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Figure 2 : the eye of the spookfish. Left panel, top : dorsal view of the spookfish. Bottom left : close-up on the head, the two top eyes display a yellow/brown color. Bottom right : ventral view of the head, the two little orange spheres are the downward-pointing parts of the eye. Right : transverse section of the spookfish eye, the optical paths of light are shown in black From [START_REF] Wagner | A novel vertebrate eye using both refractive and reflective optics[END_REF].

General Introduction

Nature is fascinating in many ways and especially in the incredible diversity of adaptations that different species have evolved to thrive in their specific niche. These diverse solutions to the specificities of each environment have allowed the colonization of a vast majority of the existing environments on earth. This occurred by trial and error or rather mutation and selection processes along with other epigenetic processes and generated the amazing diversity that can now admire. Striking example reside in fishes : the annual killifish Nothobranchius furzeri lives in ephemeral ponds that dry each year. This fish's eggs are desiccationresistant and can enter diapause at different stages of development; they can remain in a paused state for up to two years. When the rain season arrives, they hatch and extremely quickly develop to lay eggs (after less than 3 weeks). These fishes age extremely fast and die after a few month even in captivity [START_REF] Blažek | Rapid growth, early maturation and short generation time in African annual fishes[END_REF][START_REF] Furness | Adaptation in a variable environment: Phenotypic plasticity and bethedging during egg diapause and hatching in an annual killifish[END_REF][START_REF] Genade | Annual fishes of the genus Nothobranchius as a model system for aging research[END_REF]. Conversely, other fish species such as the sablefish can live past 100 years. Similarly, behaviour and parental care can be extremely different with some cichlid fish mouth brooding their eggs and larvae to protect them compared to zebrafish which readily eat their own eggs after spawning [START_REF] Sefc | Brood mixing and reduced polyandry in a maternally mouthbrooding cichlid with elevated among-breeder relatedness[END_REF].

Concerning the eye, the diversity is also quite striking. For example the so-called "four-eyed fish" Anableps anableps first develops a fairly normal eye, which then elongate and above its head separates in two halves by the growth of a pigmented band in the middle of their cornea creating two distinct pupils. The fish swims at the surface of the water with the top half of its eyes above water and the bottom part immersed. Its ovoid lens simultaneously focuses the aerial and aquatic light on the ventral and dorsal retina, respectively. Moreover, its photoreceptor distribution is different in the ventral and dorsal retina to accommodate the different light wavelengths coming from the two environments [START_REF] Owens | In the four-eyed fish (Anableps anableps), the regions of the retina exposed to aquatic and aerial light do not express the same set of opsin genes[END_REF][START_REF] Perez | Eye development in the four-eyed fish Anableps anableps: cranial and retinal adaptations to simultaneous aerial and aquatic vision[END_REF]. Another curious example of eye drastic modification concerns the spookfish Dolichopteryx longipes which possesses what could first seem to be 4 eyes, upward-pointing and downward-pointing, but are really just two extremely modified eyes. The upper "eyes" are quite normal with a lens focusing the light on the retina. The second part of these eyes, pointing downwards is much more intriguing as it does not present any lens but still focuses light through a concave mirror (tapedum). This is a quite unique example amongst vertebrates of an ocular image form through a mirror instead of a lens. This adaptation allows this mesopelagic (200m to 100m deep) fish to see both the animals swimming above it in the sunlight and to perceive the bioluminescence or reflection generated by animals swimming beneath it [START_REF] Wagner | A novel vertebrate eye using both refractive and reflective optics[END_REF]). Conversely to these two examples of increased eye complexity to allow enhanced vision in two very different contexts, other fish living in dark environment have regressed their eyes and rely on other senses to find food or mates. This is the case of most cavefish or deep-dwelling fishes such as the Mexican cavefish Astyanax mexicanus [START_REF] Gunter | Trade-offs in cavefish sensory capacity[END_REF][START_REF] Hinaux | Sensory evolution in blind cavefish is driven by early embryonic events during gastrulation and neurulation[END_REF]. Fishes can of course be used a models for vertebrate studies and biomedical research, but this incredible diversity is also worth studying for itself, simply to be amazed by evolution and how such complex adaptations are generated.

In the model I used for my PhD thesis, the eyeless cavefish Astyanax mexicanus, many sensory compensations have been described including an enhanced olfaction, taste and lateral line but this fish adaptations and modifications are not restricted to sensorial modalities and also concern their physiology and behaviour. Like all cave animals lacking eye at adult stages, the cavefish embryos first form eyes before they degenerate. These eyes display several subtle modifications that can be compared to their conspecific surface fish in an "Evo-Devo" approach. This approach aims at understanding how early and subtle modifications of the development can strongly affect the morphological, sensorial, physiological and behavioural characteristic of the larval and adult fish, potentially modifying its chances of survival in its environment.

During my Phd, I studied the developmental evolution of the optic region (at large) in the Mexican cavefish. I first participated to a project where we analysed the role of early morphogen signalling on neuropeptidergic hypothalamic neurons and larval behaviour. I also worked on the eye phenotype of the embryonic cavefish; indeed, the ventral part of this eye was described as reduced or even lacking. We therefore undertook to better characterize this phenotype by studying the regional and tissue identity of the surface fish eye, always in comparison with the cavefish eye. We also tackled the question of the morphogenetic events leading to this defect by generating transgenic fluorescent reporter lines and performing live imaging. 

Introduction

Eye Anatomy

The eye is the visual sensory organ, it is absolutely essential to many animals in order to escape from predators, to feed and in some cases to choose mates. Indeed, quite a lot of animals rely on the visual modality for these tasks, which includes the zebrafish and its larva, which could explain why its eye becomes functional as early as 72 hours post fertilization (hpf) [START_REF] Easter | The Development of Vision in the Zebrafish (Danio rerio)[END_REF][START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF]. Here I will talk mostly about the fish eye and brain development, and more particularly about the zebrafish, as it is the most studied fish model.

The vertebrate eye is traditionally described in two parts : the anterior segment and the posterior segment, which do not have anything to do with the antero-posterior axis of the animal, at least in the case of animals with lateral eyes like the zebrafish. Indeed, these terms refer to the external and internal parts of the mature eye. The anterior segment comprises the most external parts of the eye including the cornea, lens, iris and ciliary body. The posterior segment includes the neural retina, retinal pigmented epithelium (RPE), vitreous humour and optic nerve (Figure 3) [START_REF] Soules | Morphogenesis of the anterior segment in the zebrafish eye[END_REF].

The cornea and the lens are together responsible for the light transmission and focusing. Indeed these two structures are transparent and located in the optic path to the retina, on which they focus the light. In zebrafish, the majority of light refraction is produced by the lens. Of note, in fish the lens does not change shape to accommodate focus, instead, the entire lens is moved backward or forward to achieve same result [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF].

The cornea

The cornea is the outermost part of the eye, and is therefore the first line of defence against the external lesions, especially in animals without eyelids like fishes. It is continuous with the more "posterior" opaque sclera that forms the outer layer of the adult eye. The cornea is composed by several layers : the epithelium, Bowman's layer, the stroma, Descemet's membrane and the endothelium, from the most external to the most internal. The corneal epithelium is 3-6 cells-thick, and sits on a thin basal membrane, the Bowman's layer, that separates it from the stroma. The stroma is mostly composed of extracellular matrix with thin layers of collagen fibrils, all running parallel to the lamina but orthogonal to each other. This particular organization allows for a good transparency of the cornea. Just beneath the stroma, lies another basal lamina : Descemet's membrane, which covers the last single-cell layer : the corneal endothelium, which plays a role in metabolic homeostasis and stromal collagen organization maintenance. The corneal epithelium develops from the surface ectoderm, from which it detaches around 1 month post fertilization (mpf). The stroma and corneal endothelium on the other hand, are both derived from the periocular mesenchyme (POM) [START_REF] Soules | Morphogenesis of the anterior segment in the zebrafish eye[END_REF]. 

The lens

The lens is located just beneath the cornea and its role lies in focusing the light onto the retina. It is composed of lens fiber cells that are covered by lens epithelial cells. The fiber cells are known to accumulate large amounts of crystallin proteins -which give the lens its refractive properties -and to degrade their nuclei and organelles, which allows for a better transparency [START_REF] Dahm | Development and adult morphology of the eye lens in the zebrafish[END_REF]. Most epithelial cells are in a quiescent state but some remain in a proliferative state, giving rise to new epithelial cells as well as fiber cells.

The lens derives from a placode, with a non-neural ectoderm origin. The establishment of the lens proper begins around 16 hpf in zebrafish with a thickening of the lens placode upon contacting the optic vesicle. Placodal cells then delaminate to give rise to a solid spherical lens that will detach from the surface ectoderm around 24 hpf [START_REF] Greiling | Early lens development in the zebrafish: A three-dimensional time-lapse analysis[END_REF]. The central fiber cells then elongate in a circular fashion and progressively lose their organelles and establish ball-and-socket joints with each other. The differentiation then progresses outwards and the compaction of these fiber cells continues until 1 mpf (Figure 4) [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF].

The iridocorneal angle

The region where the cornea meets the iris is termed iridocorneal angle. The iris and ciliary zone derive from the margin of the retina but the iris stroma derives from the POM. The iris stroma contains layers of pigment appearing between 3 days post-fertilization (dpf) and 7 dpf with a layer of black melanosomes, a layer of silver iridophores and one of golden xanthophores [START_REF] Soules | Morphogenesis of the anterior segment in the zebrafish eye[END_REF]. The ciliary epithelia cells are located just posterior to the iris, and they produce the aqueous humour (Figure 3) [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF]).

The iridocorneal angle plays an important role in the maintenance of intraocular pressure through the balance between aqueous humour production and clearance. In zebrafish, the dorsal quadrant of the ciliary epithelium seems to have an enhanced production of aqueous humour, which then flows above the lens and below the cornea towards the ventral quadrant where it can be evacuated both at the iridocorneal angle and through a break in the ciliary epithelium (Figure 5) [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF].

Figure 5 : Iridocorneal angle of the zebrafish eye. Transverse section of the adult zebrafish "anterior segment", red arrows show the general flow of aqueous humour. From [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF] The inner/posterior segment of the eye, which is the part I focused on during my Phd, is the part of the eye that allows the translation of the received light into nervous output and sends this information to the midbrain visual processing center, the optic tectum. From [START_REF] Gramage | The expression and function of midkine in the vertebrate retina[END_REF][START_REF] Cote | Photoreceptor Phosphodiesterase (PDE6)[END_REF] 

The Neural Retina

The vertebrate retina is the primary information-processing visual organ whose role is to detect and enhance luminance and colour contrast before projecting to central processing centres [START_REF] Stenkamp | Neurogenesis in the fish retina[END_REF].

Embryonically, the neural retina derives from the neuroepithelium of the anterior neural plate. As such, it is part of the central nervous system.

The zebrafish neural retina (NR) possesses 6 different types of neurons and one type of glial cells. They are organized in 3 nuclear layers separated by 2 synaptic -or plexiform-layers that are already visible by 3 dpf (Figure 6A).

The outer nuclear layer

The most external layer, that contacts the retinal pigmented epithelium (RPE) is called the outer nuclear layer (ONL) and contains the photoreceptors. These cells receive the light stimulus and convert it into nervous output. They can be divided into 2 main types : the rods, that are able to detect very dim light but do not discriminate colours ; and the cones which require more intense light input to be activated but that can differentiate colours. Cone cells can be further split into 4 types according to the wavelength they can detect : red, green, blue and ultraviolet (UV). Indeed, in contrast to humans who only have 3 cone types, zebrafish can see UV light [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF].

Photoreceptors morphology and function

All photoreceptors share a common morphology with some variations according on the precise type. They contain an outer segment which is the part closest to the RPE; it is actually a modified cilium which is composed of piled discs. These discs are filled with opsin-retinal complexes, the molecules reacting to photon absorption. New discs are regularly added while the external-most ones are shed. Connected to the outer segment via a connecting cilium stands the inner segment of the photoreceptor which is enriched in mitochondria. Finally comes the cell body, containing the nucleus and other organelles, and finally, the axon (Figure 6B). The photoreceptors establish glutamatergic synapses which are active in the dark and inactivated upon detection of light. The first step of light reception takes place in the outer segment of the photoreceptor containing opsins. Opsins are large membrane-bound proteins that differ according to the photoreceptor type; they are bound to a small molecule, the 11-cis-retinal. Upon light absorption, the 11-cis-retinal is transformed into all-trans-retinal which indirectly causes the cGMP-gated sodium channels to close. This results in the hyperpolarization of the photoreceptor and therefore, to an inhibition of the synaptic release of glutamate.

The inner nuclear layer

The inner nuclear layer contains the cell bodies of 3 other neuronal types of the retina : the bipolar, horizontal and amacrine cells as well as the somata of the glial cells of the retina : the Müller cells. The bipolar neurons are interneurons that connect the photoreceptors to the retinal ganglion cells (RGC), therefore transducing the signal. Horizontal cells establish connections with several photoreceptors; they modulate the signal relative to the neighbouring photoreceptor inputs, resulting in increased perceived contrast, therefore allowing for a better detection of edges. The synapses between these 2 types of neurons and the photoreceptors are established in the outer plexiform layer. 

The ganglion cell layer

The amacrine cells establish synapses with several retinal ganglion cells (RGC) which lie in the ganglionic layer. The RGCs connections to the amacrine and bipolar cells are established in the inner plexiform layer. RGCs send very long axons that constitute the optic nerve to cross the midline ventrally at the level of the optic chiasm before reaching contra-laterally the dorsal optic tectum, for the vast majority of them [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF].

The Ciliary Marginal Zone

The Ciliary marginal zone or CMZ is a circular region located at the periphery of the neural retina, around the lens. It is a niche of retinal stem cells and progenitors that exists in larval and adult fishes but also in other vertebrates such as larval frogs and birds (Figure 7A). This niche allows the continual addition of new cells at the periphery of the retina so that the central-most cells of the retina are the oldest neurons and the most peripheral cells close to the CMZ are the youngest-born neurons. Indeed, fishes are continuouslygrowing animals even if their growth slows down with time, which means that their eyes but also optic tectum and brain also continuously grow.

The CMZ is organized in four zones; from peripheral to central, the self-renewing retinal stem cells are at the rim of the neural retina (zone I), they give rise to the slightly more central pluripotent retinoblasts (zone II). These retinoblasts will proliferate extensively and give rise to the central retinoblasts which have a more restricted fate and less proliferative capacities (zone III). From these central retinoblasts, the last category of cells of the CMZ will emerge : these are differentiating precursors (zone IV) that have stopped dividing and are adopting the neural retinal layered organization (Figure 7B) [START_REF] Perron | Retinal stem cells in vertebrates[END_REF][START_REF] Fischer | The ciliary marginal zone (CMZ) in development and regeneration of the vertebrate eye[END_REF].

The Retinal Pigmented Epithelium

General presentation

The retinal pigmented epithelium (RPE) is a monolayer of large and flat pigmented cells that lies just behind and in contact with the photoreceptors of the ONL. The apical pole of this epithelium displays long microvilli that surround the photoreceptor outer segments; each RPE cell faces several photoreceptors (between 20 and 45 photoreceptors per RPE cell in rhesus monkey). The basal part of the RPE sits on Bruch's membrane, a basal lamina associated to a fibrous and collagenous membrane, separating the RPE from the choroid layer (Figure 7A).

The RPE derives from the embryonic neuroepithelium and the later medial optic vesicle and plays many essential roles to ensure the eye homeostasis, immunity and correct function.

Roles of the RPE in vertebrates

Photoprotection

The first role of the pigmented epithelium is to absorb the scattered light after its passage through neural retina, thus limiting photo-oxidation and therefore oxidative stress. Indeed, photo-oxidation occurs in presence of light and oxygen which are both present in large amounts in the retina, it is therefore essential to absorb light after it has been detected in order to reduce the damages caused by this phenomenon (Figure 8) [START_REF] Strauss | The Retinal Pigment Epithelium in Visual Function[END_REF]. 

Blood-brain barrier

The RPE takes part in the blood-brain barrier. Indeed, the retina being part of the brain, it is therefore protected by the blood-brain barrier in the same way. The nutrients and diverse molecules have to transit from the choroid capillary network to the retina and vice-versa; as the RPE cells establish tight junctions with each other these molecules have to be transported through the RPE cells. This includes water, ions, nutrients… Water is produced in large quantities in the retina mainly because of the metabolic activity of the neurons and photoreceptors but also because the intraocular pressure forces the water from the vitreous humour to pass into the retina. This water is then transported from the retina to the sub-retinal space by Müller glia. The RPE contains aquaporins on both its apico-basal sides which then allows the water to go from the sub-retinal space to the choroid vascular network [START_REF] Strauss | The Retinal Pigment Epithelium in Visual Function[END_REF].

Ions are also transported actively or passively through the RPE. Overall, Cl -ions are driven out of the retina and toward the vascular system along with water and lactic acid which is a metabolic product from the photoreceptor's activity.

On the other hand, nutrients are transported from the choroid system to the retina. Indeed, the RPE contains many glucose transporters in both its apico and basal membranes that allow it to efficiently provide energy to the retina according to its needs.

Vitamin A (all-trans-retinol) is also imported from the blood to the RPE to help supply the needs of photoreceptors for all-trans-retinal (Figure 8) [START_REF] Strauss | The Retinal Pigment Epithelium in Visual Function[END_REF].

Retinal recycling

One of the very crucial functions of the RPE is to provide the photoreceptors with all-trans-retinal so that they can function and achieve their light detection role. Indeed, upon reception of light, photoreceptors convert 11-cis-retinal into all-trans-retinal but they are unable to recycle the all-trans-retinal into 11-cisretinal. To achieve that, the RPE functions as a recycling unit that uptakes the all-trans-retinal coming from the photoreceptor and recycles it into 11-cis-retinal which is then transported back to the photoreceptor where it is re-associated to an opsin. This cycle of retinal between photoreceptors and RPE is termed visual cycle. Rod cells rely only on this visual cycle while cone cells can regenerate part of their retinal in another visual cycle occurring in Müller cells (Figure 8) [START_REF] Strauss | The Retinal Pigment Epithelium in Visual Function[END_REF].

Phagocytosis of Shed Photoreceptor discs

As mentioned earlier, the photoreceptors are exposed to high levels of light and oxygen, leading to photooxidation and oxidative stress which is increased by retinal metabolism. Furthermore, light damages proteins and lipids; all of these add-up and concentrate toxic reactive species in the discs. In order to maintain the integrity and the functionality of the photoreceptors, the external-most discs are shed and replaced by addition of new discs at the base of the outer segment. The shed discs are phagocytosed by the RPE and the important molecules, such as retinal, are recycled and exported back to the photoreceptor. The shedding and the phagocytosis processes are tightly regulated and coordinated to ensure a sufficient turnover but a constant length of outer segment. These processes are also controlled in a circadian manner with a peak of phagocytosis of rod outer segment occurring at the onset of light. This circadian regulation however seems to differ between cones and rods and across species (Figure 8Figure 7) [START_REF] Strauss | The Retinal Pigment Epithelium in Visual Function[END_REF].

Secretion of growth factors

The RPE secrete growth factors that are necessary for retina and choroid vessels integrity. Indeed, the RPE is able to secrete a variety of immunosuppressive factors and growth factors such as fibroblast growth Insets are 3D models of this process where vessels have been coloured in green, retinas in pink and lens in white. CHOR: choroidal vasculature; RPE: retinal pigmented epithelium; NR: neuro-retina; IOC: inner optic circle, H hyaloid vasculature; L, lens. Modified from [START_REF] Alvarez | Genetic determinants of hyaloid and retinal vasculature in zebrafish[END_REF][START_REF] Kaufman | Development and origins of zebrafish ocular vasculature[END_REF] factors (FGF), transforming growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), lens epithelium-derived growth factor (LEDGF), pigment epithelium-derived factor (PEDF) … For example PEDF, which is secreted on the photoreceptor side (apical), has a neuroprotective effect by inhibiting glutamate-induced or hypoxia-induced apoptosis, it also stabilizes the choroid endothelium by inhibiting its proliferation. VEGF is secreted on the basal side of the RPE at low concentration and prevents apoptosis in the choroid capillaries and maintains their fenestration.

The secretion of these different growth factors changes in response to damages to the retina to better protect the photoreceptors (Figure 8) [START_REF] Strauss | The Retinal Pigment Epithelium in Visual Function[END_REF].

Vascular systems of the eye

The eye is a highly oxygen-consuming tissue, indeed, the retina has an even higher rate of oxygen consumption than the brain and therefore needs an efficient vascular network [START_REF] Alvarez | Genetic determinants of hyaloid and retinal vasculature in zebrafish[END_REF]). This vascular system is composed of 2 networks: the hyaloid vessels which then become the retinal system, and the choroid system. These 2 networks anastomose at the level of the inner optic circle (Figure 9).

All of these systems are believed to derive from the mesodermal part of the periocular mesenchyme.

Hyaloid and retinal system

The hyaloid system appears between 2.5 dpf and 5 dpf in the embryonic zebrafish. It forms a vascular hemispherical basket that surrounds the back of the lens entering the eye close to the exit point of the optic nerve : the optic fissure and then the optic disc. These vessels are formed by angiogenesis and create an arterial network attached to the lens. This network needs to connect to the venous system and does so by fusing with the superficial annular vessel also called inner optic circle which makes a ring around the rim of the retina, at the CMZ level. It connects to the optic vein that exits from the eye first ventrally and later on close to the optic nerve, at the optic disc (Figure 9) [START_REF] Kaufman | Development and origins of zebrafish ocular vasculature[END_REF][START_REF] Alvarez | Genetic determinants of hyaloid and retinal vasculature in zebrafish[END_REF][START_REF] Hartsock | In vivo analysis of hyaloid vasculature morphogenesis in zebrafish: A role for the lens in maturation and maintenance of the hyaloid[END_REF][START_REF] Hashiura | Live imaging of primary ocular vasculature formation in zebrafish[END_REF].

After 15dpf, this vascular system starts attaching rather to the retina and slowly detaches from the lens to become the retinal vasculature which is in contact with the RGC layer. This differs from the mammal case where the hyaloid network is strictly transient and regresses while the retinal vasculature forms by angiogenesis (Figure 9). Like the hyaloid network, this retinal network still enters the eye via the optic disc before branching to form a highly ramified network that will still connect to the choroid system at the annular vessel around the CMZ.

This vascular system is wrapped by pericytes that participate in the blood-brain barrier and seem to actively deliver nutrients to the RGC through vesicle trafficking from the endothelium [START_REF] Alvarez | Genetic determinants of hyaloid and retinal vasculature in zebrafish[END_REF][START_REF] Hartsock | In vivo analysis of hyaloid vasculature morphogenesis in zebrafish: A role for the lens in maturation and maintenance of the hyaloid[END_REF][START_REF] Kaufman | Development and origins of zebrafish ocular vasculature[END_REF][START_REF] Saint-Geniez | Development and pathology of the hyaloid, choroidal and retinal vasculature[END_REF].

Choroid system

The choroidal system surrounds the optic cup and future retina; indeed, this vascular network develops just next to the RPE, only separated from it by Bruch's membrane. The capillaries from this system join at the rim of the optic cup, close to the lens to form the annular vessel. The choroid system allows the irrigation of the more superficial layers of the retina such as the RPE, the photoreceptor. Its endothelium is highly fenestrated, unlike the retinal system. Indeed, the blood-brain barrier is maintained by the RPE (Saint-Geniez & D'Amore 2004).

The sclera

The sclera is the most external envelop of the eye. This tissue is very rigid and fibrous; indeed, it is composed of various extracellular matrix proteins such as collagen and serves a protective function. It even has a cartilaginous part shaped as a ring and called the scleral ossicle. The sclera is also the attachment point of the extraocular muscles allowing the fish to move its eyes [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF]. It derives from the neural crest cells [START_REF] Stenkamp | Neurogenesis in the fish retina[END_REF].

The optic nerve

The optic nerve is composed of the RGC axons that run on top of the ganglionic layer before gathering and exiting through the central part of the retina in a region called the optic disc. Along with the optic nerve, the optic artery and vein that irrigate both the choroid and retinal system also exit through the optic disc. The optic nerve then crosses the midline ventrally and reaches the optic tectum. From [START_REF] England | A dynamic fate map of the forebrain shows how vertebrate eyes form and explains two causes of cyclopia[END_REF] 

Eye development

Eye Morphogenesis

The eye morphogenesis is a sophisticated process that includes many different successive movements that radically transform this structure and its axes during development. Because of these shape and axis changes, it is quite complicated to describe eye development with the usual antero-posterior nomenclature. For that reason, I will rather use nasal-temporal references after neurulation since the olfactory epithelium keeps a rather stable localization in the eye referential. This will correspond to the final antero-posterior axis of the developed eye.

