rinsed again several times in PBS the idea that well-described kisspeptin-GnRH interactions could also take place elsewhere in the brain. The KissIC/eR26-τG P proved to be a valuable tool to detect kisspeptin populations, even in the case of low protein expression (Kumar et al. 2014). We thus explored the brain distribution of GFP in the previously described KissIC/eR26-τG P line, as well as the GPIC eR26-τG P in which a GPR54-expression-dependant Cre-mediated recombination brings τGFP expression in kisspeptin-receptor expressing cells.

To our surprise, cells and processes immunoreactive for GFP were found throughout the brain for both lines in extra-hypothalamic regions. Notably, we observed positive cells and projections in the cortical regions, along and inside the hippocampal formation, and in the amygdala, in these the intriguing possibility that kisspeptin signalling through GPR54 could take place in GnRH cells and projections outside the currently defined hypothalamic circuitry, which will require future confirmation. Additionally, whether these interactions participate to the control of reproduction, or to so far undescribed other brain functions will need to be addressed. system after birth, but also a demonstration of their connections with both the vomeronasal organ and the brain even in the adult mouse. Their exact role remains, however, elusive and will require further investigation, as will potential contacts with fenestrated vessels in the nose (Jennes 1986).

GnRH neurons are indeed known to project outside the blood-brain barrier in the brain [START_REF] Prevot | GnRH Neurons Directly Listen to the Periphery[END_REF]) and could also act as dual sensors in the nose, integrating circulating cues via the blood, and olfactory / pheromonal cues via their connection with the olfactory system. 

**

Dichloromethane is a highly toxic solvent, corrosive to some plastics. Use with thick gloves, under a hood, preferably in glass vials. 5ml eppendorf and 15/50ml tubes are resistant.

Protect from light

2) IMMUNOLABELING -Duration: 10 days to one month 1. Incubate your sample at RT with rotation, in the permeabilization and blocking solution (PBSGT = PBS, 0.2% gelatin, 1% Triton X-100, 0.05% sodium azide) for 2 to 4 days depending on the size. 2. Incubate with primary antibodies in PBSGT, with rotation at 37°C to increase penetration.

 The time of incubation depends on the size of the sample, and usually ranges from 5 days for embryos to 2 weeks for an adult mouse brain.

3.

Rinse with PBS at least 6 times for 1 hour. Optimally, rinse once more overnight.

4.

Incubate with secondary antibodies in PBSGT at 37°C with rotation.  The time of incubation usually ranges from 2 days (small embryos) to 1 week (adult mouse brain).

 To avoid aggregates in the sample, it is recommended to filter the secondary antibodies solution with a 0.20 µm filter.

 Starting from this step, always keep the samples protected from light.

5.

Rinse with PBS at least 6 times for 1 hour. Optimally, rinse once more overnight.

Optional: Store sample at 4°C in PBS 1X with sodium azide (0.01-0.05%) as a preservative. 

**

Dichloromethane is a highly toxic solvent, corrosive to some plastics. Handle with thick gloves under a hood, preferably in glass vials. 5ml eppendorf and 15/50ml tubes are resistant.

*** Benzyl ether / DBE is a toxic solvent, corrosive to some plastics. Handle with thick gloves under a hood, preferably in glass vials. 5ml eppendorf and 15/50ml tubes are resistant.

ANNEX -NEURON-DERIVED NEUROTROPHIC FACTOR IS MUTATED IN CONGENITAL HYPOGONADOTROPIC HYPOGONADISM ANNEX -NEUROPILIN-1 EXPRESSION IN GNRH NEURONS REGULATES PREPUBERTAL WEIGHT GAIN AND SEXUAL ATTRACTION