The main eye morphogenetic movements are the evagination of the optic vesicles, their elongation, the invagination of the optic cup, the anterior rotation of the eye and the optic fissure (Figure 11). The whole central nervous system derives from an early structure called the neural plate which is a flat epithelium that arises during late gastrulation and is ectodermal in nature. The anterior part of the neural plate, that will give rise to the brain, is multi-layered, from three to six cells deep. The more posterior part of the neural plate is much thinner, only one cell thick, and will give rise to the spinal cord. The neural plate is not a conventional epithelium as it doesn't show any obvious apico-basal polarity, although resting on a basal lamina [START_REF] Clarke | Role of polarized cell divisions in zebrafish neural tube formation[END_REF]. This neuroepithelium undergoes extensive morphogenetic rearrangement to give rise to the brainincluding retina-and the spinal cord. During neurulation, the posterior neural plate / future spinal cord undergoes converging movements where the neuroepithelial cells move toward the midline and divide there. During this particular division, the daughter cells acquire apico-basal polarity in a symmetrical manner, and one of them crosses the midline to be integrated on the contra-lateral side while the other one remains on the ipsi-lateral side. This type of division is termed midline-crossing division or C-division [START_REF] Tawk | A mirror-symmetric cell division that orchestrates neuroepithelial morphogenesis[END_REF]).

The prospective telencephalon is composed by the lateral and rostral-most cells of the anterior neural plate (ANP). During neurulation, these cells move dorsally and posteriorly to converge towards the midline, progressively closing up the neural plate and covering the eye field, the region of the neural plate fated to become the neural retina and RPE (Figure 10) [START_REF] England | A dynamic fate map of the forebrain shows how vertebrate eyes form and explains two causes of cyclopia[END_REF]. They then form a keel where they undergo C-division and subsequently acquire apico-basal polarity at around 12 somites stage (12 ss) in zebrafish [START_REF] Ivanovitch | Precocious acquisition of neuroepithelial character in the eye field underlies the onset of eye morphogenesis[END_REF]. Modified from [START_REF] Ivanovitch | Precocious acquisition of neuroepithelial character in the eye field underlies the onset of eye morphogenesis[END_REF] The eye field is located medially in the ANP and undergoes morphogenetic movements quite distinct from the rest of the neural plate, with in particular, a reduced convergence. During these early stages, two cell populations with different behaviours have been described. Indeed, Rembold et al. showed in medaka fish that ventromedial cells of the very early (late gastrula stage, st 16) eye field do not exhibit any convergence. These cells maintain the eye field wide throughout neurulation and may correspond to the "marginal cells" described at slightly later stages in zebrafish (onset of neurulation, 3 ss) by Ivanovitch et al. At this point, these cells are located at the ventral margin of the eye field. They start to elongate radially and progressively acquire apico-basal polarity and start coordinating length with their neighbours. Marginal cells are attached to the basal surface of the eye field and, as they divide, their nucleus moves apically and the daughter cells are integrated into the marginal layer (Figure 12A,B) [START_REF] Rembold | Individual cell migration serves as the driving force for optic vesicle evagination[END_REF][START_REF] Ivanovitch | Precocious acquisition of neuroepithelial character in the eye field underlies the onset of eye morphogenesis[END_REF][START_REF] Martinez-Morales | Coordinated Morphogenetic Mechanisms Shape the Vertebrate Eye[END_REF]).

The other cell population identified by Rembold et al. are located laterally in the very precocious eye field. By contrast to the marginal cells, they move posteriorly and converge medially, along with the telencephalic cells [START_REF] England | A dynamic fate map of the forebrain shows how vertebrate eyes form and explains two causes of cyclopia[END_REF][START_REF] Rembold | Individual cell migration serves as the driving force for optic vesicle evagination[END_REF]. Upon reaching the midline, they dive ventrally before migrating laterally again and into the early evaginating optic vesicles (OV). During these processes, they adopt various shapes and extend filopodia and lamellipodia. This population may correspond to the "core cells" described at slightly later stages by Ivanovitch et al. in zebrafish. Indeed, they describe a population of round cells, with mesenchymal morphology, located in the middle of the eye field during early neurulation (4-5 ss), which could fit the position and morphology of these previous diving cells. Despite not having any contact with the basal lamina at this point, the core cells are able to coordinate polarization with their neighbours, marginal or core cells. They then progressively intercalate between the marginal cells throughout OV evagination. During this process, they keep their apical domain bound to the midline while extending their cell body and sending basal processes between the marginal cells to reach the basal lamina. They then integrate in between marginal cells and become indistinguishable from them. As they keep intercalating randomly during the OV evagination, the first core cells to integrate the OV are more likely to end up in the most distal parts of the OV, being passively moved by the evagination process while the latest ones will remain more medial [START_REF] Rembold | Individual cell migration serves as the driving force for optic vesicle evagination[END_REF][START_REF] Ivanovitch | Precocious acquisition of neuroepithelial character in the eye field underlies the onset of eye morphogenesis[END_REF][START_REF] Martinez-Morales | Differentiation of the vertebrate retina is coordinated by an FGF signaling center[END_REF]. None of the eye cell population undergoes C-division : each side of the neural plate only contribute to the ipsi-lateral OV. This also means that the apico-basal polarity is established via other mechanisms. The apicobasal polarity is actually established much earlier in the OV, starting around 4 ss and being clearly established by 7-8 ss, than in the neighbouring brain tissues (Figure 12A,B) [START_REF] Ivanovitch | Precocious acquisition of neuroepithelial character in the eye field underlies the onset of eye morphogenesis[END_REF].

More posteriorly in the neural plate, behind the eye field, lies the prospective hypothalamus. During neurulation, this structure quickly compacts, dives ventrally and start moving anteriorly beneath the eye field until emerging anterior and ventral to the telencephalon. This movement is called the hypothalamus subduction (Figure 10) [START_REF] England | A dynamic fate map of the forebrain shows how vertebrate eyes form and explains two causes of cyclopia[END_REF]. Hypothalamic cells undergo C-divisions and subsequently acquire apico-basal polarity at around 12ss [START_REF] Ivanovitch | Precocious acquisition of neuroepithelial character in the eye field underlies the onset of eye morphogenesis[END_REF].

The establishment of apico-basal polarity in the developing brain is essential and allows for the formation of the different ventricles and recesses of the prosencephalon. In particular, the third ventricle that crosses the neural tube in an antero-posterior and dorso-ventral fashion is formed, along with the optic recess that crosses orthogonally to the third ventricle and both eyes (Figure 12A,C) [START_REF] Ivanovitch | Precocious acquisition of neuroepithelial character in the eye field underlies the onset of eye morphogenesis[END_REF]. On the left, dorsal views at neural plate stage, early optic vesicle, late optic vesicle, early optic cup (anterior to the top) and lateral view of the optic cup around 30 hpf (bottom). In the middle; frontal sections through the developing neural plate/ optic vesicle/cup. On the right, lateral views of the corresponding stages. Left and middle drawings are from the literature data on medaka fish and zebrafish, the right drawing represent Astyanax matching stages. Arrows describe the morphogenetic movements happening at each stage.

Optic vesicle evagination and elongation

The process of optic vesicle evagination starts with the mechanisms described above, keeping the eye field wide and starting a lateral movement which results in the formation of a pouch. The subduction of the hypothalamus pulls the posterior eye field cells ventrally and anteriorly which results in an initial folding of the posterior eye field [START_REF] England | A dynamic fate map of the forebrain shows how vertebrate eyes form and explains two causes of cyclopia[END_REF].

The general posterior to anterior movement of the posterior ANP contributes to the optic vesicle elongation. Indeed, the dorsal diencephalon -that is originally posterior and lateral to the hypothalamusconverges and moves forward towards the telencephalon, therefore displacing the posterior eye cells forward and pushing them out into the forming optic vesicle. This also results in the separation of the posterior OV from the neural keel, creating a furrow that progresses anteriorly to leave only a stalk connecting the OC to the forming brain (Figure 10, Figure 11) [START_REF] England | A dynamic fate map of the forebrain shows how vertebrate eyes form and explains two causes of cyclopia[END_REF][START_REF] Kwan | A complex choreography of cell movements shapes the vertebrate eye[END_REF]. Cells enter the optic vesicle mostly in its anterior part. They keep evaginating and entering the OV through the optic stalk until 14 ss in the zebrafish, contributing mostly to the nasal retina after 6 ss [START_REF] Kwan | A complex choreography of cell movements shapes the vertebrate eye[END_REF]. The more medial cells that will not have evaginated to contribute to the eye or the optic stalk will become optic recess region (ORR) which is a brain region, organized around the optic recess and conserved through development and adulthood [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF].

The OV elongation has been described as a movement where the whole OV undergoes a "pinwheel movement". This is a morphogenetic movement where the anterior-most cells -the ones that entered the OV last-move laterally and posteriorly in the OV. The cells that occupy a more posterior position -which will give rise to the RPE-move around the optic recess and toward a more anterior and medial position (Figure 13). This is a quite rapid movement that spans from 6 ss to 10 ss in zebrafish [START_REF] Kwan | A complex choreography of cell movements shapes the vertebrate eye[END_REF].

Optic cup invagination

As elongation progresses, the OV and the optic recess bend toward the yolk. The most ventral part of the OV becomes more medial due to that movement and starts to thin down, while the previous dorsal part becomes rather lateral, facing the presumptive lens ectoderm. The OV then starts to invaginate to give rise to the optic cup (OC). This morphogenetic movement is crucial as it allows for the correct positioning of the main different eye tissues with an inner / lateral / lens-facing neural retina and an outer / medial RPE surrounding it. This invagination is initiated by a basal constriction of the lens-facing epithelium before being continued by the "rim movement" that starts between 15 ss and 18 ss and lasts until 24hpf [START_REF] Kwan | A complex choreography of cell movements shapes the vertebrate eye[END_REF][START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF][START_REF] Heermann | Eye morphogenesis driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic protein[END_REF][START_REF] Nicolás-Pérez | Analysis of cellular behavior and cytoskeletal dynamics reveal a constriction mechanism driving optic cup morphogenesis[END_REF]. This movement starts by seemingly reversing the cell flow that was proceeding during OV elongation. Indeed, the posterior cells of the eye that had a lateral to medial movement now adopt a medial to lateral flow around the optic recess at the rim of the optic vesicle. A similar movement, where cells move around the edge of the OV and toward the lens-facing epithelium, is observable throughout almost the whole OV, especially in the ventral parts and including at the nasal and temporal edges between the OS and the OV, resulting in the formation of the optic fissure (OF). This movement is quite similar to the gastrulation process and will ultimately result in a hemispherical eyeball [START_REF] Kwan | A complex choreography of cell movements shapes the vertebrate eye[END_REF][START_REF] Heermann | Eye morphogenesis driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic protein[END_REF]. The small part of the outer OC in the prospective dorsal position of the eye, which does not undergo such movement, exhibits a quite different behaviour as it is fated to become the RPE. Indeed, this originally small region of the posterior/distal OV has enlarged during OV elongation through recruitment of new cells acquiring RPE identity and has started to move slowly towards more proximal/prospective ventral regions. During OC invagination, this domain exhibits rapid From (Cavodeassi 2018;[START_REF] Sidhaye | Concerted action of neuroepithelial basal shrinkage and active epithelial migration ensures efficient optic cup morphogenesis[END_REF][START_REF] Heermann | Eye morphogenesis driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic protein[END_REF] movements within the outer OC, towards the prospective temporal and nasal domains and in a lesser extent towards the prospective dorsal domain (from which it is originally closer); these movements slow down upon approaching the rim of the OC where they stop. During this period, RPE cells flatten and enlarge to ultimately occupy the whole outer OC layer, surrounding the neural retina until contacting the lens (Figure 14) [START_REF] Heermann | Eye morphogenesis driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic protein[END_REF][START_REF] Cechmanek | Retinal pigment epithelium expansion around the neural retina occurs in two separate phases with distinct mechanisms[END_REF].

The rim movement is led by an active and collective migration of the cells coming from the medial / outer OV/OC. Upon reaching the edge of the OV/OC, these neuroepithelial cells acquire some characteristics of a rather mesenchymal nature, displaying at the same time apico-basal polarity and cell-cell adhesion -that are typical features of an epithelium-but also lamellipodia and dynamic cell-matrix contacts that are more associated to a mesenchymal state. They possess a very stable, anchored apical domain with adherens junctions, this domain constricts when cells reach the rim. On the other hand, they display a highly dynamic basal side, where protrusions expand in the direction of the movement only and create dynamic focal adhesions, leading to the assumption that they generate a pulling force driving this rim migration [START_REF] Sidhaye | Concerted action of neuroepithelial basal shrinkage and active epithelial migration ensures efficient optic cup morphogenesis[END_REF]. The mesenchymal features of these cells are essential for their migration since disruption of the extracellular matrix (ECM) -cell adhesion leads to defects of the OC due to a delayed migration, but the epithelial features are also important. Indeed, cells with perturbed ECM attachment that are transplanted in a WT OC are able to follow the rim movement, probably pulled by their neighbours through cell-cell adhesions, highlighting the collective aspect of this movement (Figure 14).

Once reaching the lens-facing, lateral / inner OC layer, cells shift back to a more canonical epithelial state, with stable basal ECM adhesion and no protrusion. They then undergo a basal constriction around 20-22 ss, followed by an apical expansion around 22-24 ss. These two modifications of cell shape participate in the bending of the OC [START_REF] Nicolás-Pérez | Analysis of cellular behavior and cytoskeletal dynamics reveal a constriction mechanism driving optic cup morphogenesis[END_REF][START_REF] Martinez-Morales | Shaping the vertebrate eye[END_REF]. Another factor contributing to this bending may be cell divisions as the inhibition of proliferation results in a slightly more open OC. This highlights a small role for neural retina proliferation in the OC curvature, probably due to physical compaction of the increasing number of cells in the lens-facing epithelium (Figure 14) [START_REF] Sidhaye | Concerted action of neuroepithelial basal shrinkage and active epithelial migration ensures efficient optic cup morphogenesis[END_REF].

The correct completion of the invagination is paramount since the retinal cells are already specified by this stage and a delay in this movement will result in ectopic retinal cells in place of the RPE. The last cells to go around the rim will give rise to the ciliary marginal zone (CMZ), the stem cell niche of the retina.

Anterior rotation

From 6 ss to 24hpf, the whole developing eye rotates in a counter clock-wise manner from a left lateral view so that the optic stalk and the choroid fissure come to a ventral position. Concomitantly, the forebrain also undergoes a similar rotation so that the telencephalon, that originally lies dorsally, adopts a rostral position and the Optic Recess that is originally almost parallel to the yolk surface, ends up almost perpendicular to it (Figure 15) [START_REF] Kwan | A complex choreography of cell movements shapes the vertebrate eye[END_REF].

Figure 15 : Eye rotation. From [START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF] 

Eye cells differentiation

Once morphogenesis is achieved, around 24hpf, retinal cells start differentiating in waves : first the RGC, then cells from the inner nuclear layer : amacrine, bipolar and horizontal cells, then cone photoreceptors, rod photoreceptors and finally Müller glia. Moreover, differentiation does not occur simultaneously throughout the whole retina. In zebrafish, neurogenesis starts ventrally, close to the optic stalk and proceeds in a fan-shape manner: it continues nasally, then dorsally and finally temporally [START_REF] Stenkamp | Neurogenesis in the fish retina[END_REF][START_REF] Stenkamp | Development of the Vertebrate Eye and Retina[END_REF].

2.1.6. Optic stalk, optic nerve.

When RGCs start differentiating around 24-28hpf, they project their axons through the optic stalk. The optic stalk is a transient Pax2a-expressing structure that connects the developing eye to the brain. It serves as a scaffold that is invaded by the retinal axons which will form the optic nerve. The first RGC axons exit the retina around 30hpf via the optic fissure and follow the optic stalk. As development proceeds, the originally very ventral optic nerve gathers the RGC axons in a tight bundle and moves towards the centre of the retina, at the level of the lens, where the final exit point of the RGC axons, the optic disk, will remain. The optic nerve trajectory dives ventrally to cross the whole brain ventrally and slightly anterior to the post-optic commissure (POC); there, the two optic nerves cross, forming the optic chiasma around 34-36 hpf. They then navigate towards the optic tectum on the contra-lateral side around 48hpf (Figure 16) [START_REF] Masai | N-cadherin mediates retinal lamination, maintenance of forebrain compartments and patterning of retinal neurites[END_REF][START_REF] Macdonald | The Pax protein Noi is required for commissural axon pathway formation in the rostral forebrain[END_REF][START_REF] Poulain | Analyzing Retinal Axon Guidance in Zebrafish[END_REF]. The optic stalk cells prevent the RGC axons from mixing with the adjacent POC axons or with the other contralateral optic nerve. These stalk cells will ultimately become glial cells : reticular astrocytes that will remain in the optic nerve [START_REF] Macdonald | The Pax protein Noi is required for commissural axon pathway formation in the rostral forebrain[END_REF].

In most fishes, RGC project strictly to the contra-lateral tectum. The tectal regions where the RGC axons connect are dependent on their position of origin in the eye. Indeed, these connections are retinotopic which means that the positional information is conserved in the tectum, with neighbouring cells in the eye projecting to neighbouring cells in the tectum [START_REF] Sperry | CHEMOAFFINITY IN THE ORDERLY GROWTH OF NERVE FIBER PATTERNS AND CONNECTIONS[END_REF][START_REF] Retaux | Engrailed and retinotectal topography[END_REF]. For example, the nasal RGC will project to the posterior tectum while temporal RGC will project to the anterior tectum. From [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF][START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF][START_REF] James | The hyaloid vasculature facilitates basement membrane breakdown during choroid fissure closure in the zebrafish eye[END_REF] 

The optic fissure and its resolution

The optic fissure, also called choroid fissure or ventral fissure, which is created at the edge between the optic stalk and the optic cup during OC evagination, serves as an entry point for cells of the periocular mesenchyme (POM) that come to vascularize the eye. These cells give rise to the hyaloid vessels which form a basket-shaped network of blood vessels behind the lens. After this invasion, the optic fissure (OF) will close around the hyaloid vein and artery, leaving a rounded-shaped eye (Figure 17) [START_REF] Hartsock | In vivo analysis of hyaloid vasculature morphogenesis in zebrafish: A role for the lens in maturation and maintenance of the hyaloid[END_REF][START_REF] James | The hyaloid vasculature facilitates basement membrane breakdown during choroid fissure closure in the zebrafish eye[END_REF].

The optic fissure is fully closed at 3 days post fertilization (dpf) in zebrafish. Failure to close the optic fissure is called a coloboma (from the greek, koloboma, mutilated) and, depending on the severity of the phenotype, can be a cause for blindness. A coloboma is a phenotype that can result from a wide variety of developmental alterations, from abnormal dorso-ventral specification to rim movement defects and problems in angiogenesis [START_REF] Heermann | Eye morphogenesis driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic protein[END_REF][START_REF] Weiss | Abnormal vasculature interferes with optic fissure closure in lmo2 mutant zebrafish embryos[END_REF].

The epithelial cells lining the OF display a particular, cuboidal shape that is different from both the columnar morphology of the neural retina and the flat squamous shape of the RPE cells, evidencing a special identity of these OF lips cells [START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF].

The mechanisms leading to the correct closure of the OF are just starting to be understood. One of the early steps seems to be the break-down of the basal membrane of the optic cup at the site of the OF. This degradation of the basal membrane starts around 34hpf in the centro-proximal OF and then proceeds bidirectionally towards more proximal and more distal regions. The basal lamina has disappeared at 48 hpf in most embryos apart in the distal-most OF; and is completely gone in all zebrafish embryos by 60 hpf. This degradation of the basal lamina is accompanied by the retraction of basal polarity markers and apposition of apical markers at the point of fusion. After that step, the OF starts closing and fusing by establishing adherens junctions in its centro-proximal domain around 44 hpf. The fusion is followed by a retraction of the apical markers such as Zo-1 that come to be only apparent close to the outer border of the eye, around the position of the optic recess that separates the RPE from the neural retina. This probably reflects the correct fusion or the nasal and temporal RPE layers and neural retina layers. The bi-directional fusion continues with adherens junctions visible at 47 hpf in the central and proximal domains and at 49hpf in the centro-distal region. The most distal part of the OF closes last, as late as 72 hpf (Figure 17) [START_REF] James | The hyaloid vasculature facilitates basement membrane breakdown during choroid fissure closure in the zebrafish eye[END_REF][START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF].

Figure 18 : Optic Recess Region. The optic recess region (ORR) derives from the medial part of the optic vesicles. Diagram of the ORR morphogenesis and optical sections of the forebrain. Top picture is a frontal section, bottom picture is a horizontal section at the level indicated by the red dotted line. Modified from [START_REF] Yamamoto | New perspective on the regionalization of the anterior forebrain in Osteichthyes. Development[END_REF][START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF] 

The optic Recess and Optic Recess Region

During eye morphogenesis, the optic recess closes up and stops being visible. The optic recess stands between the RPE and the neural retina so its disappearance could be due to the close interactions between the photoreceptors outer segment and the RPE cells microvilli, the latest surrounding the first. The recess would therefore no longer be visible as an empty space.

On the contrary, in more medial regions such as the optic recess region (ORR), cells on each side of the recess do not exhibit such interactions and the recess stays visible until adulthood but is no longer connected to the eye. Indeed, the optic recess region loses its connection to the retina via the optic stalk and becomes a differentiated brain region which is delimitated by two commissures or axonal tracks. The anterior commissure defines the dorsal border of the ORR with the telencephalon; while the post-optic commissure separates it ventrally from the hypothalamus (Figure 18) [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF][START_REF] Yamamoto | New perspective on the regionalization of the anterior forebrain in Osteichthyes. Development[END_REF].

The ORR limits have been defined by these two commissures. The neurogenesis pattern being centrifugal, progenitors line the optic recess and differentiated neurons stand close to the commissures and above them [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF]. 

Eye regionalization

Role and significance

As previously mentioned, the retinal ganglion cells project to the tectum in a topographic manner, with some kind of symmetry in all directions : axons from the nasal retina project to the posterior tectum while those from the temporal retina reach the anterior tectum and RGCs from the ventral retina project to the medial tectum while those of the dorsal retina target the lateral tectum. This inversion is actually already present to some extent at the level of the optic nerve, where dorsal axons run through the ventral part of the tract, and ventral axon through the dorsal part of the nerve (Figure 19) [START_REF] Poulain | Analyzing Retinal Axon Guidance in Zebrafish[END_REF][START_REF] Sperry | CHEMOAFFINITY IN THE ORDERLY GROWTH OF NERVE FIBER PATTERNS AND CONNECTIONS[END_REF].

Such an organization implies a regionalization of both the retina and the tectum, allowing for a correct addressing of RGC axons. Indeed, many genes have a regionalized expression in the retina as in the tectum such as Eph Receptors (eph) and Ephrin ligands (efn).

These molecules are involved in cell-cell interactions and usually function in the establishment of boundaries between regions with different identities but are also involved in axon guidance. Indeed, Ephs and Ephrins are membrane-bound proteins that can both transduce signal upon binding with each other. These interactions are often repulsive but can also be attractive, thus creating compartments and boundaries. Ephs and ephrins can each be divided in two classes : EphA / EphB and ephrinA / ephrinB respectively. Eph receptors of one class bind preferentially to the corresponding class of ephrins.

In vertebrates, misexpression of Ephrins in the retina or tectum lead to errors in the retinotopic mapping of the tectum. These molecules are therefore important for a proper topography establishment [START_REF] Brennan | Two Eph receptor tyrosine kinase ligands control axon growth and may be involved in the creation of the retinotectal map in the zebrafish[END_REF][START_REF] Kita | Topographic wiring of the retinotectal connection in zebrafish[END_REF].

In the retina, different quadrants can be described with these genes expression : in zebrafish, the ventral quadrant expresses two Eph B receptors : ephB2 and the more restricted ephb3a, while the dorsal quadrant expresses an Ephrin B ligand : efnB2a. Similarly, the temporal quadrant expresses an Eph A receptor : ephA4b while the nasal quadrant expresses an Ephrin A ligand : efna5a [START_REF] Gosse | An essential role for Radar (Gdf6a) in inducing dorsal fate in the zebrafish retina[END_REF][START_REF] French | Gdf6a is required for the initiation of dorsal-ventral retinal patterning and lens development[END_REF][START_REF] Holly | Sfrp1a and Sfrp5 function as positive regulators of Wnt and BMP signaling during early retinal development[END_REF][START_REF] Picker | Fgf signals from a novel signaling center determine axial patterning of the prospective neural retina[END_REF]. Therefore, the A subtype of Eph/ephrins seems to handle the temporo-nasal identity while the B subtype seems to account for the dorso-ventral identity of the retina (Figure 19C).

On a side note: fishes are continuously-growing organisms for most of them, which means that their eyes and optic tectum also continue to grow, even after the initial retinotectal map is established. New cells are added to the entire circumference of the retina from the CMZ and to the caudal rim of the tectum by its own stem cell niche : the Tectal Marginal Zone (TMZ). These two stem cells niches do not match in term of retinotopy, which means that the newly formed RGCs cannot target directly the newly born tectal neurons without disturbing the retinotopic map. In order to preserve it, all RGC axonal terminations are constantly shifting on the tectum to maintain an undistorted map [START_REF] Simpson | A quantitative analysis of branching, growth cone turning, and directed growth in zebrafish retinotectal axon guidance[END_REF][START_REF] Becker | Gradients of ephrin-A2 and ephrin-A5b mRNA during retinotopic regeneration of the optic projection in adult zebrafish[END_REF]. 

Molecular mechanisms

Transcription factors

Ephs and Ephrins are under the control of different transcription factors that are also regionalized in the retina. Indeed, Vax2, which is expressed in the ORR, optic stalk and ventral retina has been shown in mice and chicks to regulate positively the expression of EphB3 and EphB2 and negatively that of efnB2 [START_REF] Schulte | Misexpression of the Emx-Related Homeobox Genes cVax and mVax2 Ventralizes the Retina and Perturbs the Retinotectal Map[END_REF]. Reciprocally, Tbx5 is expressed in the dorsal retina and promotes the expression of efnB2a while reducing that of EphB2 in zebrafish [START_REF] French | Gdf6a is required for the initiation of dorsal-ventral retinal patterning and lens development[END_REF].

Concerning the naso-temporal axis, studies in chicks have shown that FoxG1 is expressed in the nasal retina and induces EphrinA5, while FoxD1 is expressed in the temporal retina where it promotes EphA3 and represses EphrinA5 expression [START_REF] Sakuta | Role of Bone Morphogenic Protein 2 in Retinal Patterning and Retinotectal Projection[END_REF]). FoxG1 and FoxD1 expressions are mutually exclusive due to reciprocal repression, as shown in the zebrafish and chick retina [START_REF] Hernández-Bejarano | Opposing Shh and Fgf signals initiate nasotemporal patterning of the zebrafish retina[END_REF][START_REF] Takahashi | Functional mode of FoxD1/CBF2 for the establishment of temporal retinal specificity in the developing chick retina[END_REF].

All of the above-mentioned transcription factors have been evidenced as necessary to achieve correct retinotopic mapping of the tectum in various species [START_REF] Schulte | Misexpression of the Emx-Related Homeobox Genes cVax and mVax2 Ventralizes the Retina and Perturbs the Retinotectal Map[END_REF][START_REF] Barbieri | Vax2 inactivation in mouse determines alteration of the eye dorsal-ventral axis, misrouting of the optic fibres and eye coloboma[END_REF][START_REF] Yuasa | Visual projection map specified by topographic expression of transcription factors in the retina[END_REF][START_REF] Koshiba-Takeuchi | Tbx5 and the retinotectum projection[END_REF]. The control of their expression is under the influence of morphogens from various signalling centres around the eye during all stages of eye development; this will be discussed later on.

Origin of the eye quadrants

The different quadrants of the eye are specified quite early in development, as evidenced by the expression of Tbx5a, already detectable at 6 ss; and the expression of FoxG1, FoxD1 and Vax2 which are present at 10 ss in zebrafish embryos [START_REF] French | Gdf6a is required for the initiation of dorsal-ventral retinal patterning and lens development[END_REF][START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF]. By the optic vesicle stage, the regionalisation has already taken place or is still occurring; we can therefore observe their origins, which is what was done by Picker et al. for the temporal and nasal regions.

The nasal retina originates from the dorsal leaflet of the optic vesicle which becomes the lens-facing epithelium while the temporal retina is first visible as the ventral leaflet of the optic vesicle. After the ventral-wards bending of the OV, the temporal retina stands in the medial OV/outer OC which is the final position of the RPE while the nasal retina is already in the lens-facing epithelium, where the neural retina will stand. A massive rearrangement must then occur to allow the temporal retina to reach a lens-facing position. This is achieved by the rim movement from 15-18 ss to 25 ss which leads the temporal retina to migrate around the ventral rim of the OV and seemingly "push" the nasal retina so that they each stand in the lens facing epithelium, but in complementary regions along the naso-temporal axis (Figure 20A-C) [START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF]).

The final dorsal quadrant of the retina originates from the lateral part of the dorsal leaflet of the OV at 6 ss. It then moves posteriorly in the OV and upwards in its caudal-most part, curling up at the distal margin of the OV at 10 ss. This upwards movement towards the nasal part of the OV continues, together with the acquisition of a more medial position in the OV dorsal leaflet at 12 ss. This movement is associated with a compaction of the Tbx5 domain. At 18 ss, during optic cup invagination, the Tbx5-positive domain is located in the middle of the lens-facing epithelium at the level of the lens but has a much more medial localization in the posterior-most part of the OC. Finally, at 24 hpf, Tbx5 is expressed in a dorsal domain located opposite from the optic fissure and extending behind the lens until the middle of the retina (Figure 20D, see also Figure 29B) [START_REF] Kruse-Bend | Extraocular ectoderm triggers dorsal retinal fate during optic vesicle evagination in zebrafish[END_REF]. -Increases fod intake [START_REF] Lin | Brain regulation of feeding behavior and food intake in fish[END_REF]) [START_REF] Volkoff | Neuropeptides and the control of food intake in fish[END_REF]).

-Decerases locmotor activity (Matsuda et 

Hypothalamus and Optic Recess Region Functions

The hypothalamus and optic recess region (ORR) are regions of the forebrain that regulate many physiological and behavioural processes such as energy expenditure, food intake, sleep, locomotor activity, stress, osmotic balance, sexual differentiation, social interactions, reproductive behaviour…

Modes of action of the Hypothalamus/ORR and neuropeptides

The hypothalamus/ORR can act via two different modes of action: either direct innervation, by releasing a neurotransmitter into a synapse with another neuron; or by secretion of neuro-hormones in the blood which allow for a long distance and systemic action. This endocrine function can be achieved in two ways, the first is through direct release of the neuro-hormone by the hypothalamic/ORR neuron in the blood at the level of the neurohypophysis; the second is indirect, via an innervation of the adenohypophysis that will in turn release neuro-hormones in the blood.

The hypothalamus/ORR uses both classical neurotransmitters such as glutamate and GABA, but also neuromodulators like dopamine, histamine or serotonin, and many neuropeptides. These neuropeptides are small peptides, often the cleavage products of larger precursors, which have the capacity to signal either as neurotransmitters or as neuro-hormones. Another difference between the neuropeptides and the more classical neurotransmitters lies in their clearance from the synaptic cleft: while the classical neurotransmitters are quickly removed from the synapse through diverse mechanisms (degradation, re-uptake…), the neuropeptides released in the synapse are slowly degraded by peptidases, thus allowing for a long-lasting signalling. Of note, the hypothalamus/ORR are not the only brain regions containing neuropeptidergic neurons, but they are over-represented there, in link with the neuro-endocrine function of the hypothalamus/ORR in the control of many aspects of body homeostasis. Indeed, neuropeptides are involved in the control of many functions, as illustrated in Table 1 where some examples of neuropeptides expressed at least in part in the hypothalamus or the ORR are given, together with their known functions in teleosts.

Basic organisation and functions of the hypothalamus/ORR

The hypothalamus and ORR are organized in nuclei or groups of several neuron types controlling diverse functions. Let's take the example of the neurosecretory preoptic nucleus (NPO). This nucleus is located in the dorsal ORR and contains isotocin (the homolog of mammalian oxytocin), arginine-vasotocin (AVT, homologous to the mammalian arginine-vasopressin), somatostatin (SST) and corticotropin-releasing hormone (CRH) neurons [START_REF] Machluf | Development of the zebrafish hypothalamus[END_REF][START_REF] Pogoda | Molecular genetics of pituitary development in zebrafish[END_REF][START_REF] Herget | Coexpression analysis of nine neuropeptides in the neurosecretory preoptic area of larval zebrafish[END_REF].

One example of functional role is given by "the stress axis" or hypothalamic-pituitary-inter-renal axis (HPI, homologous to the HPA or hypothalamic-pituitary-adrenal axis in mammals) which controls the cortisol levels. Cortisol allows a return to normal homeostatic parameters after a stressful episode. In this axis, like in many others the hypothalamus/ORR are the first players. Indeed, they receive inputs from both the central and peripheral nervous system, which allows them to detect and integrate stress From [START_REF] Yamamoto | New perspective on the regionalization of the anterior forebrain in Osteichthyes. Development[END_REF] signals. Upon detection of such signals, the CRH cells of the NPO nucleus (in the ORR) are activated and start releasing CRH at their axonal ending which is located in the adenohypophysis, in the area of corticotropic cells. These cells in turn secrete adrenocorticotropic hormone (ACTH) in the blood stream. When ACTH reaches the inter-renal cells of the head kidney (adrenal gland homolog), it triggers cortisol synthesis and release in the blood. Cortisol acts by binding the glucocorticoid receptor (GR) which is a ligand-activated transcription factor which then regulates specific gene transcription. Amongst its targets are genes controlling glucose metabolism, iono-regulation, immune response and behaviour (Figure 21) [START_REF] Alsop | The zebrafish stress axis: molecular fallout from the teleost-specific genome duplication event[END_REF].

Other circuits involving the hypothalamus in a broad sense (including the ORR) exist such as the hypothalamic-pituitary-gonadal axis, controlling reproductive function; or the hypothalamic-pituitarythyroid axis controlling thyroid hormones levels and therefore mechanisms such as growth, energy balance and metabolism.

Development and anatomy of the hypothalamus and ORR

Defining axes and regions in the brain

Neuroanatomy and the description of brain regions is a complicated exercise because of the complexity of the brain within a species. Adding to this first complexity, the diversity of brain shapes across vertebrates renders comparisons across species not always straightforward. In order to gain understanding on brain evolution and to be able to accurately compare brain regions across taxa, it is important to establish regional homologies between different species; and for that purpose, to segment the brain into meaningful units. I will here focus on the anatomical interpretations of the hypothalamus/ORR. Since 1993 [START_REF] Bulfone | Spatially restricted expression of Dlx-1, Dlx-2 (Tes-1), Gbx-2, and Wnt-3 in the embryonic day 12.5 mouse forebrain defines potential transverse and longitudinal segmental boundaries[END_REF]), the prosomeric model has been proposed and set forward. This model redefined the axes of the brain in order to segment it in different transversal "rings" called prosomeres, each containing from ventral to dorsal, a floor plate, basal plate, alar plate and roof plate component. More recently, the emphasis was put on the signalling centers to help and give causal explanations to the definition of brain axes. Indeed, these centers are responsible for patterning the brain, and the strongly patterned expression of some genes is used as a read-out of the relative influence of these signalling centers and serves to define "natural" regions. In this model, the longitudinal axis is defined by the expression of Shh and Nkx2.2; these genes expression also defines, along with others, the alar-basal boundary. Indeed, Shh is interpreted as being expressed in the floor and basal plates and therefore to be a "ventral" marker. This alar-basal boundary terminates at the level of the post-optic commissure. The roof plate terminates at the level of the anterior commissure and the floor plate at the level of the "mamillary" hypothalamus. These axes actually match the axes observed during early development, when the optic vesicles elongate and the hypothalamus emerges ventrally to the OV (just above the yolk), while the dorsal (alar) telencephalon is visible above the OV.

In the updated prosomeric model, the forebrain is divided in diencephalon posteriorly and secondary prosencephalon anteriorly. The secondary prosencephalon contains the telencephalon and the hypothalamus which, together, are divided in 3 prosomeres : the posterior hp1, the hp2 and the anteriormost acroterminal domain which is a small band spanning from the anterior limit of the roof plate (anterior commissure) to the anterior limit of the floor plate (mamillary hypothalamus).The strength of this model is that, by examining conserved axes, signalling centers and their influence, this segmentation of the brain should be applicable to all vertebrates and provide a better support to understand mutant phenotypes, developmental diseases and evolution (Figure 22) [START_REF] Puelles | A new scenario of hypothalamic organization: rationale of new hypotheses introduced in the updated prosomeric model[END_REF]. From [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF] As previously mentioned, the hypothalamus is organized in nuclei containing different types of neurons expressing neuropeptides and other neurotransmitters. These nuclei have been studied extensively in mammals but their homologous counterparts in other species have not always clearly been identified. Some researchers undertook to find in zebrafish the structures homologous to some of these nuclei such as the paraventricular nucleus (PVN) of rodents. The PVN contains a set of neurons expressing various neuropeptides; their approach was to analyse the expression of the same neuropeptides in zebrafish, together with the expression of conserved transcription factors. That way, they managed to define the neurosecretory preoptic nucleus (NPO) that I already mentioned, as the homologous structure to the mammalian PVN [START_REF] Herget | Molecular neuroanatomy and chemoarchitecture of the neurosecretory preoptichypothalamic area in zebrafish larvae[END_REF][START_REF] Herget | Coexpression analysis of nine neuropeptides in the neurosecretory preoptic area of larval zebrafish[END_REF].

The mammalian PVN belongs to the hypothalamus (alar hypothalamus in the prosomeric model), while the NPO is located in the teleost "preoptic area". The preoptic area of fishes is a structure that results from the evagination of the eyes and spans from the anterior commissure to the post-optic commissure so that, according to the prosomeric model, it is part of both the telencephalic subpallium and the alar hypothalamus. The fact that a single morphogenetic unit is considered part of two different structures was somewhat confusing. Adding to this confusion, a region called the preoptic area also exists in mammals but is only part of the telencephalic subpallium and does not include any part of the hypothalamus. To resolve these inconsistencies of naming and partitioning, Affaticati, Yamamoto and colleagues proposed to define a new region of the secondary prosencephalon : the optic recess region, that would be essentially identical to the teleost preoptic area [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF][START_REF] Yamamoto | New perspective on the regionalization of the anterior forebrain in Osteichthyes. Development[END_REF]. This new way of partitioning the secondary prosencephalon is not in contradiction with the prosomeric model as it does not question its axis definition or even the prosomere boundaries but simply proposes to redefine the telencephalon/ hypothalamus division into three distinct regions: the telencephalon, the ORR and hypothalamus in order to better fit the development and morphogenesis of this region. Even from the prosomeric point of view, this partition makes more sense: the telencephalon was already a strictly roof/alar structure but the hypothalamus had a dual identity with an alar part and a basal/floor part; with this new partition, the telencephalon keeps its roof/alar identity, the ORR is strictly alar and the hypothalamus becomes strictly basal/floor (Figure 22). This new division of the secondary prosencephalon also allows locating both the mammalian PVN and the teleost PVO into the ORR without reference to the confusing name of preoptic area.

The Optic Recess Region (ORR)

As mentioned previously (see section Eye development), the ORR results from the evagination/elongation of the optic vesicles and develops around the optic recess, between the anterior commissure dorsally (according to the prosomeric model axes) and the post-optic commissure ventrally. At the examined stages of the ORR study (24-48hpf) [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF], the optic recess displays an hourglass-like shape in frontal view, with a narrowing located roughly in the middle of the recess and which is accompanied by an inversion of its curvature in a lateral view. Indeed, the ventral part is bent rostrally while the dorsal part is rather bent caudally. This inversion of the recess curvature coincides with a boundary of gene expression: the two transcription factors sim1 and otpb are expressed anteriorly (ventrally in the whole body axis) and pax6 is expressed posteriorly (dorsally in the whole body axis). This inversion of curvature can be considered the dorsal boundary of the optic recess region (Figure 23A) [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF].

The ORR was identified as a region because of the centrifugal neurogenic gradient present at these stages throughout the secondary prosencephalon. Indeed, in this whole region, elongated progenitors line the recess and the ventricle while differentiating and mature neurons with a rounder nucleus are located further away. A consequence of this neurogenic gradient is to bring neurons originating from distinct regions in contact with each other; for example above the post-optic commissure, neurons of a hypothalamic origin and neurons from an ORR origin are juxtaposed. The hypothalamus and the telencephalon actually come to abut the optic recess medially as evidenced by the neurogenic patterns and the expression of Nkx2.1a and Shh (Figure 23) [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF].

While development proceeds, the originally laterally elongated ORR will compact more and more between increasingly growing axon bundles running laterally between the eyes and the ORR, as well as rostrally and caudally in the commissures; nevertheless, the ORR will persist until adulthood.

The Hypothalamus

As previously described (see section Eye development), the hypothalamic cells are originally located posterior to the eye field in the neural plate before undergoing a subduction movement, that leads them in a very anterior and ventral position, "in front" of the telencephalon. The progressive bending and rotation of the forebrain then progressively brings it closer to the yolk, under the diencephalon and abutting the notochord. As development progresses, the originally simple shape of the hypothalamus complexifies with the formation of two new ventricles : the lateral recess, around which the inferior lobe of the hypothalamus forms, and the teleost and gar-specific posterior recess [START_REF] Yamamoto | New perspective on the regionalization of the anterior forebrain in Osteichthyes. Development[END_REF]. At the caudal-most extremity of the hypothalamus (along body axis), lies the saccus vasculosus, a circumventricular organ that is only present in some fishes which do not include the zebrafish nor the medaka fish. This poorly studied organ is involved in the osmoregulation of the cerebro-spinal fluid and has been hypothesized to control seasonal variations in some fishes (Figure 24) [START_REF] Maeda | Ontogeny of the Saccus Vasculosus, a Seasonal Sensor in Fish[END_REF][START_REF] Nakane | The saccus vasculosus of fish is a sensor of seasonal changes in day length[END_REF]). Ventrally to the hypothalamus are located the neurohypophysis and adenohypophysis. The neurohypophysis has a neural origin while the adenohypophysis derives from the placodal ectoderm. 

Signalling centers, morphogens and the development of the optic region

The coordinated development of the embryo is orchestrated by several organizing centers or signalling centers that secrete morphogens. These molecules diffuse throughout the tissue, creating gradients that will determine the fate of the recipient cells. This fate choice will be modulated according to the cell competence and to the combinations and relative concentrations of morphogens it receives. Many factors can influence these gradients such as the physical properties of the tissue (dense, loose…), the degradation of the morphogen, or the presence of antagonists.

The development of the forebrain is directed by signalling centers successively located in different regions in the embryo, and producing various combinations of morphogens and antagonists, resulting in the amazing complexity of morphogenetic movements, brain regions and neuronal fates of the forebrain. I will hereafter give a first overview of the main signalling centers involved in the forebrain patterning and their role in the general forebrain development. In a second part, I will focus more specifically on the effect of these different signalling centers on eye regionalization and tissue specification.

The signalling centers and their role during forebrain development

In vertebrates, the neural fate of cells from the ectoderm is acquired during gastrulation due to the secretion of Fgf ligands by the organizer (the "shield" in fishes) and underlying endoderm that initiate the acquisition of neural fate. This decision is further maintained and confirmed by BMP antagonists -such as chordin and noggin-released by the organizer, which counteract the effect of BMPs secreted by the surrounding non-neural ectoderm.

Once the neural identity of the neural plate ectoderm has been acquired, it is necessary to specify the dorso-ventral (or lateral-medial at this stage) and antero-posterior axes so that the positional identity of the territories can be set. The posterior identity is defined in part by the organizer which is becoming more and more distant from the anterior tip of the neural plate and starts secreting posteriorizing factors such as Wnts. Meanwhile, the prechordal plate (PCP) and the notochord, which are essential midline signalling centers of mesodermal origin, migrate anteriorly beneath the neural plate. In turn, new signalling centers are induced such as the anterior neural border (ANB) and subsequently the anterior neural ridge (ANR).

The signals released from these centers will result in the acquisition of regional identities such as eye field, hypothalamus or telencephalon. Subsequently, new signalling centers, such as the zli (zona limitans intrathalamica in the diencephalon) or the MHB (mid-hindbrain boundary) will be induced and contribute to further refine this patterning [START_REF] Beccari | The logic of gene regulatory networks in early vertebrate forebrain patterning[END_REF].

Prechordal plate

The prechordal plate is the anterior-most part of the axial mesoderm, and is a direct derivative of the shield organiser. The prechordal cells are the first axial cells to be internalized during gastrulation. After that, this small sheet of cohesive cells undergoes anteriorwards collective migration (followed by the notochord) until it passes the tip of the ANP. This structure is a major signalling center which expresses a number of signalling molecules and morphogens such as :

-Nodal protein Cyclops (Cyc) -Hedgehog proteins Sonic Hedgehog (Shh) and Tiggy winkle Hh (TwHh) -Bone morphogenetic proteins BMP4, BMP7, and the anti-dorsalizing morphogenetic protein (ADMP) -Wnt antagonists dickkopf (Dkk) [START_REF] Wu | SNW1 is a critical regulator of spatial BMP activity, neural plate border formation, and neural crest specification in vertebrate embryos[END_REF][START_REF] Beccari | The logic of gene regulatory networks in early vertebrate forebrain patterning[END_REF][START_REF] Bedont | Patterning, specification, and differentiation in the developing hypothalamus[END_REF][START_REF] Mathieu | Distinct and cooperative roles for Nodal and Hedgehog signals during hypothalamic development[END_REF].

The PCP is strongly involved in eye and hypothalamus development. Indeed, the PCP, through its secretion of Wnt inhibitors, is necessary for the specification of the hypothalamic field anteriorly, while the more posterior medial neural plate adopts a floorplate identity [START_REF] Kapsimali | Inhibition of Wnt/Axin/ -catenin pathway activity promotes ventral CNS midline tissue to adopt hypothalamic rather than floorplate identity[END_REF]). In terms of morphogenesis, the absence of prechordal nodal signalling leads to a failure of the presumptive hypothalamus to undergo subduction and the eye field does not separate bilaterally; more generally, the lack of PCP results in a dorsalized forebrain, highlighting its role as a ventral inducer (Figure 25) [START_REF] Chuang | Embryonic origin of the eyes in teleost fish[END_REF][START_REF] García-Calero | Early mammillary pouch specification in the course of prechordal ventralization of the forebrain tegmentum[END_REF]. The cooperation of PCP-derived Nodal, BMP7 and HH are also necessary for the expression of early hypothalamus markers such as Nkx2.1 [START_REF] Bedont | Patterning, specification, and differentiation in the developing hypothalamus[END_REF]. The PCP also plays a role in the subsequent patterning of the hypothalamus as nodal and Hh signallings are necessary for the specification of the posterior-ventral and the antero-dorsal hypothalamic regions, respectively [START_REF] Mathieu | Distinct and cooperative roles for Nodal and Hedgehog signals during hypothalamic development[END_REF]. The PCP migrates anteriorly under the neuroepithelium and its anterior part, called the polster, finally gives rise to the hatching gland.

The prechordal plate induces the optic stalk organizing center

It also seems that PCP-derived nodal signalling is indirectly involved in retinal differentiation. Indeed, nodal would modulate the optic stalk fate and its secretion of a signalling factor that would, in turn, promote Atho5 expression and the subsequent retinal differentiation [START_REF] Masai | Midline Signals Regulate Retinal Neurogenesis in Zebrafish[END_REF]. In Xenopus as in chicks and zebrafish, Atho5 has been shown to be regulated by Fgfs [START_REF] Willardsen | Temporal regulation of Ath5 gene expression during eye development[END_REF][START_REF] Martinez-Morales | Differentiation of the vertebrate retina is coordinated by an FGF signaling center[END_REF]. Three fgfs are known to be expressed in the zebrafish optic stalk : fgf8a, fgf3 and fgf17, although removal of both fgf8a and fgf3 are sufficient to prevent retinal differentiation [START_REF] Martinez-Morales | Differentiation of the vertebrate retina is coordinated by an FGF signaling center[END_REF][START_REF] Thisse | High Throughput Expression Analysis of ZF-Models Consortium Clones[END_REF]. This fgf signalling has also been shown to trigger the expression of Shh in the RGC and amacrine cells, which is necessary for their differentiation (Figure 26) [START_REF] Martinez-Morales | Differentiation of the vertebrate retina is coordinated by an FGF signaling center[END_REF].

Notochord

The notochord is part of the axial mesoderm; upon involution, this structure undergoes convergence and extension movements to form a rod-like structure that follows the PCP migration until abutting the developing hypothalamus. This transient structure is a very important ventral midline signalling center that expresses Hh and BMP antagonists. It is necessary for floor plate induction.

The expression of Hh ligands by both the PCP and the notochord induces the expression of Shh in the ventral forebrain (hypothalamus mainly) and the floor plate, respectively [START_REF] Bedont | Patterning, specification, and differentiation in the developing hypothalamus[END_REF] Figure 27 

Anterior neural border VS posterior Wnt signalling

The anterior neural border (ANB) is a small group of cells located at the anterior margin of the ANP. This signalling center is active around mid-gastrulation and is necessary for the induction and maintenance of the telencephalon [START_REF] Houart | A small population of anterior cells patterns the forebrain during zebrafish gastrulation[END_REF]. Indeed, the ANB secretes a Frizzled-related Wnt antagonist : Tlc, which is expressed from early gastrulation in the whole ANP before being restricted to the ANB at late gastrulation (Figure 27A,B,D,E) [START_REF] Houart | Establishment of the Telencephalon during Gastrulation by Local Antagonism of Wnt Signaling[END_REF]. The expression of this Wnt antagonist is induced by intermediate levels of BMP signalling from the non-neural ectoderm. In the absence of Tlc, the telencephalon is lacking, demonstrating the role of the ANB/ANR in antero-posterior patterning of the neural tissue.

Wnt signalling can act via two different pathways : the canonical β-catenin-dependent pathway, and two non-canonical β-catenin-independent pathways : the planar cell polarity pathway (PlCP) and the Ca 2+ pathway. In all of these pathways, a Wnt ligand binds to a Frizzled receptor (Figure 27H).

Tlc inhibits the action of Wnt8b and probably Wnt1, which both act via the β-catenin pathway and are expressed by cells from the prospective diencephalon and midbrain, a few cell rows away and posteriorly from the eye field. Wnt8b has been shown to act as a posteriorizing factor and an antagonist of telencephalic and eye fate, and Wnt1 is known to inhibit eye development. More generally, activation (by pharmacological treatments or via mutations) of the Wnt/β-catenin pathway during mid-gastrulationbefore the eye field specification-results in a shift from eye fate to diencephalic fate. Therefore, the Wnt/βcatenin pathway inhibits the eye fate [START_REF] Houart | Establishment of the Telencephalon during Gastrulation by Local Antagonism of Wnt Signaling[END_REF][START_REF] Cavodeassi | Early Stages of Zebrafish Eye Formation Require the Coordinated Activity of Wnt11, Fz5, and the Wnt/β-Catenin Pathway[END_REF]). On the other hand, another Wnt family member, Wnt 11, is also expressed in the posterior ANP, abutting the Rx3-expressing eye field. This Wnt ligand acts via the PlCP non-canonical pathway and promotes eye fate but also the cohesion of the eye field cells, therefore probably contributing to the subsequent morphogenesis of the eye. Moreover Wnt11 seems to act as a repressor of the Wnt/β-catenin pathway and therefore also contributes to the repression of posteriorizing Wnt signals [START_REF] Cavodeassi | Early Stages of Zebrafish Eye Formation Require the Coordinated Activity of Wnt11, Fz5, and the Wnt/β-Catenin Pathway[END_REF].

To summarize, telencephalic specification requires low levels of Wnt/β-catenin activity (Wnt8b/Wnt1), which is permitted by the expression of the Wnt antagonist Tlc in the ANB, while the diencephalon require high levels of Wnt/β-catenin activity which are present in the caudal ANP. Between these two territories, the eye fate is inhibited by Wnt/ β-catenin activity but is promoted by the non-canonical Wnt/PlCP pathway (Wnt11) activity (Figure 27F, G) [START_REF] Cavodeassi | Early Stages of Zebrafish Eye Formation Require the Coordinated Activity of Wnt11, Fz5, and the Wnt/β-Catenin Pathway[END_REF][START_REF] Houart | Establishment of the Telencephalon during Gastrulation by Local Antagonism of Wnt Signaling[END_REF].

Anterior Neural Ridge and Fgf signalling: an interplay with ventral Hh to pattern the anterior forebrain

The anterior neural ridge (ANR) seems to originate from or close to the ANB, around bud stage (10hpf in zebrafish). It is an anterior source of Fgf ligands such as Fgf8a and Fgf3 [START_REF] Danesin | A Fox stops the Wnt: implications for forebrain development and diseases[END_REF][START_REF] Walshe | Unique and combinatorial functions of Fgf3 and Fgf8 during zebrafish forebrain development[END_REF].

The ANR formation requires ANB activity, indeed, early expression of Tlc is required for the induction of Fgf8a expression, by preventing its repression by Wnt signalling (Figure 27C) [START_REF] Houart | Establishment of the Telencephalon during Gastrulation by Local Antagonism of Wnt Signaling[END_REF][START_REF] Shanmugalingam | Ace/Fgf8 is required for forebrain commissure formation and patterning of the telencephalon[END_REF].

An important interplay between Fgfs -secreted from the ANR-and Hh factors -secreted from the PCP and later on from the ventral forebrain-has been demonstrated, even though some studies seem to find contradictory results. There seems to be a consensus regarding the fact that Hh signalling from the ventral midline promotes Fgf8 and Fgf3 expression in the ANR, as several teams have shown by cyclopamine (Hh signalling inhibitor) treatments at slightly different stages and on different fish species. Miyake and colleagues performed this treatment on zebrafish embryos from 40-50% epiboly onwards and detected a reduction in ANR/telencephalic expression of both Fgf8 and Fgf3. Similarly, Hernández-Bejarano and colleagues applied cyclopamine on zebrafish from 1-3 ss onwards and analysed Fgf8 and the Fgf pathway target sprouty expressions at 12 ss. Both were down-regulated in the ANR/telencephalon at this stage. Finally, Pottin et al performed the Hh inhibition on Astyanax mexicanus cavefish from 80% epiboly until 5/6 ss at which point they analysed Fgf8 expression which was missing in the ANR/telencephalon. Therefore, the Hh pathway seems to promote the expression of Fgf8 and 3 at the ANR [START_REF] Hernández-Bejarano | Opposing Shh and Fgf signals initiate nasotemporal patterning of the zebrafish retina[END_REF][START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF][START_REF] Miyake | Fgf19 regulated by Hh signaling is required for zebrafish forebrain development[END_REF].

On the other hand, the influence or not of Fgf signalling on Shh expression seems more controverted. Indeed, Walshe and Mason showed a decrease of Shh hypothalamic expression at 30hpf in Fgf3/8 zebrafish morphants, but also a decrease in Twhh in the posterior ORR at the same stage [START_REF] Walshe | Unique and combinatorial functions of Fgf3 and Fgf8 during zebrafish forebrain development[END_REF]. The use of such morpholino treatment does not allow for the temporal resolution of the window at which Fgf signalling is important for Shh expression. Our team also tackled the question of the influence of Fgf signalling on Shh expression by treating Astyanax mexicanus cavefish with SU5402 -an inhibitor of Fgf receptor 1-both from 80% epiboly to 5/6 ss and from shield stage to 5/6 ss with several concentrations. The analysis of Shh expression was performed at 5/6 ss and showed a dose-dependent decrease in Shh rostral expression, which was more prominent with the shield-stage treatment [START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF]. Conversely, Hernández-Bejarano and colleagues evidenced the absence of effect of SU5402 treatment on both Shh expression and on the Hh pathway downstream effector Ptch2 expression. In this case, the Fgf pathway inhibition was performed from 1/2 ss zebrafish embryos onwards (i.e., much later than in the previous examples) and analysed at 10/12 ss.

One explanation for this apparent discrepancy of results is that Fgf induction of Shh might occur earlier than 1/2 ss since Fgf3 is expressed as early as 80% epiboly and Fgf8 from bud stage. This timing of expression and action could explain why Walshe and Mason observed almost no effect on Shh expression in Fgf8 single morphant, as the time window between its expression and the 1/2 ss at which it does not influence Shh anymore, is very short. This is consistent with the stronger reduction of Shh observed in Fgf3 morphants by the same authors and with the stronger effect of the shield stage treatment on the cavefish, which would account for a longer time of action of Fgf3 before the stage 1/2 ss. This could also explain why their double Fgf8/3 morphants display the strongest reduction : the early and long-lasting effect of Fgf3 combined with a shorter but nevertheless existing action of Fgf8 would add-up to promote Shh expression before the onset of somitogenesis [START_REF] Walshe | Unique and combinatorial functions of Fgf3 and Fgf8 during zebrafish forebrain development[END_REF][START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF][START_REF] Hernández-Bejarano | Opposing Shh and Fgf signals initiate nasotemporal patterning of the zebrafish retina[END_REF].

In conclusion, it seems that Fgf3/8 promote anterior Shh and Twhh expression before somitogenesis and that reciprocally, Shh promotes Fgf3/8 expression, even though Shh and Fgf8 expression domains are mutually exclusive, at least during bud-stage/somitogenesis. In other words, Shh expression does not cross the optic recess and stays ventral/posterior to it, while Fgf8 stays dorsal/anterior to the recess, without overlapping (Figure 28). These two morphogen signals then promote the expression of different transcription factor (TF) that specify different regions of the forebrain [START_REF] Walshe | Unique and combinatorial functions of Fgf3 and Fgf8 during zebrafish forebrain development[END_REF][START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF][START_REF] Miyake | Fgf19 regulated by Hh signaling is required for zebrafish forebrain development[END_REF]. Some of these important TFs are FoxG1 and FoxD1. 

FoxG1

FoxG1 is expressed very early (tailbud stage) in the prospective telencephalon, while later on, around 10 ss, it becomes expressed in the dorsal OV : in the prospective anterior ORR and nasal retina where it stays expressed later on.

FoxG1 and Hh signalling

A publication focusing mostly on the telencephalic aspects reported that FoxG1 expression was promoted by Hh signalling [START_REF] Danesin | Integration of Telencephalic Wnt and Hedgehog Signaling Center Activities by Foxg1[END_REF]) while another study, focusing rather on the retina reported no influence of Hh on FoxG1 expression in this region [START_REF] Hernández-Bejarano | Opposing Shh and Fgf signals initiate nasotemporal patterning of the zebrafish retina[END_REF]. In the first study, cyclopamine was applied on zebrafish embryos from bud stage onwards and analysis at 5 ss showed a clear reduction of FoxG1 expression. In the second article, the treatment was performed from 1/3 ss onwards and analysed at 10/12 ss where no obvious reduction of FoxG1 expression domain either in the telencephalon or in the nasal retina could be observed. Again, this could be due to time-dependent interaction between Shh and FoxG1, where Hh signalling could play an important role during the initiation of FoxG1 expression in the telencephalon. Of note, in the same article, supplementary data are provided showing that a mosaic overexpression of Shh throughout the brain seems to increase FoxG1 expression in the telencephalon but not in the retina. This could also suggest a different effect of Shh on FoxG1 depending on the regional identity of the cells (Figure 28).

FoxG1 and Fgf signalling

The role of Fgf factors in the regulation of FoxG1 expression has also been evidenced. Several articles in zebrafish demonstrate the induction of FoxG1 in the nasal retina by Fgf signalling, either through SU5402 treatments or by analysis of simple Fgf8 mutant (Ace) or triple knock-out/knock-down of Fgf3/8/24. The treatments were performed either between 1/2 ss and 10/12 ss or between 5 and 10 ss; both resulted in a reduction of FoxG1 expression in the retina visible at 10/12 ss and at 28 hpf respectively. Similarly, expression knock-out or knock-down resulted in a smaller domain of FoxG1 expression at 28 hpf. In mice, Fgf8 also seems to play a role in FoxG1 telencephalic expression [START_REF] Hernández-Bejarano | Opposing Shh and Fgf signals initiate nasotemporal patterning of the zebrafish retina[END_REF][START_REF] Picker | Fgf signals from a novel signaling center determine axial patterning of the prospective neural retina[END_REF][START_REF] Storm | Dose-dependent functions of Fgf8 in regulating telencephalic patterning centers[END_REF][START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF]) . FoxG1 expression is therefore under the influence of Fgf signalling, at least in the zebrafish retina but also possibly in its telencephalon. Of note, and in turn, FoxG1 seems to directly or indirectly downregulate Fgf8 expression in the ANR/telencephalon as FoxG1 morphants display an increase in Fgf8 expression [START_REF] Danesin | Integration of Telencephalic Wnt and Hedgehog Signaling Center Activities by Foxg1[END_REF]).

To my knowledge, the question of which pathway(s) is/are directly activating FoxG1 expression has not been answered. These effects of Hh and Fgf on FoxG1 expression could either be the result of the mutual activation of these two morphogens, with only one of these pathways directly activating FoxG1 expression, or alternatively they could both cooperate in activating the expression of this TF. Another possibility is that Hh signalling in the PCP, very close to the telencephalic anlage during neural plate stage, could influence FoxG1 expression there; but after the morphogenesis of the optic vesicles, the PCP seems too far to actually influence the dorsal OV and promote FoxG1 expression.

FoxD1

FoxD1 is expressed in the temporal retina and in the optic stalk. Its expression starts around 10 ss. Hernández-Bejarano and colleagues demonstrated that this FoxD1 expression is dependent on Hh signalling but only in the presence of Fgf signalling, as the double inhibition of these two pathways results in a normal expression of FoxD1 (Figure 28C) [START_REF] Hernández-Bejarano | Opposing Shh and Fgf signals initiate nasotemporal patterning of the zebrafish retina[END_REF].

FoxG1 and FoxD1 expressions are mutually exclusive

In the retina, the dorsal/nasal FoxG1 and the ventral/temporal FoxD1 repress each other to establish a clear boundary between them, originally approximatively at the recess.

As FoxD1 expression is promoted by Hh, this could also explain why a possible effect of Hh on the retinal FoxG1 is not seen. It is possible that this effect is still present but that the inhibition of FoxG1 by FoxD1 prevents us from seeing it. Indeed, when Hh signalling is absent, there is no FoxD1 but FoxG1 does not invade the ventral/ temporal retina while in chicks, the removal of FoxD1 without altering Hh signalling leads to the invasion of the temporal retina by FoxG1 [START_REF] Hernández-Bejarano | Opposing Shh and Fgf signals initiate nasotemporal patterning of the zebrafish retina[END_REF][START_REF] Herrera | Foxd1 is required for proper formation of the optic chiasm[END_REF]).

In the next paragraphs, I will detail the influence of these morphogens on the forebrain.

Fgfs and the telencephalon

Both Fgf8 and Fgf3 are not required for the establishment of telencephalic fate but rather, they contribute to its regionalization by specifying the subpallial telencephalon [START_REF] Walshe | Unique and combinatorial functions of Fgf3 and Fgf8 during zebrafish forebrain development[END_REF]. Both Fgf8 and Shh are required for the induction of FoxG1 throughout the telencephalon and anterior ORR, with high-ventral to low-dorsal gradient, with an absence of expression at the roof plate. The telencephalon roof is another signalling center of the brain, secreting both Wnt and BMP ligands which could repress FoxG1. FoxG1 has been proven to inhibit Wnt expression and to restrict it to the telencephalon roof which is responsible for the induction of the pallial fate. FoxG1 is involved in the development of the ventral telencephalon and is essential for the specification of the subpallium. This TF is integrating several signals (Hh, Wnt, Fgf) and that way, allows to regulate the proportions between pallial and subpallial identities [START_REF] Danesin | A Fox stops the Wnt: implications for forebrain development and diseases[END_REF][START_REF] Sylvester | Competing signals drive telencephalon diversity[END_REF].

Fgfs and the ORR

In Fgf8 (Ace) mutants the ORR is extremely reduced, the optic recess is more closed in its ventral part and adopts a different shape with no caudal-wards bending of its ventral-most part. The anterior and post-optic commissures are not correctly established and Pax2a, a marker of the optic stalk, is disrupted at the midline. This could either be a direct effect of Fgf8 absence, or an indirect one, through the reduction of Shh and Twhh signaling in the posterior ORR [START_REF] Shanmugalingam | Ace/Fgf8 is required for forebrain commissure formation and patterning of the telencephalon[END_REF]. A combination of Fgf8 and Fgf3 morpholinos was also shown to be more efficient at reducing Twhh than either one alone; in parallel, each of these morpholino resulted in a reduction of the size of the ORR [START_REF] Walshe | Unique and combinatorial functions of Fgf3 and Fgf8 during zebrafish forebrain development[END_REF]. These studies indicate a role for both Fgf3 and Fgf8 signalling for the correct development of the ORR.

Morphogens,

signalling centers and eye development

Eye regionalization

During eye regionalization, several signalling centers and morphogens come into play. As previously discussed, Fgfs from the ANR and Hhs from the midline are involved in regulation of FoxG1 and FoxD1, respectively and therefore in the nasal/temporal patterning of the retina. These two signalling centers are also involved in the patterning of other quadrants. In addition to the ANR and the midline signalling, the olfactory placode, the extraocular ectoderm, dorsal retina, ventral and RPE also participate in the delimitation of the quadrants.

In a simplified way, one could describe the patterning of the eye as follow :

-The ANR specifies the nasal quadrant Of course, this process is more complicated and involves many interactions between the different morphogens and the TFs.

The nasal quadrant

The nasal fate of the eye is promoted by Fgf8 and Fgf3 which are both expressed in the ANR/telencephalon, but also by Fgf24 which is expressed in the olfactory placode. The effect of these different Fgf is additive as the loss of nasal identity and gain of temporal identity increases when their loss of function are combined [START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF]). Of note, the loss or gain or nasal/temporal identities always involves a shift at the level of the dorsal retina/distal OV. This probably reflects the impossibility for the morphogen ligands to cross the optic recess so that they have to reach the distal rim of the OV before diffusing in the opposite leaflet.

Gdf6a, a BMP-family ligand expressed dorsally is also responsible for the dorsal restriction of FoxG1 expression, as Gdf6a morphants show dorsally-expanded FoxG1 expression [START_REF] Asai-Coakwell | GDF6, a Novel Locus for a Spectrum of Ocular Developmental Anomalies[END_REF]).

The dorsal eye

The dorsal quadrant of the eye can be labelled by Tbx5 as early as 12hpf, but other Tbx factors are also expressed there [START_REF] Veien | Canonical Wnt signaling is required for the maintenance of dorsal retinal identity[END_REF].

The dorsal identity of the eye is largely controlled by BMP signals but also by Wnt signalling. The initiation of dorsal identity acquisition seems to be due to Gdf6a signalling, emanating from the extraocular ectoderm ; this tissue being itself specified by Bmp2b. Gdf6a is first expressed lateral to the OV, in contact with the dorsal leaflet of the OV, where the future dorsal retina is induced, at 4-5 ss. Gdf6a then induces the expression of various dorsal markers in the retina such as itself and Bmp2b (which are also expressed within the dorsal retina) but also Tbx5a, Tbx2a or BMP4 (Figure 29 If BMP signalling is responsible for the acquisition of dorsal fate, Wnt is necessary for the maintenance of this identity.

Wnt2 and Wnt8b are both expressed in the dorsal RPE from 10-14 ss. This Wnt signalling from the RPE starts after the initial acquisition of the dorsal identity but is required for the maintenance of several dorsal retina makers such as BMP4, Gdf6a and Bmp2b. Conversely, inhibition of Wnt pathway, even after 18 ss, triggers an important expansion of the ventral marker Vax2 both on the nasal and temporal quadrants [START_REF] Veien | Canonical Wnt signaling is required for the maintenance of dorsal retinal identity[END_REF].

The action of BMPs and Wnts in the eye is also modulated by Sfrps (Secreted frizzled-related protein), which are soluble modulators of Wnt primarily but also of BMP signalling. Sfrp1a and Sfrp5 are both expressed from 6 ss in the ventral eye, with a wider expression domain for Sfrp1a. It was proposed that the high ventral to low dorsal gradient of these factors could help the establishment of dorso-ventral boundaries. Indeed, they function as Wnt and BMP inhibitors at high concentration but they enable them and act as facilitators of their signalling at low concentration. They would therefore allow the repression of dorsal fate in the ventral retina but facilitate its acquisition and maintenance dorsally (Figure 30) [START_REF] Holly | Sfrp1a and Sfrp5 function as positive regulators of Wnt and BMP signaling during early retinal development[END_REF].

Hh is also an important player in the dorso-ventral patterning. Regarding the dorsal fate, its effect is only very precocious as shown in Xenopus. Indeed, treatment with a Hh agonist (purmorphamine) starting at blastula or early neurula stages leads to a decrease in the dorsal Tbx3 expression, while later treatment does not affect Tbx3 anymore [START_REF] Wang | Dorsoventral patterning of the Xenopus eye involves differential temporal changes in the response of optic stalk and retinal progenitors to Hh signalling[END_REF]. Fgf signalling is also able to modify dorsal fate by modulating its span and position. Fgf inhibition between 5 ss and 10 ss leads to a nasal-wards shift of Tbx5 expression domain without modifying its span. Ace mutants on the other hand, display a reduction of Tbx5 domain without altering its position [START_REF] Picker | Fgf signals from a novel signaling center determine axial patterning of the prospective neural retina[END_REF].

Similarly to the nasal/temporal patterning, where these two opposite fates are mutually exclusive, a similar mechanism seems to be at play in the dorso/ventral patterning of the retina, even though the dorsal and ventral boundaries seem further away from each other. This is the case at least in chicks where cVax overexpression inhibits Tbx5 expression [START_REF] Schulte | Misexpression of the Emx-Related Homeobox Genes cVax and mVax2 Ventralizes the Retina and Perturbs the Retinotectal Map[END_REF]) and conversely Tbx5 overexpression leads to a decrease in cVax [START_REF] Koshiba-Takeuchi | Tbx5 and the retinotectum projection[END_REF]. I am not aware of any similar experiments in fishes.

The ventral eye

Vax2 is often used as a marker of the ventral eye, although its expression is not strictly restricted to the ventral retina but also encompasses the optic stalk and the ORR. Vax1 presents a more restricted pattern with an expression in the OS and the ORR but not in the ventral retina. To my knowledge, there are no identified transcription factor whose expression is strictly restricted to the ventral retina and excluded from both the OS and ORR. This illustrates how much the dorso-ventral patterning corresponds in fact to the proximo-distal patterning of the whole optic region, comprising the retina, the optic stalk and the optic recess region; hence the utility of considering this entire optic region as a morphogenetic unit.

The Hh pathway is involved in the acquisition of the ventral identity. Hh has a clear role in promoting the ventral/ proximal fate; indeed, Shh overexpression leads to a shift in identity towards a more proximal fate with an expansion of Vax2 expression into the dorsal retina and an expansion of Vax1 into the ventral retina, showing not only a modification of the retinal regionalization but also a modification of the identity of the tissue (Figure 31) [START_REF] Take-Uchi | Hedgehog signalling maintains the optic stalk-retinal interface through the regulation of Vax gene activity[END_REF]. In Xenopus, time-specific treatments with a Hh agonist showed that Hh pathway can influence the proximo-distal fate of the OV at early stages and that Vax1 window of activation is earlier than that of Vax2. Vax1 expression was increased when the treatment was active between early gastrula and early neurula stages; any later treatment had little effect. On the other hand, Vax2 expression was increased in treatments performed between blastula and late neurula stages [START_REF] Wang | Dorsoventral patterning of the Xenopus eye involves differential temporal changes in the response of optic stalk and retinal progenitors to Hh signalling[END_REF].

Fgf signalling does not affect Vax2 expression in the ventral retina, specifically [START_REF] Take-Uchi | Hedgehog signalling maintains the optic stalk-retinal interface through the regulation of Vax gene activity[END_REF][START_REF] Picker | Fgf signals from a novel signaling center determine axial patterning of the prospective neural retina[END_REF].

The BMP pathway represses the ventral fate. In Gdf6a mutants, Vax2 expression is expanded dorsally, sometimes even invading the whole eye [START_REF] Kruse-Bend | Extraocular ectoderm triggers dorsal retinal fate during optic vesicle evagination in zebrafish[END_REF][START_REF] Gosse | An essential role for Radar (Gdf6a) in inducing dorsal fate in the zebrafish retina[END_REF][START_REF] French | Gdf6a is required for the initiation of dorsal-ventral retinal patterning and lens development[END_REF] The retinoic acid (RA) pathway has also been involved in the control of the ventral identity of the eye, in Xenopus, as the Vax2 expression domain is increased upon RA treatment [START_REF] Lupo | Dorsoventral patterning of the Xenopus eye: a collaboration of Retinoid, Hedgehog and FGF receptor signaling[END_REF]. 

Morphogens, optic stalk and coloboma

The stalk identity and Pax2 regulation

The acquisition of optic stalk identity is also regulated by different morphogens. The most classical marker to label this structure is Pax2a. This structure is under the control of ventral midline signalling as evidenced by the study of Cyclops (Nodal pathway) mutants or by Shh injections. In the case of cyclops mutant where Shh expression at the midline is lacking, cells located in the region of the presumptive optic stalk finally adopt a neural retina identity. These embryos display a cyclopic phenotype with the two retinae fused at the position that MacDonald et al. describe as "ly[ing] ventral to the telencephalon and occupy[ing] the position of cells that normally form the optic stalks and ventral/anterior hypothalamus" [START_REF] Macdonald | Midline signalling is required for Pax gene regulation and patterning of the eyes[END_REF]. This position corresponds to the region that Affaticati and colleagues describe as the ORR [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF] and was shown to express the neural retinal/RPE marker Pax6 (Figure 32) [START_REF] Macdonald | Midline signalling is required for Pax gene regulation and patterning of the eyes[END_REF]. This means that midline signalling is necessary for the acquisition of ORR and OS identity and for the subsequent morphogenetic events associated with these regions, such as separation of the OV from the ORR.

Conversely, zebrafish injected with Shh mRNA exhibit several defects : their OV are smaller, the optic stalk/ medial region of the OV are hypertrophied and the OV do not manage to separate from the medial ORR and they display a strong expansion of Pax2a expression throughout the retina (Figure 32). The OV connections to the medial brain are extremely thick and persist at 24 hpf in the Shh-injected embryos while the RPE separates the neural retina from the OS. Also, the optic recess stays connected between the two eyes. Indeed, MacDonald and colleagues describe that the optic stalk is expanded at the expense of the RPE, which could explain the persistence of the continuous optic recess [START_REF] Macdonald | Midline signalling is required for Pax gene regulation and patterning of the eyes[END_REF]. Hh signalling from the midline is therefore essential for the correct specification of the optic stalks.

Of note, a pharmacological inhibition of Fgf signalling results in a down-regulation of Pax2a in the OS and OF margins of zebrafish (Sanek et al., 2009, supp data), and similar results were obtained in FgfR mutant mice [START_REF] Cai | Deficient FGF signaling causes optic nerve dysgenesis and ocular coloboma[END_REF].

The optic recess region and Vax genes

Vax genes (Vax1 and Vax2) are both expressed in the OS and ORR, Vax 2 is also expressed in the ventral retina. As I already mentioned both Vax1 and Vax2 expression in the ORR is controlled by Shh but also by Fgf signalling as treatments with an Fgf inhibitor from 70% epiboly to 24hpf are able to suppress Vax1 and Vax2 expression specifically in the ORR and medial OS but not in the distal OS or in the retina [START_REF] Take-Uchi | Hedgehog signalling maintains the optic stalk-retinal interface through the regulation of Vax gene activity[END_REF]. The correct expression of Vax genes in the ORR but also of Fgf8 in the OS and ORR requires Lhx2 expression. Indeed, Lhx2 mutants (bel) display a specific loss of Vax genes and fgf8 expression in these regions associated with a strong reduction in the proliferation of these regions. Lhx2 itself is under the control of Fgf signalling [START_REF] Take-Uchi | Hedgehog signalling maintains the optic stalk-retinal interface through the regulation of Vax gene activity[END_REF][START_REF] Seth | belladonna/(Ihx2) is required for neural patterning and midline axon guidance in the zebrafish forebrain[END_REF], also in Astyanax [START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF]. Vax1 and Vax2 are required to limit retinal specification/ development to the OC, and knock-down of these TFs leads to the invasion of the presumptive ORR/OS by retinal neurons that can go as far as reaching the optic chiasm [START_REF] Take-Uchi | Hedgehog signalling maintains the optic stalk-retinal interface through the regulation of Vax gene activity[END_REF].

The Optic Fissure closure and coloboma

The completion of OF closure depends on a series of steps including the correct proximo-distal patterning of the optic region and the correct specification of the OS and the OF lips, a correct morphogenesis that brings the OF lips in contact and a correct fusion of the nasal and temporal lips.

The effect of incorrect proximo-distal patterning on the OF closure has been evidenced in many studies. Indeed, if a shift towards distal fates can result in cyclopic phenotypes, it can also, in milder cases, result in defective OF closure (coloboma) [START_REF] Gregory-Evans | Ocular coloboma: a reassessment in the age of molecular neuroscience[END_REF]). Surprisingly, a shift towards proximal fate can also result in coloboma [START_REF] Lee | Zebrafish blowout provides genetic evidence for Patched1-mediated negative regulation of Hedgehog signaling within the proximal optic vesicle of the vertebrate eye[END_REF][START_REF] Take-Uchi | Hedgehog signalling maintains the optic stalk-retinal interface through the regulation of Vax gene activity[END_REF]. Of course, Shh and midline signalling play a major role in this patterning and therefore in these phenotype but Gdf6a and dorsal signalling are also logically involved.

The importance of proximo-distal patterning in this phenotype is probably due to the role of Vax1, Vax2 and Pax2a genes which have all been implicated in coloboma-related defects. First, let us consider the shift towards a proximal/ventral fate : Vax2 overexpression in Xenopus leads to coloboma [START_REF] Barbieri | A homeobox gene, vax2, controls the patterning of the eye dorsoventral axis[END_REF], this is also the case for Pax2 overexpression in chicks [START_REF] Sehgal | Ectopic Pax2 expression in chick ventral optic cup phenocopies loss of Pax2 expression[END_REF]) which is consistent with the fact either Hh pathway hyperactivation [START_REF] Lee | Zebrafish blowout provides genetic evidence for Patched1-mediated negative regulation of Hedgehog signaling within the proximal optic vesicle of the vertebrate eye[END_REF] or Gdf6a knock-down [START_REF] Asai-Coakwell | GDF6, a Novel Locus for a Spectrum of Ocular Developmental Anomalies[END_REF]) in zebrafish lead to such phenotype. If, on the contrary, we now consider the shift towards a distal fate : Vax1 and/or Vax2 knock-down leads to defect in the OF closure in zebrafish as in mice [START_REF] Take-Uchi | Hedgehog signalling maintains the optic stalk-retinal interface through the regulation of Vax gene activity[END_REF][START_REF] Hallonet | Vax1, a novel homeobox-containing gene, directs development of the basal forebrain and visual system[END_REF], which is also the case in Pax2a mutants [START_REF] Viringipurampeer | Pax2 regulates a fadd-dependent molecular switch that drives tissue fusion during eye development[END_REF][START_REF] Macdonald | The Pax protein Noi is required for commissural axon pathway formation in the rostral forebrain[END_REF]) and in heterozygous Shh human mutants (in which holoprosencephaly includes a coloboma) [START_REF] Gregory-Evans | Ocular coloboma: a reassessment in the age of molecular neuroscience[END_REF]).

Vax2 and Pax2a roles in OF closure start to be deciphered. Indeed, Pax2 seems to be necessary for contactdependent degradation of the basal lamina on the lips of the OF fissure [START_REF] Gregory-Evans | Ocular coloboma: a reassessment in the age of molecular neuroscience[END_REF]). Pax2a also cooperates with Vax2 to activate the expression of the fas-associated death domain (fadd) gene. Fadd is involved in promoting apoptosis and inhibiting the programmed necrosis (necroptosis), in the eye, it also seems to be responsible for limiting the proliferation. Viringipurampeer and colleagues showed that both Fadd mRNA injection and pharmacological inhibition of necroptosis are able to rescue the coloboma phenotype of pax2a zebrafish mutants; and that conversely, Fadd knock-down in wild-type (WT) fishes prevents the OF closure. Additionnaly, Pax2a mutants exhibit abnormally high levels of necroptosis at the margin of the OF, and conversely, in WT fish, no cell death was detected specifically in the vicinity of the OF [START_REF] Viringipurampeer | Pax2 regulates a fadd-dependent molecular switch that drives tissue fusion during eye development[END_REF][START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF]. This highlights a role of Vax and Pax genes in the regulation of cell death through Fadd activation [START_REF] Viringipurampeer | Pax2 regulates a fadd-dependent molecular switch that drives tissue fusion during eye development[END_REF].

Several other genes involved in the control of either Hh genes or Vax/Pax2 genes have also been implicated in coloboma phenotypes such as Sox4 and Sox11 or Zic2 genes which repress Hh signalling and whose morphants or mutants display coloboma [START_REF] Wen | Sox4 regulates choroid fissure closure by limiting Hedgehog signaling during ocular morphogenesis[END_REF][START_REF] Pillai-Kastoori | Sox11 Is Required to Maintain Proper Levels of Hedgehog Signaling during Vertebrate Ocular Morphogenesis G[END_REF][START_REF] Sedykh | Zebrafish zic2 controls formation of periocular neural crest and choroid fissure morphogenesis[END_REF]. Also in mice, Fgf signaling alteration leads -independantly of Hh or BMP signalling-to defects of OF closure through down-regulation of Pax2 [START_REF] Cai | Deficient FGF signaling causes optic nerve dysgenesis and ocular coloboma[END_REF].

Retinoic acid (RA) also plays a role both in the induction of ventral retina/OS and in the induction of periocular mesenchyme (POM) genes. Lupo and colleagues showed that knock-down of some of the RAinduced POM genes resulted in a coloboma, highlighting a role for this tissue, along with RA signalling in the closure of OF [START_REF] Lupo | Retinoic acid receptor signaling regulates choroid fissure closure through independent mechanisms in the ventral optic cup and periocular mesenchyme[END_REF]. From [START_REF] Macdonald | Midline signalling is required for Pax gene regulation and patterning of the eyes[END_REF][START_REF] Fulwiler | Retinal patterning in the zebrafish mutant cyclops[END_REF][START_REF] England | A dynamic fate map of the forebrain shows how vertebrate eyes form and explains two causes of cyclopia[END_REF][START_REF] Heermann | Eye morphogenesis driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic protein[END_REF] 

Morphogens, morphogenesis

The recent advances in the field of live microscopy have allowed to better study the morphogenetic movements underlying the correct acquisition of various shapes in the embryos but to this day, very few publications have studied these movements in relationship to morphogen signalling.

Neurulation

The morphogenetic events leading to a correct rearrangement of the forebrain territories are controlled by several pathways. The effects of nodal signalling impairment in cyclops (cyc) mutants have been studied by England and colleagues.

In cyc mutants, the hypothalamus is not induced and the initiation of the neural keel formation takes place not at the tip of the hypothalamus as in WT, but within the eye field. The medial eye field then undergoes a mild subduction beneath the remaining eye field and telencephalon that is reduced in amplitude compared to WT hypothalamic subduction. Consequently, the neural keel never manages to emerge "anterior" to the eye field and telencephalon. In this mutant, the eye field never fully splits; a portion remains medially and anteriorly, creating a band of tissue connecting the two eyes. Thus the lack of nodal signal, maybe through the lack of hypothalamic identity, results in a defect in the subduction movement, both in the initial point of migration and in the amplitude of the movement (Figure 33 A-C).

morphogens and optic cup morphogenesis

BMPs

Heermann and colleagues sought to study the role of BMP signalling in the optic cup morphogenesis. To this end, they expressed BMP4 (which is normally restricted to the dorsal retina) throughout the eye with an Rx2:BMP4 line. They then performed live 3D imaging on these fishes and compared them to WT. They observed a strong reduction in the epithelial flow toward the lens-facing epithelium during the optic cup invagination/rim movement (Figure 33G). This eventually resulted in a large portion of the temporal but also a small portion of the nasal outer OC layer remaining in the presumptive RPE domain but still differentiating into neural retina. This reduction of cell flow seriously impaired the ability of the temporal OF margin to converge towards its nasal counterpart and to juxtapose, therefore resulting in a coloboma (Figure 33 H). In this study, they find that in WT embryos, the epithelial flow is less important in the dorsal/distal retina, which correlates with BMP activity there, and with a dorsal gap of expression of the BMP antagonist Follistatin-a (Figure 33F). They therefore propose that repression of BMP activitypotentially mediated by Follistatin-a-is necessary for the flow of outer OC epithelium into the lens-facing epithelium during rim movement, in order for the neural retina to be correctly located and to achieve proper OF margins juxtaposition and OF closure [START_REF] Heermann | Eye morphogenesis driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic protein[END_REF]. The dorsal activity of BMP could prevent the nearby presumptive RPE from flowing into the lens-facing epithelium; indeed, the RPE domain adopts a different movement within the outer OC towards more proximal/prospective ventral regions before starting to engulf the neural retina [START_REF] Cechmanek | Retinal pigment epithelium expansion around the neural retina occurs in two separate phases with distinct mechanisms[END_REF].

FGFs

Picker and colleagues showed the implication of Fgf signalling in the rim movement bringing prospective temporal retina cells into the lens-facing epithelium. Indeed, upon inhibition of the Fgf receptor 1, they observe an enhanced movement of the prospective temporal cells into the lens-facing epithelium, conversely, when they implanted Fgf8 beads beneath the ventral optic vesicle (prospective temporal), they observed a delay in this movement but not an abolition as the temporal cells finally manage to reach their correct final position at 36 hpf. Their results suggest that Fgf signalling regulates the kinetics of but not in the extent of the rim movement [START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF]. 

The Astyanax cavefish

General introduction

During my Phd, I used the Mexican tetra model : Astyanax mexicanus. In this term we regroup both the cave-dwelling forms (CF, cavefish) which are blind and depigmented at adult stage (they develop eyes during embryogenesis that subsequently degenerate), and the surface forms (SF, surface fish) which inhabit Central American rivers and are sighted and pigmented (Figure 34A). There are actually 30 known cave populations that all seem to be interfertile with the surface population and with each other (for the tested crosses); for that reason, they are often considered a same species. However, species are a human-designed concept that finds its limits in a context of micro-evolution such as ours, where surface and cave populations but also different cave populations could probably be described as different species. In this context of smallscale evolution, I will consider all of the above mentioned fishes to be different populations of the same A. mexicanus species.

As mentioned, 30 caves containing Astyanax mexicanus species have been discovered in the Huasteca region of Mexico but many more definitely must exist and are simply less accessible or less conspicuous (as evidenced by the discovery of the "Chiquitita" cave by Luís Espinasa during our 2016 field trip, which is a simple hole under a tree in someone's garden but that contains cavefishes). These caves belong to different "Sierras" (mountain range): Sierra de El Abra, Sierra de Guatemala and the Micos area. Genetic analyses of these different populations point to two to five independent origins of the cave populations, correlated with these regions [START_REF] Bradic | Gene flow and population structure in the Mexican blind cavefish complex (Astyanax mexicanus)[END_REF]. The extremely similar phenotype acquired by cave populations originating from independent invasions give a very good example of convergence (Figure 34B). One striking example is albinism : in two independent populations, Pachón from the El Abra group and Molino from the Guatemala group, the albino phenotype is linked to the loss of function of the Oca2 gene but the mutations in the two populations are different : the 24 th exon is lost in the Pachón population and a few SNPs have appeared while in Molino population, the 21 st exon is deleted [START_REF] Protas | Genetic analysis of cavefish reveals molecular convergence in the evolution of albinism[END_REF].

For the rest of this manuscript, I will mostly focus on the Pachón population since this is the one we study in the team.

Origins

It is believed that an ancestral from of surface A. mexicanus got trapped in caves during some flooding events and managed to survive there and adapt. However, the age of the cavefish populations has been a very controversial topic in the community. Looking at the literature, dates between 10,000 and 1-2 million years are mentioned, with references to an "old" and a "new" lineage of cavefish. The approximate time after divergence between the cave and river populations has been estimated to be 525,000-710,000 years after examination of a small number of nuclear loci [START_REF] Avise | EVOLUTIONARY GENETICS OF CAVE-DWELLING FISHES OF THE GENUS ASTYANAX[END_REF][START_REF] Chakraborty | Dynamics of gene differentiation between incompletely isolated populations of unequal sizes[END_REF], but with a very large standard error bringing the confidence interval from a few thousand years to more than a million years ago. The hypothesis of very old cave populations has been set forward by studies on mitochondrial DNA that dated the divergence to several million years ago [START_REF] Strecker | Phylogeography of surface and cave Astyanax (Teleostei) from Central and North America based on cytochrome b sequence data[END_REF]).

However recent studies by [START_REF] Fumey | Evidence for late Pleistocene origin of Astyanax mexicanus cavefish[END_REF], on both microsatellite polymorphisms and SNPs in transcriptome sequences in cave and surface populations show a much more recent separation of the surface and cave populations, ranging from 1,000 to 30,000 years. Indeed, in their microsatellite study, they used a simulation program that allows the estimation of effective population sizes (ie, the number of individuals in a population who contribute offspring to the next generation), migration rates and divergence times from the dataset, depending on the mutation rate assumed. The effective population size estimated was 150 for Pachón cavefish and around 11,000 for surface fish, the migration rate was very low and the divergence time was estimated around 5,000 years. Similar divergence times were found with this method for 6 caves, ranging from 1,000 to 10,000 years. They confirmed this analysis for the Pachón cave by looking at SNPs from cave fish and surface fish transcriptomes. Indeed, in this second approach, they simulated genetic drift in time for two separated populations and an outgroup with different parameters of migration and population size; from these simulations, they retrieved the frequencies of diverse "situations" (8 different in total) across time, such as "derived allele fixed in CF, ancestral allele fixed in SF"(SNP class 1, Figure 35B), "polymorphism in CF, fixed derived allele in SF" (SNP class 4), or "shared polymorphism between CF and SF" (SNP class 7). They then examined the correspondence between the observed frequencies from the transcriptome dataset and the simulated values obtained at each time point and for each set of parameters. The best fits they obtained were around 20,000 years (Figure 35 C) and the fit was decreasing with increased time of divergence, confirming their previous analysis on microsatellites and the idea that the cave colonization by surface A. mexicanus is very recent [START_REF] Fumey | Evidence for late Pleistocene origin of Astyanax mexicanus cavefish[END_REF]).

These findings are in rupture with the previous assumption of an old and new lineage since Pachón, which was supposed to belong to the "old" lineage, seems to have a very recent origin. This seems consistent with the moderate degree of troglomorphism of the A. mexicanus cavefish, which for example still possesses scales even if slightly smaller (10% smaller than surface fish)(Figure 36 C, D), while many other cave fishes such as the Somalian cavefish (Preatichtys andruzzii) or the Halong bay cavefish (Draconectes narinosus) have lost theirs, potentially due to lower predation in caves(Figure 36 A, B) [START_REF] Simon | Comparing growth in surface and cave morphs of the species Astyanax mexicanus: insights from scales[END_REF][START_REF] Kottelat | Draconectes narinosus, a new genus and species of cave fish from an island of Halong Bay, Vietnam (Teleostei: Nemacheilidae)[END_REF][START_REF] Wilkens | K9XJgJySRIeFdoKWDg&hl=fr&sa=X&ved=0ahUKEwiLyb6l9pnaAhUCI8AKHaHgAPcQ6AEIZTAK#v=on epage&q=cavefish scales&f=false[END_REF]. Similarly, Pachón cavefish do not exhibit many loss-of-function mutations of eye-specific genes such as crystallins or opsins, which would be expected in old cave population since these genes are probably not under selection anymore in the absence of light and vision [START_REF] Hinaux | Lens defects in Astyanax mexicanus Cavefish: evolution of crystallins and a role for alphaA-crystallin[END_REF][START_REF] Fumey | Evidence for late Pleistocene origin of Astyanax mexicanus cavefish[END_REF].

Cave environment

The cave environment is primarily characterized by total and permanent darkness so that the main challenges of the cavefishes are probably to find food and mates in the dark. Indeed, if food is readily available at the surface with smaller fishes, insects or animal and vegetal debris falling in the water, the darkness of the caves implies no photosynthesis and no primary production there. This has strong consequences in terms of food availability, so that cave organisms depend on organic material transported inside the caves by animals or water, making different caves probably very different environments, offering very different types of resources to the cavefish living there. As a matter of fact, different caves can harbour very differently-sized bat colonies, if any; for example Subterráneo cave barely hosts any bats, while Pachón cave has a few and Chica cave possesses a very large colony, hence a very different amount of guano available for the fish. Also, the topological situation of caves can have a strong impact in terms of organic material input; for example Subterráneo's entrance is a hole, located between flat fields of sugar cane so that floods during the rainy season can bring vegetal and other organic debris along with other fishes, therefore providing an important but sporadic food source. Of note, the flooding of the Subterráneo cave also bring surface fish that breed with the residing cavefish there, resulting a various mix of phenotypes due to repetitive hybridization. On the contrary, Pachón is a perched cave where probably very little organic debris are brought by the rainy season suggesting a possibly less important but more stable food source relying mostly on bats and arthropods entering or living in the cave [START_REF] Elliott | Chapter 3 -Cave Biodiversity and Ecology of the Sierra de El Abra Region[END_REF][START_REF] Espinasa | Contrasting feeding habits of post-larval and adult Astyanax cavefish[END_REF]. Also, the isolation of Pachón prevents surface fish from entering and mixing with this cave population.

The question of what cavefish eat is paramount in order to make well-grounded hypotheses on the adaptive value of traits examined; therefore, several studies tackled that question. It was found that adult cavefish from Chica cave fed mostly on bat guano but also on parasites from the guano, insects and various arthropods, flood debris, other fishes and dead bats [START_REF] Elliott | Chapter 3 -Cave Biodiversity and Ecology of the Sierra de El Abra Region[END_REF]. In Pachón, the stomach content of adult fishes was mostly composed of "gunk" and debris of insects, consistent with feeding on insectivorous bat guano; their stomach content also consisted in soil detritus and a few insects. In this study, the gut content of juvenile cavefish fry was also analysed; it was mostly composed of arthropods and especially water flies that were still identifiable, suggesting that they were hunted and ingested alive rather than scavenged while already dead (Figure 37) [START_REF] Espinasa | Contrasting feeding habits of post-larval and adult Astyanax cavefish[END_REF].

Other parameters strongly differ between the surface and the cave environments such as the presence of predators and, the temperature or the conductivity of the water. Indeed, in most caves, no predators of fish were found, although we have personally witnessed crayfishes in Subterráneo cave. As a general rule, the temperature in caves is relatively stable and often corresponds to the average annual temperature of the region, while some little ponds where surface Astyanax fishes are found can exhibit drastic variations in temperature across the year. In terms of conductivity, which reflects to some extent the ionic concentration of water, the conductivity in rivers is often very high (around 1200µS) while that of ponds and caves is often much lower (around 500µS) during the dry season. During the rainy season, the conductivity of rivers is supposed to drop due to the nearly null conductivity of the rain, triggering large variation of conductivity.

All these parameters contribute to make the change in environmental conditions sustained by surface fishes falling into the caves very drastic. It is therefore very interesting to note that despite the large variety of fishes living in the nearby rivers (cichlids, cyprinids, swortails…), only Astyanax mexicanus are found living in the caves, suggesting a possible advantage of this species in dealing with such a drastic change.

Mechanisms of evolution and loss of the eye

Initial settlement

Why did Astyanax outmatch other fish species in colonizing the caves ? We do not have the answer to that question but it is worth noting that Astyanax mexicanus are very robust and generalist fishes that are found in various environments from large flowing rivers to puddles with a pH of 9.7, and that have a quite omnivorous diet. Also, Astyanax surface fish naturally reproduce at night, indicating that the presence of light is not necessary for their courtship and mating behaviour, which could allow them to reproduce in the cave while species relying on a visually-driven courtship/mating behaviour would not. Plasticity could also play a role in a quick adaptation at the level of the individual, so that fish displaying a stronger phenotypic plasticity at the first or second generation could gain advantage on their competitors; for example, Astyanax surface fish raised in the dark are able to smell at least 10 times less concentrated food odours than their counterparts raised in normal light/dark conditions [START_REF] Blin | Developmental evolution and developmental plasticity of the olfactory epithelium and olfactory skills in Mexican cavefish[END_REF]; if this is not the case in other fishes, it could be a remarkable advantage for Astyanax. 

Evolution in the caves

The very recent origin of the Astyanax cavefish suggests that very few de novo mutations had time to appear and be selected for, pointing to a rather important role of selection from the standing genetic variation. By standing genetic variation, we refer to the mutations and polymorphisms that were already present in the ancestral surface population, before they got trapped in the caves. Selection through standing genetic variation can be achieved in two ways, either by selecting alleles that readily produced a phenotype even before entering the caves, or by selecting alleles from "cryptic variation" after decanalization.

"Canalization" describes a process that stabilizes or buffers a phenotype against genetic variation, meaning that the effect of a particular mutation could be silenced. For example, a mutation causing an alteration in protein folding could be silenced if chaperones forced the mutated protein to fold normally. Therefore, while canalization is active, these mutations could not be selected for or against and would constitute a pool of cryptic genetic variation. Upon exposure to a new environment or a stress, these mutations would become visible and be subjected to selection. These ideas were formulated and evidenced by Waddington; he found a Drosophila strain that had normal wing vein patterns when raised in normal conditions, but this same strain would produce a proportion (about 1/3 rd ) of adult flies with a defect in wing vein pattern if submitted to a heat shock during development. He selected for this defect over a few generations raised with a heat shock and managed to reach almost 100% of flies presenting the wing vein phenotype; but the most surprising is that when he raised these selected flies in normal conditions again (i.e., without the heat shock), the vein phenotype remained. It had been "genetically assimilated" [START_REF] Waddington | GENETIC ASSIMILATION OF AN ACQUIRED CHARACTER[END_REF]. Heat shock proteins such as HSP90 play a role as chaperone proteins and were shown to be involved in the canalization process by experiments on flies where inactivation of this protein increased the phenotypic variation observed. Similarly to the previously described experiment, these phenotypes could subsequently be selected for [START_REF] Rutherford | Hsp90 as a capacitor for morphological evolution[END_REF].

Recently the same mechanism was investigated in Astyanax by Rohner and colleagues, who wanted to see if cryptic genetic variation could play a role in cave adaptation and if surface fish possessed indeed a pool of cryptic alleles. They raised Astyanax surface fish with an inhibitor of HSP90 and obtained an increased variability in some phenotypes. In their study, they focused on the eye size for which they used orbit size as a proxy. The average normalized eye size was similar in treated and in control surface fish but the variation was much more important in treated fishes, indicating that both larger and smaller eyes had appeared (Figure 38 A, B). They selected fishes with smaller eyes and bred them; the offspring were raised in normal conditions, without inhibition of HSP90, yet they still displayed a reduced eye size (Figure 38C). To my knowledge the question of how the phenotype is then expressed in the following generations without the need for HSP90 inactivation has not been solved yet. Anyway, these data show that there is indeed a pool of cryptic alleles whose effects are revealed when HSP90 is inactivated. They then sought to find what could trigger such decanalization upon switching to cave environment. Different stressors are supposed to be able to trigger the titration of the HSP90 pool because of stress-induced damage caused to many proteins. In the caves, the parameter that appeared to them as a potential stressor was the low conductivity; they therefore raised surface fishes in low-conductivity conditions. In these fishes, heat-shock response genes were up-regulated and a similar increase in eye size variability was present. Thus it was suggested that the new cave environment in which ancestral surface fish got trapped could have generated a stress sufficient to trigger decanalization, therefore revealing the standing cryptic genetic variation and allowing natural selection to act on these new and various phenotypes. Upon this scenario, advantageous alleles could quickly be selected for and allow for a faster adaptation to the new environment than "waiting for" de novo mutations [START_REF] Rohner | Chapter 7 -Selection Through Standing Genetic Variation[END_REF][START_REF] Rohner | Cryptic variation in morphological evolution: HSP90 as a capacitor for loss of eyes in cavefish[END_REF]. 5.4.3. Why did cavefish lose their eyes ?

The eye loss is one of the most obvious phenotype of the Astyanax cavefish but also of many other cavefishes and animals. Several hypotheses can explain this phenotype : 1) the disuse of the eye in the dark could result in a relaxed selection compared to surface environment where eyes are indispensable. Such absence of selection would allow for a slow accumulation of random mutations, including loss-of-functions mutations, in eye genes that would ultimately result in the loss of visual function.

2) The presence or size of the eye could be under direct negative selection. Indeed, eyes are very energy-consuming organs, especially in the dark, and one could easily imagine that lower energy consumption could be advantageous in cave where the nutrient availability is reduced compared to surface environment. 3) Another possibility is an indirect selection of the eye loss through pleiotropy, meaning that the set of genes responsible for the eye loss could be responsible at the same time for a different phenotype that would provide a selective advantage in caves. These different possibilities are not mutually exclusive and the complete loss of eyes could be due to a combination of these [START_REF] Rétaux | Evolution of eye development in the darkness of caves: adaptation, drift, or both?[END_REF].

If the eye size was simply neutral, one would expect various mutations accumulated in the cave, to influence the eye size in both ways, towards bigger size and smaller size. Some quantitative trait loci (QTL) analyses have demonstrated that it was not the case and that all cavefish loci associated with eye size tended to decrease it [START_REF] Protas | Regressive evolution in the Mexican cave tetra, Astyanax mexicanus[END_REF]).This indicates that the reduction in eye is probably under some kind of selection; on the other hand, eye-specific genes that are necessary only for the eye function are probably not under selection anymore.

Concerning direct negative selection, the loss of eyes and reduction in optic tectum size in the cavefish has been proven to reduce the amount of resource used for neural tissue. Indeed, the energetic cost of neural tissue (retina plus brain) for 1g fishes represent 23% of the resting metabolism of a surface fish but only 10% for the Pachón cavefish. Furthermore, the authors of this study calculated the global cost of vision to be equivalent to 15% of the resting metabolism for 1g fishes, evidencing a clear freeing of resources through the loss of eyes (since the energetic cost of neural tissue/weight of neural tissue stays the same across populations) (Figure 39 A, B) [START_REF] Moran | The energetic cost of vision and the evolution of eyeless Mexican cavefish[END_REF].

The eye degeneration has been linked to an increase in Shh signalling which also triggers an increase in tastebud number and jaw size [START_REF] Yamamoto | Pleiotropic functions of embryonic sonic hedgehog expression link jaw and taste bud amplification with eye loss during cavefish evolution[END_REF]) and olfactory organ [START_REF] Hinaux | Sensory evolution in blind cavefish is driven by early embryonic events during gastrulation and neurulation[END_REF], therefore, the eye loss could also be indirectly selected for because of pleiotropic effects (Figure 39C).

Eye development and loss

If the adult cavefish does not have eyes, the embryo first develops them. Cavefish eyes develop relatively normally until 25hpf when the lens starts entering apoptosis [START_REF] Jeffery | Evolution of Eye Regression in the Cavefish Astyanax : Apoptosis and the Pax-6 Gene[END_REF]. The lens then induces retinal apoptosis at 2 dpf [START_REF] Langecker | Transcription of the opsin gene in degenerate eyes of cavedwelling Astyanax fasciatus (Teleostei, Characidae) and of its conspecific epigean ancestor during early ontogeny[END_REF][START_REF] Yamamoto | Central Role for the Lens in Cave Fish Eye Degeneration[END_REF] which results in eye degeneration so that only a tiny eye cyst remains at adult stages. This eye degeneration was shown to result at least in part from an increase in Hh signalling at the midline [START_REF] Yamamoto | Hedgehog signalling controls eye degeneration in blind cavefish[END_REF]).

Morphogens

Very early in development, the cavefish already displays subtle modifications of morphogens expression that were shown to have strong developmental effects. Indeed, it was shown that from early neural plate stage onwards, midline signalling is enhanced in the cavefish population as Twhh and Shh expressions are expanded laterally and anteriorly (Figure 40 A-E). This modification has dramatic effects on the eye and From [START_REF] Yamamoto | Hedgehog signalling controls eye degeneration in blind cavefish[END_REF][START_REF] Hinaux | Sensory evolution in blind cavefish is driven by early embryonic events during gastrulation and neurulation[END_REF][START_REF] Strickler | Early and late changes in Pax6 expression accompany eye degeneration during cavefish development[END_REF][START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF] brain development [START_REF] Yamamoto | Hedgehog signalling controls eye degeneration in blind cavefish[END_REF]). Fgf8 signalling in the anterior neural ridge was also shown to differ between the two populations as its expression starts two hours earlier in the cavefish ANR (at 10hpf -tailbud) than in the surface fish (12hpf -5/6 ss)(Figure 40F). This last modification was proposed to be due to the previous Hh enhancement as Hh inhibition inhibits Fgf8 expression in the ANR of the cavefish. Reciprocally, Shh anterior expansion is dependent on Fgf signalling as FgfR inhibitor treatment between 8hpf (80% epiboly) and 12 hpf (5-6 ss) in order to mimic the surface fish signalling produced a SF-like reduction of Shh expression anteriorly. This effect was even stronger if the treatment was applied from 6hpf (shield stage) suggesting an additional role for another Fgf such as Fgf3 [START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF]. One last morphogen expression has been shown to differ slightly between CF and SF : BMP4 seems to be expressed more posteriorly within the prechordal plate in the cavefish (Figure 40 O, P) [START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF][START_REF] Hinaux | Sensory evolution in blind cavefish is driven by early embryonic events during gastrulation and neurulation[END_REF].

It is worth noting that, if the Fgf8 and BMP4 phenotypes have only been investigated in the Pachón CF population, the Hh phenotype was found also in Los Sabinos and Chica populations, which live in the same Sierra than Pachón.

Neural plate patterning and early eye development

If we compare the early anterior neural plate patterning between surface and cavefish embryos, some modifications are already visible. In the ANP of surface fish embryos, the eye-specific gene Pax6 is expressed bilaterally in the eye field and extends across the midline anteriorly, but in the cavefish, Pax6 domains are reduced and leave an anterior gap of expression so that they are not joined at the midline (Figure 40G). Later on, the OS marker Pax2a and the OS and ORR marker Vax1 expressions are both expanded in the optic vesicle and later optic cup, evidencing a shift towards proximal fate in the OV (Figure 40 H-J). Strikingly, the Pax6 phenotype is similar in Los Sabinos and Curva cavefishes. These early patterning modification seem to be linked to the Hh midline signalling modification [START_REF] Strickler | Early and late changes in Pax6 expression accompany eye degeneration during cavefish development[END_REF][START_REF] Yamamoto | Hedgehog signalling controls eye degeneration in blind cavefish[END_REF]).

If we now focus on the placodes at early stages (tailbud-early OV), it has been shown that in the cavefish, the lens placode is shortened while the adjacent and anterior olfactory placode that will give rise to the olfactory epithelium is enlarged. These modifications persist later on and at 36hpf it is still possible to observe a larger olfactory epithelium primordium and a smaller lens in the cavefish (Figure 40 K-N). These modifications have been linked to several morphogens such as Shh, Fgf8 and BMP4. Shh and Fgf8 were proposed to promote olfactory fate in the placodal field while Shh would repress the lens fate. Conversely, it was suggested that BMP4 promotes the lens fate while repressing the olfactory fate [START_REF] Hinaux | Sensory evolution in blind cavefish is driven by early embryonic events during gastrulation and neurulation[END_REF]). However, the small size of the CF lens is not responsible for its degeneration as evidence by partial laser ablation of the lens in a surface fish, which does not trigger lens apoptosis [START_REF] Hinaux | Lens apoptosis in the Astyanax blind cavefish is not triggered by its small size or defects in morphogenesis H. Escriva[END_REF].

Optic cup and late eye development

The cavefish eye begins by forming quite normally, despite evaginating shorter optic vesicle and forming smaller lens, but as development proceeds differences become more obvious. Indeed, when the optic cup is formed, a reduction of its ventral part and/or an enlarged optic fissure (coloboma) is seen in most cavefish of Pachón but also of Tinaja and Curva populations (all from El Abra group). This defect can be rescued by inhibiting Fgf signalling from 8 to 12 hpf in CF, thereby mimicking the surface fish signalling. On the contrary, a similar ventral reduction can be obtained in SF injected with Shh mRNA, which simultaneously produces an expansion of Vax1 expression and a shorter OV [START_REF] Jeffery | To See or Not to See: Evolution of Eye Degeneration in Mexican Blind Cavefish[END_REF][START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF][START_REF] Yamamoto | Hedgehog signalling controls eye degeneration in blind cavefish[END_REF]. From [START_REF] Yamamoto | Hedgehog signalling controls eye degeneration in blind cavefish[END_REF][START_REF] Yamamoto | Central Role for the Lens in Cave Fish Eye Degeneration[END_REF][START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF] Other defects have been noted in the cavefish eye : although the proliferation and formation of retinal layers occurs close to normal (which suggests that the retinal tissue is quite healthy in CF), the retinal differentiation is delayed and only a few rods appear; the lamination of the retina is disorganized and the cornea and iris are not induced or enter apoptosis and never form (Figure 42) [START_REF] Jeffery | To See or Not to See: Evolution of Eye Degeneration in Mexican Blind Cavefish[END_REF][START_REF] Strickler | The lens controls cell survival in the retina: Evidence from the blind cavefish Astyanax[END_REF][START_REF] Jeffery | Evolution of Eye Regression in the Cavefish Astyanax : Apoptosis and the Pax-6 Gene[END_REF][START_REF] Alunni | Developmental mechanisms for retinal degeneration in the blind cavefishAstyanax mexicanus[END_REF]).

Regarding the lens, its degeneration was proposed to be triggered by the expansion of Hh midline signalling, as Shh mRNA injection in a surface fish embryo results in an apoptotic lens (Figure 41 J-Q) [START_REF] Yamamoto | Hedgehog signalling controls eye degeneration in blind cavefish[END_REF]). The lens is then responsible for the retinal degeneration, as evidenced by graft experiments where the lens of a 22 hpf SF was transplanted in the optic cup of a CF. This transplanted lens did not undergo apoptosis and was able to rescue the eye in the cavefish until adult stages (Figure 41 B-I). Furthermore, it rescued the lamination of the retina, induced the formation of the cornea and iris and provoked an increased growth of the contralateral optic tectum [START_REF] Yamamoto | Central Role for the Lens in Cave Fish Eye Degeneration[END_REF][START_REF] Jeffery | To See or Not to See: Evolution of Eye Degeneration in Mexican Blind Cavefish[END_REF][START_REF] Strickler | The lens controls cell survival in the retina: Evidence from the blind cavefish Astyanax[END_REF]). Yet, this eye was suggested to be non-functional as rescued CF did not show any place preference in a tank split into light and dark compartments [START_REF] Romero | One eye but no vision: Cave fish with induced eyes do not respond to light[END_REF]. This absence of vision could be due to mutations in genes involved in eye function.

In the reciprocal case of a CF lens transplanted in a SF eye, the CF lens still enters apoptosis, showing that the apoptosis induction takes place earlier. Furthermore, this graft leads to a small and disorganized retina without iris, cornea or pupil. The fact that there is no retinal apoptosis when a CF lens is grafted in a SF optic cup was interpreted as follows: in order for the retina to survive, it must receive two different survival signals, one from the lens and one from another signalling center, possibly the RPE (Figure 41 B-I) [START_REF] Strickler | The lens controls cell survival in the retina: Evidence from the blind cavefish Astyanax[END_REF][START_REF] Jeffery | To See or Not to See: Evolution of Eye Degeneration in Mexican Blind Cavefish[END_REF].

Langecker described eye development in Piedras cavefish (El Abra group) in 1993; he wrote that the growth and differentiation of the retina is similar to that of a surface fish until 65 hpf, when the eye diameter stops growing. This is associated with a delayed differentiation and retinal cell death which was also shown to occur along the optic stalk [START_REF] Langecker | Transcription of the opsin gene in degenerate eyes of cavedwelling Astyanax fasciatus (Teleostei, Characidae) and of its conspecific epigean ancestor during early ontogeny[END_REF][START_REF] Alunni | Developmental mechanisms for retinal degeneration in the blind cavefishAstyanax mexicanus[END_REF]). An interesting fact is that in 3 monthold (young adult) Pachón fishes, the CMZ is still present and functional so that new cells are produced there; however, they fail to survive and undergo apoptosis so that there is not net growth of the eye (Figure 42) [START_REF] Strickler | The lens controls cell survival in the retina: Evidence from the blind cavefish Astyanax[END_REF]).

Sensory compensations

In many animals, when a sensory system is lost or diminished, it is compensated for by other senses so that the animal can still find food, mates and avoid predators. In the case of the cavefish, several sensory compensations to the lack of visual modality have been found that make the cavefish more efficient at finding food in the dark compared to surface fish. Indeed, surface fish rely mostly on their sight to hunt or forage, and in a dark environment, their efficiency is much reduced. A food-finding competition experiment was performed, where 6 CF and 6 SF where put in the same tank, in a dark room. One after the other, pieces of beef heart were put in the tank and Kathrin Hüppop watched with infrared night-sight apparatus which fish would find the meat. She observed that in 80% of the cases, CF caught the meat, while SF would only manage to get the remaining 20%. This shows that cavefish are better adapted to find food in the dark, either due to improved sensory modalities or to a better foraging technique, or both [START_REF] Hüppop | Food-finding ability in cave fish (Astyanax fasciatus)[END_REF]. From [START_REF] Jeffery | Regressive Evolution in Astyanax Cavefish[END_REF] In the cavefish, several sensory modalities have been found to be enhanced. A first example is the increased number of tastebuds present on the face and lips of the cavefish. This increase was linked to the increased Hh signalling in the cavefish [START_REF] Yamamoto | Pleiotropic functions of embryonic sonic hedgehog expression link jaw and taste bud amplification with eye loss during cavefish evolution[END_REF].

Olfaction

The olfactory modality has also been shown to be enhanced in the cavefish. Indeed, behavioural experiment on 1 month-old fishes showed that CF larvae are able to smell 100,000 times more diluted food-related odours than SF larvae. This tremendous improvement of the CF olfactory capacities is certainly not solely due to plasticity, even if SF raised in dark conditions smell at least 10 times more diluted odours (their precise detection threshold still needs to be established). As I mentioned earlier, the olfactory placode of the cavefish is larger than that of the surface fish and this difference is maintained throughout development so that 1 month-old CF possess larger nostrils than SF [START_REF] Hinaux | Sensory evolution in blind cavefish is driven by early embryonic events during gastrulation and neurulation[END_REF]. But a larger nose does not necessarily mean a better olfaction, as proven by experiments with fishes presenting a larger olfactory epithelium such as older (2 mpf) surface fishes or F1 hybrids. Indeed older fishes have a larger olfactory epithelium, both in absolute size and in relative size normalized to their body length, but none of these fishes with larger noses were able to smell better than the regular 1 mpf surface fish [START_REF] Blin | Developmental evolution and developmental plasticity of the olfactory epithelium and olfactory skills in Mexican cavefish[END_REF].

In order to better understand the cause for CF enhanced olfaction, further studies on the neuronal composition of the cavefish olfactory epithelia were performed by our team. Indeed, there are several different neuronal types in the olfactory epithelium and each is specialized in the detection of one type of odour such as social cues, food-related odours or sexual pheromones. They found that in the cavefish, the microvillus cells that are responsible for detecting alimentary odours are present in a higher density in the CF olfactory epithelium while the ciliated cells that respond to social cues are in a lower density compared to SF [START_REF] Blin | Developmental evolution and developmental plasticity of the olfactory epithelium and olfactory skills in Mexican cavefish[END_REF]. This increase in density, associated with an increased size of the olfactory epithelium results in a much more important pool of food-smelling neurons, which could activate more efficiently the central integrating centers, therefore eliciting a stronger response even in the case of lower concentrations.

Vibration attraction behaviour and neuromasts

Another sensory modality that is specific to some aquatic vertebrates such as fishes or frogs is the lateral line and neuromast system. It is a sensory system that allows the perception of water movements and pressure changes in the water. The neuromasts are the sensory structure of this system and are composed of several mechano-sensory hair cells, whose hair bundles protrude out of the skin and are covered by a gelatinous case that forms the cupula (Figure 43A). This system is composed of two different types of neuromasts, those present either directly on the skin, called the superficial neuromasts, and those standing in fluid-filled canals that are open to the environment through series of pores, which are called the canal neuromasts. In the superficial neuromasts, the cupula is elongated and bends with the water flow; this bending is due to the drag generated by the cupula and increases with the length of this structure so that a longer cupula give a greater sensitivity to the neuromast [START_REF] Bleckmann | Lateral line system of fish[END_REF].

In the cavefish, several modifications of the superficial neuromast system have occurred. Indeed, CF possess twice as much superficial neuromasts than the SF and their cupula is 7 times longer so that they are more sensitive (Figure 43 B, C) [START_REF] Teyke | Morphological Differences in Neuromasts of the Blind Cave Fish <i>Astyanax hubbsi </i>and the Sighted River Fish <i>Astyanax mexicanus</i&gt[END_REF][START_REF] Yoshizawa | Evolution of a behavioral shift mediated by superficial neuromasts helps cavefish find food in darkness[END_REF]. This enhancement of this sensory system is furthermore accompanied by a behavioural modification. Indeed, cavefish tend to be attracted by vibrations between 10 and 50Hz which corresponds to the frequency perceived by the superficial neuromasts, as both canal neuromasts and inner ear perceive higher frequencies. This particular when there was nothing, when a still rod was placed there, or when the rod was vibrating. (E) Prey catching duels in dark and light condition between VAB-positive CF and VAB-negative SF and between VAB-positive SF and VAB-negative SF. Note that in both cases, the VAB-positive fish does better than the VAB-negative fish in the dark but that the difference is abolished in light conditions. From [START_REF] Yoshizawa | Evolution of a behavioral shift mediated by superficial neuromasts helps cavefish find food in darkness[END_REF][START_REF] Windsor | The influence of viscous hydrodynamics on the fish lateral-line system[END_REF] behaviour is called vibration attraction behaviour (VAB) and is found in some cavefish populations but not all. The Pachón population presents this behaviour as demonstrated with a vibrating rod placed in a circular tank: in the absence of rod, CF tend to swim along the walls, they occasionally come towards the rod when it is not vibrating but increase strongly their approaches when the rod vibrates, which is not the case for SF (Figure 43D). Yet, Yoshizawa and colleagues found some cavefish which did not exhibit this behaviour and some surface fish that did.

To assess the potential adaptive value of the VAB, they tested its impact in prey-capture experiment where artemia nauplii were distributed in a tank containing two fishes and the strikes at preys in the dark and in the light were counted.

In VAB-positive cavefish vs VAB-negative SF duel, cavefish struck more in dark conditions but both had the same number of strikes in light conditions. This suggests that VAB could help cavefish in capturing small preys in the dark, but other differences between CF and SF could also explain such difference. In order to sort out the role of VAB in this higher prey strikes, they performed the same experiments between VABpositive and VAB-negative surface fish and cavefish. In VAB-positive surface fish vs VAB-negative SF duels, the VAB-positive SF struck more than the VAB-negative one, while the number of strikes was equal under light conditions. This shows that VAB brings an advantage in prey hunting in the dark, within the same population and same genetic background (Figure 43E). Overall these findings argue towards an adaptive value of the VAB in the dark by enhancing prey capture abilities. On the other hand, a strong VAB could be disadvantageous in an environment presenting predators, such as surface rivers. Upon entering the caves, VAB-positive surface fish could have been selected for as they had better hunting capacities and this trait could have been further enhanced without being deleterious in absence of predators [START_REF] Yoshizawa | Evolution of a behavioral shift mediated by superficial neuromasts helps cavefish find food in darkness[END_REF][START_REF] Yoshizawa | Chapter 13 -The Evolution of Sensory Adaptation in Astyanax mexicanus[END_REF]Yoshizawa et al. 2014).

Behavioral evolution: social behaviors

Several behavioural changes have occurred between cavefish and surface fish, I already mentioned the cavefish attraction towards vibrations and I will briefly describe a few others such as schooling, aggressiveness or feeding behaviours.

Schooling

Schooling is the tendency of some fishes to synchronize their behaviour so that they all swim in the same direction. This behaviour can be advantageous for predator avoidance and is exhibited by Astyanax surface fish. On the contrary, cavefish from different origins (Pachón, Tinaja and Molino) have lost this behaviour (Figure 44A). The ability to school was shown in some species to rely on both sight and neuromasts, however, in Astyanax surface fish, chemical ablation of neuromasts did not modify schooling. On the other hand, loss of vision, either by enucleation or by conducting the experiment in the dark resulted in a loss of schooling, evidencing a clear need for visual modality in that behaviour. Yet, the loss of sight in CF was not the only factor involved in the evolution of schooling, as shown by Tinaja cavefish X surface fish crosses. The F1 hybrids resulting from these crosses possess eyes and do school like SF, but F2 hybrids present various phenotypes. Kowalko and colleagues selected F2 that were capable of seeing light in order to remove the sight factor of the question; they observed that some of these fishes still did not school, indicating an additional genetic factor in this equation. They performed a quantitative trait loci (QTL) analysis on the F2 and were able to find 3 loci linked with schooling; however surprisingly, in one of these loci, the cavefish allele was associated with increased schooling. This could suggest that schooling is under relaxed selection in the caves, as cave alleles do not seem to always promote a decrease of this behaviour [START_REF] Kowalko | Loss of schooling behavior in cavefish through sightdependent and sight-independent mechanisms[END_REF].

Another striking difference between cavefish and surface fish is the quasi absence of aggressive behaviour of the Pachón population. Indeed, it was shown in several studies that SF are highly aggressive towards each other and in a resident-intruder test, the frequency of attacks increases with time. This was interpreted as being related to hierarchy establishment, as dominant and subordinate fishes can be identified in SF groups, both on the basis of behaviour and by analysis of their raphe serotonin levels. On the contrary, Pachón CF exhibit very low aggressiveness, which decrease over time in a resident-intruder assay (Figure 44B). The few bites observed were interpreted as being related to food-search, rather than hierarchy as CF do not seem to establish any; moreover, starved CF exhibited higher aggressiveness. It is also worth noting that blinded SF still exhibited high aggressiveness [START_REF] Elipot | Evolutionary shift from fighting to foraging in blind cavefish through changes in the serotonin network[END_REF][START_REF] Espinasa | Non-optical releasers for aggressive behavior in blind and blinded Astyanax (Teleostei, Characidae)[END_REF].

Serotonin and MAO

The levels of three neurotransmitters : serotonin, dopamine and noradrenaline have been shown to be increased in Pachón cavefish (Figure 44C). These neurotransmitters are involved in many processes, such as stress, reward, appetite or energy expenditure, amongst many others. The increase in these neurotransmitters levels is due to a mutation in the monoamine-oxidase (MAO) which degrades all of these transmitters; this mutation decreases strongly the MAO catalytic activity (Elipot et al. 2014). The effects of this mutation are very important to understand the cavefish behaviour, indeed, surface fishes treated with deprenyl -a MAO inhibitor-reduce drastically their schooling behaviour but also their aggressiveness (Figure 44 D,E) [START_REF] Kowalko | Loss of schooling behavior in cavefish through sightdependent and sight-independent mechanisms[END_REF][START_REF] Elipot | Evolutionary shift from fighting to foraging in blind cavefish through changes in the serotonin network[END_REF]. This mutated allele is present at high frequency but is not fixed in the Pachón population; it is also found in other cave populations of El Abra group but not in the other regions suggesting either that this allele was present in the surface population that colonized these caves and/or that there has been connections between these caves at some point, allowing fishes to colonize them or to mix with an existing population (C. Pierre, S. Rétaux, unpublished).

The potential adaptive value of this mutation is not self-evident, especially because of the multiple effects it has or could have; indeed, it is worth noting that serotonin is known to be a potent appetite-inhibitor in fishes [START_REF] Pérez Maceira | The involvement of 5-HT-like receptors in the regulation of food intake in rainbow trout (Oncorhynchus mykiss)[END_REF][START_REF] De Pedro | Inhibitory effect of serotonin on feeding behavior in goldfish: involvement of CRF[END_REF][START_REF] Mennigen | Waterborne fluoxetine disrupts feeding and energy metabolism in the goldfish Carassius auratus[END_REF][START_REF] Mancebo | Hypothalamic neuropeptide Y (NPY) gene expression is not affected by central serotonin in the rainbow trout (Oncorhynchus mykiss). Comparative biochemistry and physiology[END_REF].

Feeding position

Surface fish find food mostly relying on sight; when they see a prey or food falling on the surface of the water or in the water column, they quickly and accurately strike to catch it. However, when they are put in the dark, they try to catch food off the ground by adopting a close-to-vertical angle (74° on average), head on the ground and pivoting slightly, a posture than is not very efficient for catching food. On the contrary, Pachón CF adopt a "scanning" position that has been described with an angle between 38° and 55° depending on the study (Figure 45) [START_REF] Kowalko | Convergence in feeding posture occurs through different genetic loci in independently evolved cave populations of Astyanax mexicanus[END_REF][START_REF] Schemmel | Studies on the Genetics of Feeding Behaviour in the Cave Fish Astyanax mexicanus f. anoptichthys[END_REF]. This posture allows them to sweep the substrate in a continuous manner, head down, meaning that their tastebuds are in contact with the ground and potentially the food. This posture could definitely help them to forage more efficiently -although this is not the only food searching behaviour they exhibit, Pachón cavefishes are also seen swimming frenetically at the surface of the water, when stimulated with odorants or vibrations (personal observations in the lab and in the field, together with other team members). It is worth mentioning that if several cave populations possess this type of low-angle "scanning" behaviour (Los Sabinos, Piedras, Tinaja), others have kept a steep angle such as Molino (66°) [START_REF] Kowalko | Convergence in feeding posture occurs through different genetic loci in independently evolved cave populations of Astyanax mexicanus[END_REF][START_REF] Schemmel | Studies on the Genetics of Feeding Behaviour in the Cave Fish Astyanax mexicanus f. anoptichthys[END_REF]. From [START_REF] Duboué | Evolutionary convergence on sleep loss in cavefish populations[END_REF][START_REF] Jaggard | The lateral line confers evolutionarily derived sleep loss in the Mexican cavefish[END_REF] 

Behavioral and physiological evolution: energy management

Cave environment poses the challenge of correctly managing resources so that you can survive prolonged periods of food scarcity. In order to thrive in this environment, several strategies can come useful: eating more, storing more fat, consuming less… Energy intake, storage and consumption have evolved in cavefish, in close relationship with its behavioural evolution.

Sleep and activity

Sleep has been characterized as a period of behavioural quiescence that correlates with a reduced responsiveness to sensory stimuli. In Astyanax cavefish, total sleep duration is drastically reduced in several independently evolved populations. Juvenile CF from Pachón, Tinaja and Molino sleep less than 5 hours a day while SF sleep almost 15 hours; interestingly, this reduction of sleep persists to adulthood in Pachón and Molino populations but not in Tinaja, where adults sleep as much as SF. For CF juveniles, both the number of sleep bouts and their duration was decreased, except for Molino where only the bout duration was decreased, indicating a poor sleep consolidation (Figure 46 A-D). These findings highlight a difference in sleep regulation between juvenile and adults fish but also a convergence of sleep loss in independentlyevolved cave populations, indicating a possible advantage to this phenotype [START_REF] Yoshizawa | Distinct genetic architecture underlies the emergence of sleep loss and prey-seeking behavior in the Mexican cavefish[END_REF][START_REF] Duboué | Chapter 15 -Investigating the Evolution of Sleep in the Mexican Cavefish[END_REF][START_REF] Duboué | Evolutionary convergence on sleep loss in cavefish populations[END_REF].

Recently, Jaggard and colleagues showed that ablation of the neuromasts resulted in an increase in sleep duration in Pachón CF but not in Tinaja, Molino or surface fish, further evidencing the different mechanisms of sleep loss in these different populations. Following the ablation, both the number of sleep bouts and the bout duration was increased in Pachón. These interesting findings suggest that the higher number and higher sensitivity of the CF neuromasts could overstimulate the CF so that it cannot sleep much, representing a sort of sensory gating on the expression of sleep (Figure 46 E,F). Another very interesting finding of this study is that sleep is increased following starvation in both Pachón and Molino populations, while it is not the case for SF. Moreover, neuromast ablation after starvation did not increase sleep duration in Pachón. The authors suggest that when food is available, presumably during rainy season, cavefish will decrease their sleep and intensively forage, while when food becomes scarce, they will increase their sleep and potentially save more energy that way (Figure 46) [START_REF] Jaggard | The lateral line confers evolutionarily derived sleep loss in the Mexican cavefish[END_REF]).

Of note, many studies concerning sleep in the cavefish looked at the waking activity and described that this activity was exactly the same between CF and SF, so that overall, the cavefish display a higher locomotor activity but that is solely due to the increased waking time (Figure 46B) [START_REF] Yoshizawa | Distinct genetic architecture underlies the emergence of sleep loss and prey-seeking behavior in the Mexican cavefish[END_REF][START_REF] Jaggard | The lateral line confers evolutionarily derived sleep loss in the Mexican cavefish[END_REF][START_REF] Duboué | Evolutionary convergence on sleep loss in cavefish populations[END_REF].

Circadian rhythm

The circadian clocks are internal mechanisms providing an organism with an approximate 24h rhythmicity. This clock needs to be set by external cues such as light-dark cycles. These mechanisms help the organism to adapt many physiological, metabolic or behavioural processes to the external rhythmicity. Cave are a very stable environment, where much less rhythmicity is observed (bat-rich cave can present some rhythmicity due to the bats movements at dusk and dawn), so a commonly asked question is whether CF have conserved a circadian rhythm or not.

Beale and colleagues compared various parameters between Pachón CF and SF in different conditions. In agreement with our own observations in the lab, they note that CF like SF are able to be entrained by light in light-dark (LD) conditions, both in terms of activity and in terms of circadian clock gene expression. Yet, they observed that CF clock gene (per1) expression was reduced and shifted toward later time (6 hours shift) and that the day-night rhythmicity in terms of locomotor activity was less contrasted in CF. Upon switching to constant dark conditions (DD), cavefish immediately lost rhythmicity in activity while SF conserved it a bit longer, both where able to retain per1 rhythmicity. They also tested light-inducible genes and reported that the response to light was decreased in amplitude in CF, in part due to higher basal levels. They conclude that CF still possess a functional circadian clock but that is less robust than in SF, they also suggest that CF experience "constant light conditions" rather than constant dark [START_REF] Beale | Circadian rhythms in Mexican blind cavefish Astyanax mexicanus in the lab and in the field[END_REF][START_REF] Beale | Chapter 16 -Daily Rhythms in a Timeless Environment: Circadian Clocks in Astyanax mexicanus[END_REF].

Food intake

Depending on the cave, some CF populations are probably exposed to high food supply during some seasons (rainy season), before enduring long starvation periods. It could be advantageous to eat as much as possible during the rainy season in order to better survive the dry season. One first probable advantage of the CF (Pachón) is that their intestine does not seem to suffer from prolonged starvation as its length remains constant after 3 months and even 6 months of starvation. On the contrary, SF's intestine length reduced from 74% of the fish's standard length to 50% after 3 months of starvation, suggesting that reabsorption of nutrients would probably be harder for them [START_REF] Hüppop | How do cave animals cope with the food scarcity in caves[END_REF]. Aspiras and colleagues investigated the question of cavefish appetite. They showed that in lab conditions, Tinaja but not Pachón CF ate more than SF. They then investigated a gene that is known to control appetite in fish in an anorexigenic fashion : the melanocortin receptor MC4R [START_REF] Cerdá-Reverter | Fish melanocortin system[END_REF][START_REF] Aspiras | Melanocortin 4 receptor mutations contribute to the adaptation of cavefish to nutrient-poor conditions[END_REF]. They detected hypomorphic mutations of MC4R in Tinaja CF, in wild-caught Pachón CF and several other cave populations but not in their Pachón laboratory strain. They then assayed homozygous mutant Pachón CF versus heterozygous Pachón CF and observed that in young 3 mpf fishes, homozygous mutants ate more than heterozygotes but not to the extent of Tinaja CF. Moreover, homozygote mutants were larger. Interestingly, the appetite difference between the two Pachón genotypes disappeared when older fish (over 1 year-old) were assayed. This indicates that MC4R mutations only affect juvenile fishes, and that other modifications must have taken place in Tinaja population to explain their appetite increase at adult stages. Nevertheless, eating more at early stages can constitute a real advantage, in order to quickly accumulate fat and be able ready to cope with starvation periods [START_REF] Aspiras | Melanocortin 4 receptor mutations contribute to the adaptation of cavefish to nutrient-poor conditions[END_REF].

Fat storage

Several independent studies have shown that cavefish raised in lab conditions are fatter than surface fish raised in the same fashion. Indeed, Hüppop reported that Pachón CF had a fat content of 71% of their dry body mass, while in SF it only represented 27% [START_REF] Hüppop | How do cave animals cope with the food scarcity in caves[END_REF]. Similarly, Aspiras et al reported that the triglyceride content of Pachón CF was significantly higher than that of SF and that Tinaja's was even higher [START_REF] Aspiras | Melanocortin 4 receptor mutations contribute to the adaptation of cavefish to nutrient-poor conditions[END_REF]. The same group investigated the blood glucose levels of CF and found that they were more elevated for Pachón and Tinaja caves compared to SF, although after 3 weeks of fasting, glucose levels were similar between the two morphs. Indeed, both cave population have an impaired glucose clearance due to a mutation in the insulin receptor, rendering them insulin-resistant. They showed the importance of this mutation in weight gain by generating SF X Tinaja CF second generation hybrids and weighing them. F2 carrying at least one mutated allele and fed ad libitum weighed 27% more than sibling carrying only the WT allele. In order to remove appetite difference from the equation, they individually housed and fed these F2 fish along with CF and SF. Homozygous mutant F2 gained more weight than F2 homozygous for the WT allele, similarly, CF gained more weight than SF; therefore, the insulin receptor mutation increases the weight gain independently from appetite regulation. They also showed that this insulin receptor mutation was not the only factor influencing blood glucose levels and that other factors were necessary to explain the difference observed between CF and SF. Interestingly, they note that despite their diabetic-like phenotype, both CF populations are extremely healthy and do not show any sign of senescence even above 14 years-old, contrarily to SF, and that they do not display excess glycation of their proteins, as seen in diabetic patients [START_REF] Riddle | Insulin resistance in cavefish as an adaptation to a nutrient-limited environment[END_REF].

Metabolism

We have seen that CF tend to eat more and to store more fat than SF but how about their metabolism ? Moran and colleague investigated this important question using long experiments (7 days of measurements) in a "flume respirometer", which is a small chamber in which they apply some constant water current in order to impose a stable activity to the fish. They performed their tests in two sets of conditions, light-dark (LD) cycles of complete darkness (DD). They noted that both SF and CF had the same value of minimum metabolism under their respective natural photoperiod (LD for SF and DD for CF), meaning that there is no intrinsic difference in their O2 consumption. On the other hand, when tested in DD conditions, SF increased of their minimal metabolism. In LD cycle, SF had an elevated metabolism during daylight and upon switching to DD conditions, they maintained a 20% increase of consumption during subjective daytime. Overall, they show that CF and SF share a same minimal metabolism in their respective natural photoperiod but the average consumption of the SF is 27% more elevated than that of Pachón. They associated this increased expenditure to the circadian rhythmicity of the SF that elevates its metabolism during daytime while CF always keep their metabolism low. Overall, given the increase of O2 consumption of the SF in DD conditions, and the lower average metabolism of the CF, they show that in cave conditions, SF would consume 38% more O2 than Pachón CF. Such an elimination of rhythmicity in cavefish metabolism allows them to save energy.

Starvation resistance

Up to now we had seen that CF are able to increase their sleep duration upon starving, but that when food is available, they will decrease it, which should allow them to spend more time foraging. Moreover, they are able to eat more than SF and to gain more weight than them, even from the same amount of food. Therefore, they will have increased fat storage that they will probably consume more slowly given their decreased metabolism. The logical question is now : are CF indeed more resistant to starvation than SF ? CF from Pachón, Tinaja or Molino that are submitted to 2 months of starvation lose 15% of their weight; in comparison, SF lose twice as much: 30% of their initial weight. Pachón CF that are homozygous for the mutated MC4R allele lose less weight than their heterozygous siblings [START_REF] Aspiras | Melanocortin 4 receptor mutations contribute to the adaptation of cavefish to nutrient-poor conditions[END_REF]). An older study starved Pachón and surface fishes for 3 months and showed that SF decreased their fat content from 27% of their dry body mass to 8% while CF started with 71% and still had a fat content of 63% of dry body mass after starvation. The test continued until 6 month of starvation for CF, after which their fat content was 62% which is still higher than the initial one of SF. In this study, Hüppop also describes the progressive atrophy of the SF intestine which was not visible in the CF even after 6 months. Moreover, she describes that during starvation, some SF died, concluding that SF do not seem adapted to starvation at all. Assuming that the fish will die when its initial weight is decreased by half, she calculated that Pachón CF should be able to sustain approximately 1 year of starvation [START_REF] Hüppop | How do cave animals cope with the food scarcity in caves[END_REF]). In the case of an insufficient food supply during rainy season, we can imagine that the cavefish could hold until the next one and even if this one is delayed, one could imagine that should the weakest cavefish die, cannibalism would allow the others to survive.

1. Peptidergic neurons in the cavefish : from early morphogen modifications to larval behaviour.

Foreword

Cavefish present many behavioural and physiological differences compared to their surface counterpart, including quasi loss of sleep, increased fat storage and lower energy expenditure which are -at least in partcontrolled by the hypothalamus and its neuropeptidergic neurons. This led us to examine more specifically this brain region, which was already known to be modified, with an expansion of the hypothalamic marker Nkx2.1 in the cavefish and an increased proliferation both in the hypothalamus and in the ORR [START_REF] Menuet | Expanded expression of Sonic Hedgehog in Astyanax cavefish: multiple consequences on forebrain development and evolution[END_REF]). More specifically, we focused on appetite-related neuropeptides since this aspect had not yet been studied (it has been done since, see Introduction 5.7.3 Food intake).

We mapped and quantified peptidergic clusters for 9 appetite-related neuropeptides. We chose 3 orexigenic (promoting food intake): Hypocretin (Hcrt, also called orexin), neuropeptide Y (NPY) and agoutirelated protein (AgRP); and 6 anorexigenic neuropeptides: the proopiomelanocortins A and B (POMCa, POMCb), melanin-concentrating hormone (MCH), cocaine and amphetamine-regulated transcript (CART), arginine vasotocin (AVT) and isotocin (IT). Importantly, although we originally chose these neuropeptides based on their roles in feeding, all of them also take part in the control of other processes (see Table 1 in Introduction 3.1 Modes of action of the Hypothalamus/ORR and neuropeptides).

This study of peptidergic clusters brought to light several quantitative differences between cavefish and surface fish. However, since it had now been shown that Pachón cavefish do not eat more than surface fish (a finding that we confirmed ourselves), we focused on one other behaviour controlled by some of these neuropeptides: sleep.

We also sought to link the peptidergic clusters modification to a causal developmental explanation and therefore examined both the role of Lim-Homeobox transcription factors (Lhx) -known to be involved in the acquisition of neuronal identity-and the more precocious effect of the morphogens.

This study is an excellent example of the interest of the cavefish model: behavioural or physiological differences between the two morphs prompt us to examine the modifications at the level of the organ or the neurons, which in turn drive us to study the developmental mechanisms underlying these latter differences. This way, we can piece up a whole story: starting from early developmental difference and leading to late behavioural or physiological modifications that can have (or not) an adaptive value in the cave context. Moreover, contrarily to model organism mutant collections that often display strong phenotypes due to one strong genetic alteration (loss of function for example), the cavefish model, a natural mutant, provides us with subtle changes in gene expression, like a wider Shh expression or a 2 hoursheterochrony of Fgf8 onset of expression, in an overall viable organism. This allows for a better understanding of how such modifications impact the brain shape, function and consequently modifies the abilities of an animal.

Discussion

With this study, we exemplify how very early morphogen modifications can impact larval -and most probably later adult-behaviour. Indeed, we show that early inhibition of Hh signalling during neurulation results in a region-specific decrease of Lhx7 in the ORR/hypothalamic boundary. Moreover, we showed that Lhx7 is necessary and sufficient for NPY neuronal specification. Consequently, we propose a scenario where in the cavefish, the increase in midline Hh signalling leads to an increased expression domain of Lhx7 that in turn leads to an increased number of NPY neurons in the ORR/hypothalamic boundary.

We also show that Lhx9 is necessary and sufficient for Hcrt neuronal specification and that its expression domain is enlarged in the cavefish; however Lhx9 expression is not modified by early Hh or Fgf signalling alterations. Nevertheless, early Fgf inhibition leads to a decrease in Hcrt-positive population so that Fgf signalling seems to increase or allow Hcrt specification in the presence of Lhx9. Later Hh inhibition during Hcrt neuron differentiation time window also leads to a decrease of Hcrt neurons, suggesting that Hh promotes or allows Hcrt neurons differentiation. Moreover, we show that diminution of Hcrt cluster size leads to a decrease of time spent in a hypoactive state (similar to sleep) in the 7dpf larva. In other words, the more Hcrt neurons they have, the more active they are and the less they sleep.

This latter behavioural modification is further supported by a concurrent article from Jaggard and colleagues where they find that in adult Pachón cavefish, the number of Hcrt neurons is doubled compared to SF (around 100 cells in the SF versus almost 200 in the CF). They also find that the total Hcrt mRNA level is three times that of the surface fish, showing that the Hcrt neurons also express stronger levels of Hcrt.

They also show by pharmacological and genetic inhibition of Hcrt signalling that this neuropeptide promotes sleep in the cavefish but not in the surface fish (or not at detectable levels) while treatment with an agonist of the Hcrt receptor triggers a decrease of sleep in the SF but not in the CF. Some of their treatments affect both sleep bout number and sleep bout duration but never the waking activity, while several other, including the agonist treatment and a blockade of Hcrt-neurons signalling (via specific Botulinum toxin expression) modify the total sleep time by changing either sleep bout number or bout duration. We find that an Lhx9 knock-down-induced decrease of Hcrt neuron number triggered an increase in both sleep bout number and sleep bout length (Figure 47). This suggests that Hcrt is involved both the decrease in sleep bout number and sleep consolidation in the case of the CF (Jaggard et al. 2018).

Figure 47 : Lhx9 knock-down effect on sleep (through Hcrt neurons reduction) Quantification of sleep parameters in control mismatch (mm, red, n=35) and Lhx9MO-injected (pink, n=39) CF embryos, during a 60 minutes period. Furthermore, they link the effect of Hcrt on sleep to the lateral line effect on sleep. Indeed, upon chemical ablation of the neuromasts, cavefish exhibit Hcrt mRNA levels similar to the surface fish, while the latter is not impacted by the treatment. Quite logically, when they checked the number of Hcrt neurons after the treatment, it was unaltered in both morphs. Similarly, starved CF levels of Hcrt mRNA decreased to reach SF levels, further linking Hcrt to their previous findings that both starvation and lateral line ablation promote sleep in the CF but not in the SF (Jaggard et al. 2018;[START_REF] Jaggard | The lateral line confers evolutionarily derived sleep loss in the Mexican cavefish[END_REF].

Taken together, their article and ours suggest that in the cavefish, an early expansion of Lhx9 expression domain allows for an increased specification of Hcrt-neurons, which is further promoted by Fgf8 earlier signalling. Later on, Hcrt neuronal differentiation is also increased by Hh expansion at the midline so that throughout development CF possess more Hcrt-neurons than SF and ultimately twice as much Hcrt-neurons than the surface fish adult. Additionally, CF express higher levels of Hcrt-mRNA than the SF, which seems to be linked to their "improved" neuromast sensory system when the fish is well-fed. Indeed, Hcrt has already been linked to sensory responsiveness and sleep-wake behaviour [START_REF] Elbaz | Genetic ablation of hypocretin neurons alters behavioral state transitions in zebrafish[END_REF][START_REF] Woods | Neuropeptidergic signaling partitions arousal behaviors in zebrafish[END_REF]) so that when food is available, the lateral line sensitivity could promote wakefulness and foraging through Hcrt-signalling in the CF (Hcrt is orexigenic), while in times of food scarcity lower levels of Hcrt would decrease the responsiveness to external stimuli and allow the cavefish to sleep more.

It is also interesting to note that the neuropeptides for which we found a persistent increase (at 84hpf) in neuronal cluster size in the hypothalamus all belonged to the orexigenic group (Hcrt, NPY and AgRP), while those for which we found a decrease (POMCb and AVT) or transient differences (MCH, CART) belong to the anorexigenic group. Even though Pachón cavefish have an appetite similar to surface fish, they also have a prevalent MAO mutation that increases serotonin levels, which is a known anorexigen. Therefore it is possible to imagine a compensation between these two signallings that allow the cavefish to maintain its appetite. Nevertheless, these neuropeptides are involved in many processes and these cluster size modification could have various effects that could have been selected for; alternatively, they may also very well be side-effects of other pleiotropic modifications that confer other selective advantages to the cavefish in its environment, or even not be under selection in this environment.

As a perspective, it would be interesting to look at the other behaviours controlled by these neuropeptides but also to further investigate the developmental mechanisms involved in these modifications. In particular, we have not found the cause of the increased size of Lhx9 expression domain in the cavefish hypothalamus.
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2. Studying eye development in the cavefish

Foreword

The eye of the cavefish is quite clearly not under positive selection anymore, yet, it still develops roughly normally during embryogenesis. Looking closely however, one can detect many subtle differences between this embryonic structure and that of its surface conspecific; some examples are smaller optic vesicles, smaller lens, open optic fissure, reduced ventral retina… each of these differences offers a chance to better decipher the eye development and the mechanisms at play. One example would be the role for Fgf signalling in the development of the ventral eye. Indeed, it was shown by Pottin and colleagues that inhibiting Fgf signalling in the cavefish at neural plate stage to compensate for the earlier onset of Fgf8 expression could restore the ventral quadrant of the eye [START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF]).

Here we sought to follow-up on this study of the ventral retina phenotype. We set out to better characterize this phenotype by studying the regionalization of the cavefish embryonic retina, which could help us glean insights on the mechanisms underlying this phenotype. We also decided to examine the tissue identity of two optic vesicle derivatives: the optic stalk and the RPE. Indeed optic stalk marker Pax2a expansion had already been reported but no RPE marker expression had been studied in the cavefish. This study brought to light several previously unknown modifications of the cavefish eye: a temporal shift of regional fate with larger nasal territories but reduced temporal parts in the eye of the cavefish. We therefore refine the previously described ventral reduction into a temporal and ventro-temporal reduction. We also confirmed the enlargement of Pax2a expression into the retina; moreover, we show a delay in RPE engulfment of the retina compared to the surface fish.

We also tackled the question of the morphogenetic events leading to the ventral position of the lens and the ventral/temporal reduction of the cavefish eye. To that end, we created Zic1:GFP reporter transgenic lines of cavefish and surface fish by a CRISPR-Cas9 mediated knock-in. We then performed live-imaging on these lines on a light-sheet microscope. Our preliminary analyses of these acquisitions reveal a defect in the rim movement in the cavefish and allow for a better understanding of the lens ventral position in the cavefish eye.

Discussion

The work presented here reveals a morphogenetic defect in the cavefish eye along with a rather unexpected regional identity shift.

Our live imaging analysis suggests that the lens is originally properly located at the middle of the small optic vesicle. The optic cup invagination is correctly initiated as revealed by the curvature of the early optic cup around the lens but fails to proceed. We interpret this result as a correct basal constriction of the lensfacing epithelium, initiating the optic cup curvature but followed by a defective rim movement that fails to complete in proper time the invagination of the optic cup. These results are in agreement with those of the RPE identity showing a delayed engulfment of the retina by this tissue. This slower cell flow is consistent with the previous demonstration by Picker and colleagues that Fgf signalling delays the rim movement, and with the fact that Fgf signalling is enhanced in the cavefish via an earlier onset of Fgf8 expression in the anterior neural ridge and an enlarged olfactory placode (which secretes Fgf24, at least in zebrafish [START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF]). This slower rim movement could also contribute to the coloboma phenotype by delaying the juxtaposition of the ventral margins as suggested by the restoration of the cavefish optic fissure closure upon time-specific Fgf signalling inhibition [START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF].

We also suggest that the extended evagination movement described by Kwan and colleagues [START_REF] Kwan | A complex choreography of cell movements shapes the vertebrate eye[END_REF]) proceeds properly as indicated by the elongation of the cavefish optic vesicle/cup over time. As this movement was described to only contribute to the nasal retina, we hypothesize that it could account for the relative increase in nasal quadrant size relative to the temporal quadrant. Under this hypothesis, the small size of the temporal quadrant would be due to the initial small size of the cavefish optic vesicle.

This extended evagination and the consequent elongation of the retina provoke the displacement of a large part of the retinal tissue posterior to the lens, which explains the late ventral position of this lens.

One inconsistency between our two studies concerns the size of the optic stalk which we find to be similar in the live imaging analysis while we find an enlargement in the cavefish by the Bhlhe40 gap measurement. This inconsistency could be due to the different orientation in which these measures were taken, indeed, they are essentially orthogonal to each other: the time lapse analysis could indicate a similar dorso-ventral size of the optic stalk while the RPE gap could point to an increase in the antero-posterior dimension of this structure. Another possibility is that the only cavefish analysed in the time-lapse experiment was not representative. An increased sample size will answer this question.

The morphogenesis results are still very preliminary as only one fish of each morph was analysed (however similar phenotypes have been observed on other acquisitions) and very few parameters were examined.

We next want to analyse more embryos, running the analysis in different optic planes, indeed a lateral examination of the time lapses would allow us to visualize other morphogenetic movements such as the pinwheel movement during elongation or the ventral optic fissure margin progression towards each other. It would also be interesting to measure the amount of cells entering the optic vesicle/cup during the extended evagination and to quantify the rim movement.

As more long-term perspectives, we would like to test if the known modified morphogens signalling of the cavefish (Shh and Fgf8) are involved in the rim movement defect by altering them pharmacologically in our transgenic lines during imaging. Such experiments could bring a wider understanding of the role of these morphogens in the morphogenetic movements shaping the eye.

General discussion

In biology, new discoveries are often led by the appearance of new techniques. In the field of development and Evo-Devo, the recent technological explosion of both transgenesis and microscopy techniques has allowed us to finally start watching development in actual living embryos. We are no longer bound to study life on dead samples only (even though this stays very informative), we can now see development happening under our eyes ! This change opened the way to the study of morphogenesis, in particular in model organisms with an external development and a good transparency such as in many fish species. In this context, the cavefish becomes a very interesting model as several of its organs are slightly modified in shape or size and several morphogens signalling modifications have been identified (with probably more to be discovered).

In our case, this project started when we noticed that the optic recess region of the cavefish was enlarged.

The connection of this structure with the ventral part of the retina, which was reduced in the cavefish, led us to hypothesize a developmental trade-off between these two structures. Indeed, the eye is no longer under positive selection in the cave environment and ultimately degenerates while the ORR and its neurons remain until adulthood. Our original goal was to test this hypothesis by backtracking the fates and movements of the ventral quadrant cells of the surface fish to their neural plate origin. We were then planning to forward track the cavefish cells originating from the same neural plate region to their final position. However, the difficulty of raising cavefish until adulthood for transgenesis purposes and the live imaging technical challenge prevented us from achieving that goal. Nevertheless, the data collected allowed us to better describe the cavefish eye development and to detect an impairment of the rim movement which seems slower.

The trade-off hypothesis still seems worth investigating since the increase of NPY and Hcrt cells is located in the ventral (according to the neuraxis) ORR/ hypothalamic region which corresponds to the origin of the temporal quadrant. Therefore, neural plate cells which have lost their eye identity could still contribute to these regions. This is further supported by the fate map experiments performed by a former Phd student of the lab who showed that a larger region of the neural plate had a "hypothalamic" fate, in the wide meaning of hypothalamus and ORR combined and as opposed to a ventral retina fate. Refining more precisely the fate of these cells could help us understand whether this loss of the temporal retina offers an indirect advantage to the cavefish, if it is a by-product of another unrelated modification or even just a neutral drift. Indeed, this loss of the temporal retina could be advantageous by leading to an increased number of neurons devoted to another function such as NPY or hypocretin cells. Alternatively this could be simply a "side effect" of some other signalling modifications that were selected for on completely different traits (such as enlarged olfactory epithelium which is induced by Shh and Fgf increased signalling).

Work on the cavefish and other Evo-Devo models really shows us how much can be modified by quite small changes. Indeed, Shh expression enlargement seems to be at least partially responsible for both the earlier onset of Fgf8 and the enlargement of the olfactory epithelia. These modifications lead to an increase in Fgf signalling in turn preventing the correct formation of the ventro-temporal eye, probably delaying the rim movement and at the same time increasing the number of NPY and hypocretin neurons in the ORR/hypothalamus. These fascinating mechanisms allow us to better understand how as little time as 25 000 years in a cave environment can generate such a modified and adapted fish.

Résumé en Français

Les métazoaires ont colonisé de nombreux milieux au cours de l'évolution, cette colonisation a été possible grâce à l'apparition de nombreuses caractéristiques. Beaucoup de ces caractéristiques ont émergé grâce à de subtiles et précoces modifications du développement de certains organes. L'étude de ces modifications du développement et de leur effet est souvent appelée l'évolution du développement ou « Evo-Devo ». Notre équipe étudie l'Evo-Devo du cerveau sur un modèle de poisson, Astyanax mexicanus. Cette espèce comporte plusieurs populations dont certaines cavernicoles, aveugles et dépigmentées, vivant dans des grottes mexicaines ; et vivant à la surface, dans des rivières et possédant des yeux normaux. Ces populations présentent de nombreuses différences : comportementales, physiologiques et sensorielles.

Au cours de cette thèse, j'ai participé à une étude concernant les populations de neurones peptidergiques de l'hypothalamus et de la région du récessus optique (ORR) et leur effet sur le comportement de ces poissons.

Cependant la majorité de ma thèse concerne le développement de l'oeil.

Au cours de l'étude des neurones peptidergiques nous avons comparé le nombre de 9 types de neurones peptidergiques au cours du développement entre les poissons cavernicoles et de surface. Nous avons observé de nombreuses différences entre ces populations de neurones : certains neurones étaient présents en plus grand nombre chez les poissons cavernicoles (hypocrétine (Hcrt), Neuropeptide Y (NPY) et Agouti-related protein), d'autres plus nombreux chez les poissons de surface (Pro-opiomélanocortine A et B, Arginine-Vasotocine) enfin certains en quantité similaire (isotocine) ou présentant des variations transitoires (cocainand-amphetamine regulated transcript et Melanin-concentrating hormone).

Pour certaines de ces différences, nous avons cherché une cause au niveau des facteurs de transcription, et plus précisément des facteurs Lhx qui sont connu pour leur implication dans la spécification neuronale. Nous avons montré par des doubles hybridations in situ que tous les neurones exprimant Hcrt exprimaient également Lhx9 ; de même, tous les neurones NPY exprimaient Lhx7. Par une approche de « knock-down » et de surexpression de chacun de ces facteurs, nous avons montré que Lhx9 et Lhx7 étaient nécessaires et suffisants pour spécifier les neurones hypocrétine et NPY respectivement. Après quoi, nous avons cherché les causes au niveau des morphogènes. Par des traitements pharmacologiques nous avons montré que des manipulations précoces de la voie Hh modifiaient l'expression de Lhx7 alors que ces traitements ne démontraient aucun impact sur Lhx9. En revanche des traitements modifiant précocement la voie Fgf ou tardivement la voie Hh impactaient le nombre de neurones hypocrétine, démontrant ainsi un effet des Fgf sur l'initiation de la spécification hypocrétine, indépendamment de Lhx9, ainsi qu'un effet de Hh sur la différenciation des cellules hypocrétine. Ainsi, nous avons mis en évidence des effets précoces de signalisations morphogènes ainsi que de certains facteurs de transcription sur les populations de neurones peptidergiques.

Nous avons ensuite cherché à comprendre les effets que pouvaient avoir ces modifications sur le comportement des poissons. Les neuropeptides que nous avons sélectionné ont tous un rôle dans la régulation de la prise alimentaire. Tous les neurones qui étaient plus nombreux chez le poisson cavernicole se trouvent avoir un effet stimulant sur celle-ci alors que les neurones en plus grand nombre chez le poisson de surface ou en quantité égale chez les deux morphotypes sont connus pour leur effet anorexigène. En conséquence, nous avons comparé la prise alimentaire des larves des deux morphes et nous nous attendions à ce que les poissons cavernicoles mangent en plus grande quantité. Cependant, contrairement à nos attentes, les deux morphes mangeaient de façon absolument identique, ce qui fut également démontré après coup chez les adultes par une autre étude [START_REF] Aspiras | Melanocortin 4 receptor mutations contribute to the adaptation of cavefish to nutrient-poor conditions[END_REF]. Nous avons également comparé le sommeil chez ces deux morphotypes puisque hypocrétine régule aussi ce comportement et que les poissons cavernicoles dorment moins que les poissons de surface. Pour ce faire, nous avons réalisé un « knock-down » de Lhx9 chez les poissons cavernicoles, celui-ci diminuant durablement le nombre de neurones hypocrétine, nous avons pu observer l'effet d'une telle diminution sur le comportement des poissons. En effet, après ce traitement, le sommeil des poissons cavernicoles est restauré au niveau des poissons de surface.

Ainsi, notre étude démontre les effets comportementaux que des modifications extrêmement précoces de développement peuvent générer.

La deuxième étude que nous avons menée concerne le développement de l'oeil. En effet, si le poisson cavernicole est aveugle et dépourvu d'oeil à l'âge adulte, il commence par en développer un qui dégénèrera par la suite. Cet oeil embryonnaire présente cependant quelques anomalies : une taille réduite, une rétine souvent ouverte au niveau de la fissure optique et réduite ventralement, un cristallin plus petit et parfois « flottant » ou légèrement détaché de la rétine. Au cours de ma thèse, je me suis penchée sur ces phénotypes rétiniens et ai cherché à les caractériser plus en profondeur, du point de vue des identités tissulaires au sein de la rétine mais aussi du point de vue de la régionalisation. J'ai également cherché à trouver des causes pour ces différences morphologiques par une étude de la morphogénèse de l'oeil via une approche d'imagerie 3D live.

Pour mener à bien cette étude de la morphogénèse, il m'a fallu commencer par générer des lignées reportrices marquant mes régions d'intérêt, l'oeil et l'ORR chez les deux morphotypes. A cause de la complexité de la région génomique de notre gène d'intérêt, Zic1, nous avons adopté une approche d' « enhancer-trap » ciblé par « Knock-In » grâce à la technologie CRISPR. Après avoir établi nos lignées, Zic1 :GFP, nous avons injecté les oeufs transgénique avec de l'ARN H2B-mCherry afin d'obtenir un marquage nucléaire ubiquitaire afin de les imager depuis le stade plaque neurale (10hpf) et jusqu'à un développement avancé de la rétine (environ 30 hpf) . Ces films live nécessitant une bonne résolution spatiale et temporelle ainsi qu'une faible photo-toxicité, nous avons eu recours à la microscopie à feuille de lumière.

Les résultats de cette étude morphogénétique suggèrent que le champ de l'oeil est réduit chez le poisson cavernicole, ce qui était déjà connu auparavant, ils suggèrent aussi que le mouvement appelé évagination étendue procède correctement alors que le mouvement d'invagination semble altéré ou retardé. En effet si ce mouvement semble correctement initié, probablement grâce à la constriction basale, il ne parvient pas à continuer à la même vitesse chez le poisson cavernicole que chez le poisson de surface et paraît fortement retardé. Au final, il semblerait que la position très ventrale/proximale du cristallin soit due au fait que ce dernier soit correctement spécifié au milieu de la petite rétine initiale mais qu'à cause de l'évagination étendue qui amène plus de cellules dans la rétine, cette dernière se déplace distalement par rapport au cristallin, faisant apparaitre celui-ci très proximal/ventral. De plus, le retard d'invagination associé à cette évagination étendue fait parfois apparaitre des espaces entre le cristallin et la rétine, expliquant le phénotype de cristallin « flottant ».

D'autre part, l'étude des phénotypes de régionalisation de la rétine, réalisée par hybridation in situ à l'aide de marqueurs des différents quadrants de l'oeil révèle une réduction non pas du quadrant ventral dans sa globalité mais plutôt du quadrant temporal alors que les quadrants naso-dorsal semblent préservés.

Concernant l'étude des tissus de l'oeil, l'épithélium pigmenté rétinien (RPE) est correctement spécifié mais son recouvrement de la rétine est retardé par rapport au poisson de surface, ce qui est cohérent avec le retard d'invagination de la coupe optique. En revanche l'identité de la tige optique semble étendue nasalement et temporalement, et parfois même dorsalement dans la rétine, indiquant plutôt une modification de la spécification tissulaire.

En conclusion, cette deuxième étude nous a permis de mieux caractériser les phénotypes de rétine du poisson cavernicole en termes de régionalisation et de spécification et indique ainsi une réduction spécifique du quadrant temporal ainsi qu'un élargissement de l'identité « tige optique » dans la rétine. D'autre part, l'étude de la morphogénèse révèle plusieurs modifications du développement, dont une plus petite vésicule optique initiale mais aussi un retard de l'invagination, en cohérence avec de recouvrement de la rétine par le RPE.
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Figure 3 :

 3 Figure 3 : General anatomy of the embryonic and adult zebrafish eye. (A) Diagram of the embryonic zebrafish eye at 3 dpf. (B) Transverse section of an embryonic zebrafish eye at 3 dpf. (C) Diagram of the adult zebrafish eye. (D) Transverse section of an adult zebrafish eye. Note the space for vitreous humour that has appeared. (E) More detailed diagram of the iridocorneal angle of the zebrafish with its own colour legend. After (Soules & Link 2005; Fischer et al. 2013).

Figure 4 :

 4 Figure 4 : Lens development, from a flat placode to the spherical lens. Live imaging of the lens development, cell membranes have been pseudo-coloured. (A) Approximately 16 hpf, the cells in the surface ectoderm are orange and the cells in the lens placode are purple. (B) 18 hpf, elongating fiber cells are blue. (C) 20 hpf, center cells (red) of the delaminating lens mass are surrounded by columnar primary fiber cells (blue). (D-F) 22 hpf, 23 hpf, and 24 hpf, delamination completes the separation of the spherical lens from the developing cornea (orange). Morphologically undifferentiated cells at the external surface of the lens mass (yellow) lose adhesion contacts with the surface ectoderm. (G) After delamination, at approximately 24 hpf, the external epithelium (green) began to form. (H,I) 28 and 36 hpf, circular elongation and compaction of the fiber cells. All images have the same scale.From[START_REF] Greiling | Early lens development in the zebrafish: A three-dimensional time-lapse analysis[END_REF] 

Figure 6 :

 6 Figure 6 : Structure of the retina and morphology of photoreceptors (A) The different layer of the adult zebrafish retina. The outer part is on the top, inner part on the bottom. (B) Structure of the photoreceptors.From[START_REF] Gramage | The expression and function of midkine in the vertebrate retina[END_REF][START_REF] Cote | Photoreceptor Phosphodiesterase (PDE6)[END_REF] 

Figure 7 :

 7 Figure 7 : Structure of the retina and ciliary marginal zone. (A) Schematic representation of a transverse section of a zebrafish or Xenopus eye showing the ciliary marginal zone (CMZ), retinal pigment epithelium (RPE), neural retina, choroid and Bruch's membrane. (B)The different zones of the CMZ. Zone I, the most peripheral part is the stem cell niche; zone II contains rapidly proliferating progenitors. Zone III is composed by less proliferative and more fate-restricted retinoblasts, and zone IV consists in the differentiating neurons. ONL, outer nuclear layer; OPL outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglionic cell layer. From and modified from[START_REF] Ail | Retinal Degeneration and Regeneration-Lessons From Fishes and Amphibians[END_REF] 

Figure 8 :

 8 Figure 8 : roles of the retinal pigmented epithelium. OS, outer segment of the retinal epithelium; MV, microvilli. The RPE scatters light, transports nutrients and metabolites, recycles retinal, phagocytes the shedding disks of the photoreceptors and secretes growth factors.From[START_REF] Strauss | The Retinal Pigment Epithelium in Visual Function[END_REF] 

Figure 9 :

 9 Figure 9 : Hyaloid to retinal vascular system transition. Stages of retinal vasculature development in zebrafish. (C, C, D) partially dissected eyes from transgenic fish labelling the vascular system, including the hyaloid and retinal vasculature in larvae and adult. (A) Hyaloid vessels first appear attached to the back of the lens at 48 hpf and grow rapidly to reach the front of the lens at 3 dpf (C). (B-B') front views of the eye of a similar 59 hph transgenic zebrafish that llustrate of the inner optic circle (arrowheads). (D) In the adult, vessels are found associated with the inner surface of the retina.Insets are 3D models of this process where vessels have been coloured in green, retinas in pink and lens in white. CHOR: choroidal vasculature; RPE: retinal pigmented epithelium; NR: neuro-retina; IOC: inner optic circle, H hyaloid vasculature; L, lens. Modified from[START_REF] Alvarez | Genetic determinants of hyaloid and retinal vasculature in zebrafish[END_REF][START_REF] Kaufman | Development and origins of zebrafish ocular vasculature[END_REF] 

Figure 10 :

 10 Figure 10 : Forebrain morphogenesis during neurulation. (A-D,I-L) Projections of nuclei from a time-lapse acquisition. Dorsal projection, anterior is left. (E-H,M-P) Frontal projection, dorsal is up. (A,E) neural plate stage (midline, broken line). (B,F) Anterior neural plate contracts posteriorly towards the hypothalamic tip, where neural keel formation starts (asterisk). (C,G) Subducting hypothalamus moves anteriorly beneath the medial eye field. Convergence narrows the neural plate, which begins to fold lateral to medial, forming a neuropore (broken line). Posterior eye field moves anteriorly. (D,H) Hypothalamus emerges anterior and ventral, eye field remains contiguous across midline. (I,M) Eye evagination begins with cells moving into vesicles as diencephalon converges and moves anteriorwards. (J,N) Medial eye field continues to enter the eye vesicles. (K,O) migrating telencephalic cells meet at the midline to close the neuropore; anterior eye-field splitting is complete (arrows). Posterior optic stalk arrives beneath anterior stalk precursors. (L,P) End of evagination, beginning of elongation of the OV. Asterisks indicate anterior tip of hypothalamus. Arrows indicate the direction of movement of the cells. Time (bottom left-hand corner) in hpf. A, anterior; P, posterior. Scale bars: 25μ m. (Q-T) Illustrated summary of the forebrain early morphogenesis. Note the folding of the telencephalon and the subduction of the hypothalamus.From[START_REF] England | A dynamic fate map of the forebrain shows how vertebrate eyes form and explains two causes of cyclopia[END_REF] 

Figure 11 :

 11 Figure 11 : the main steps of eye morphogenesis, from optic vesicles evagination to optic cup formation. Diagram of the eye morphogenesis steps, arrowhead indicates the formation of a furrow between the optic vesicle and the neural keel. Dorsal view, medial to the top, lateral to the bottom. From (Kwan et al. 2012) 2.1.1. From neural plate to the onset of optic vesicle (OV) evagination

Figure 12 :

 12 Figure 12 : Eye morphogenesis, from neural plate to optic vesicles. (A) Summary diagram of the optic vesicle morphogenesis in frontal view. First step is hypothesized from (Rembold et al. 2006)(B) Two populations of cells : the core cells and the marginal cells compose the eye field / optic vesicle. The core cells intercalate between the epithelial marginal cells. (B4-7) Time-lapse movie of a zebrafish embryo with RFP-labelled membranes (Red) and GFP-labelled nuclei. Examples of marginal and core cells are outlined in white. (B3, B9) Zebrafish embryos with stained membranes. (B1, B2, B8) Photoconversion in red of the originally green core cells at 3/4 ss, showing the intercalation of these cells. (C) Acquisition of the apico-basal polarity in the eye field. In green, the apical marker Zo1. (C1, C3, C4, C6) Rx3:GFP transgenics, labelling of the eye field in Red. (C2, C5) The basal lamina is labelled in red. (A-C) Frontal optic sections.Modified from[START_REF] Ivanovitch | Precocious acquisition of neuroepithelial character in the eye field underlies the onset of eye morphogenesis[END_REF] 

Figure 13 :

 13 Figure 13 : different views of eye morphogenesis. Schematic representation of the different morphogenetic movements occurring during eye development. On the left, dorsal views at neural plate stage, early optic vesicle, late optic vesicle, early optic cup (anterior to the top) and lateral view of the optic cup around 30 hpf (bottom). In the middle; frontal sections through the developing neural plate/ optic vesicle/cup. On the right, lateral views of the corresponding stages. Left and middle drawings are from the literature data on medaka fish and zebrafish, the right drawing represent Astyanax matching stages. Arrows describe the morphogenetic movements happening at each stage.

Figure 14 :

 14 Figure 14 : Optic cup invagination and rim movement. (A) Diagram of the optic cup invagination in time. Cells from the outer optic cup flow and migrate around the rim. Dotted arrows represent the cell migration. (B) Dorsal view of the optic cup invagination from 16.5hpf, optical sections of a live embryo. Dotted line represents the optic recess; arrows show the flow of cells migrating around the rim; asterisk, lens. (C,c) Schematic representation of the different mechanisms leading to the optic cup invagination. The invagination is driven by basal contraction; rim involution is driven by collective, active migration of the epithelium at the rim of the developing optic cup. Cells display protrusions. (D) Diagram of the optic cup invagination, note the expansion of the RPE. (E) The RPE comes to engulf the neural retina.From(Cavodeassi 2018;[START_REF] Sidhaye | Concerted action of neuroepithelial basal shrinkage and active epithelial migration ensures efficient optic cup morphogenesis[END_REF][START_REF] Heermann | Eye morphogenesis driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic protein[END_REF] 

Figure 17 :

 17 Figure 17 : Optic fissure closure. (A) Schematics of the forming eye (ventral view) showing the ventrally positioned choroid fissure before and during closure (drawing by Clarissa Scholes). (B) Stages of the choroid fissure closure, (I) the two margins of the optic fissure come in contact; (II) the basal membrane breaks down and the apical side of the margin cells come in contact. (III) The tissue of the two margins fuse. (C) Cell polarity during optic fissure closure. ZO1 labels the apical side of the cells, Laminin labels the basal lamina. (C1) The two margins are juxtaposed at the basal membrane. (C2) The basal membrane breaks down and the apical sides come in contact. (C3) The apical sides of the margin cells are in contact. (C4) The tissue has fused; no apico-basal maker is seen at this level except close to the RPE, around the optic recess. (D) Diagram of the dynamics of choroid fissure closure, note the initial fusion starts halfway in the OF and the zipper-like bidirectional progression of the basal membrane breakdown and tissue fusion. Tilted ventral view.From[START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF][START_REF] Gestri | The visual system of zebrafish and its use to model human ocular diseases[END_REF][START_REF] James | The hyaloid vasculature facilitates basement membrane breakdown during choroid fissure closure in the zebrafish eye[END_REF] 

Figure 19 :

 19 Figure 19 : retinotopic mapping of the optic tectum. Injection of lipophilic dyes (DiI, DiO) into the nasal and temporal quadrants of the retina allows tracing the retinal projections to the tectum. Note the mirror inversion of the retinal mapping in the tectum. (B) Original drawings from Sperry showing the retinotopic mapping of the tectum observed from regeneration experiments. (C) Diagram of the Retina, showing the transcription factors expressed on the different quadrants and the type of Ephrin or Eph Receptor they induce. Picture from Chi-Bin Chien, drawings from (Sperry 1963).

Figure 20 :

 20 Figure 20 : Origin of the eye quadrants. (A) Diagram of the eye development and the movement of the different quadrants over time. Nasal quadrant is in green, temporal quadrant is in red. Olfactory epithelium is in dark blue. The inset shows the movement of the cells during optic cup morphogenesis, bringing the temporal cells in the lens-facing epithelium. Then the anterior rotation brings the quadrants in their final position. (B) Time-lapse imaging of the temporal (on the left) and nasal (on the right) quadrant development, using zebrafish transgenic lines HGn42A enhancer-trap (downstream of FoxD1) and Tg(-8.0cldnb:lynGFP)zf106. Note the progressive ventral-wards bending of the OV before the optic cup invagination starts. (C) Details of the progression of the temporal cells into the lens-facing epithelium. White dotted lines show the migrating cells, arrowheads show the progressive displacement of the two presumptive quadrants.(B, C) Frontal view when not specified otherwise. (D) The origin of the dorsal (distal) quadrant. Dorsal views from 12 to 18 hpf, lateral view at 24 hpf.From (Kruse-Bend et al. 2012;[START_REF] Picker | Dynamic Coupling of Pattern Formation and Morphogenesis in the Developing Vertebrate Retina W. A. Harris[END_REF] 

  al. 2012) -Promotes sleep (Singh et al. 2017) AgRP (Agouti-Related Protein) -POMC receptor antagonist (Cerdá-Reverter et al. 2011) -Increases body weight (Cerdá-Reverter et al. 2011) -Growth (Zhang et al. 2012) -increased during fasting (Cerdá-Reverter et al. 2011) MCH (Melanin-Concentrating Hormone) -Decrease in pigmentation (Lin et al. 2000) -Increases food intake (Lin et al. 2000) CRH (Corticotrophin Releasing Hormone) -Stress response including : -decrease of food intake (Volkoff et al. 2005) -increase of locomotor activity (Lowry & Moore 2006) -Stress Response (Volkoff et al. 2005) SST (Somatostatin) -Phototaxic swimming (Horstick et al. 2017) -Inhibits the release of GH by the pituitary (Sheridan & Hagemeister 2010) 57

Figure 21 :

 21 Figure 21 : The stress axis.The NPO in the optic recess region (ORR) integrates stress signals and releases CRH in the corticotrophic area of the adenohypophysis. In turn, corticotropic cells release ACTH in the blood. This hormone provokes the synthesis and release of cortisol in the blood. Cortisol can then activate the glucocorticoid receptor of its target cells, which act as a transcription factor and activate specific gene expression. CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone; GR, glucocorticoid receptor. From[START_REF] Alsop | The zebrafish stress axis: molecular fallout from the teleost-specific genome duplication event[END_REF] 

Figure 23 :

 23 Figure 23 : The optic recess region. (A) Segmentation of the ventricles of the forebrain, including the optic recess. The different regions of the secondary prosencephalon are highlighted in colors, (from literature), telencephalon is blue, ORR is magenta, the optic stalk (Pax2a-positive region) is yellow, hypothalamus is green. (A4) Frontal view, optic recess is green from a segmentation, Otp-positive cells are in magenta, delaminating the dorsal ORR. (B)The hypothalamus and ORR boundaries as showed by Nkx2.1a (Hypothalamus). The alar-basal boundary, defined by Shh expression. (C) ORR an hypothalamus boundaries, defined by the differentiation gradient. ccna2 : cell cycle marker; elalv3 marks the differentiating neurons and Hu labels the differentiated neurons. From[START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF] 

Figure 25 :

 25 Figure 25 : the prechordal plate. (A) Diagram of a bud-stage zebrafish embryo showing the prechordal plate (PCP) with its anterior polster and posterior part, followed by the notochord. (B) Goosecoid expression (in red) labels the PCP at 80% epiboly. (C) Hgg1 expression labels the PCP at 90% epiboly. (D) Zebrafish embryo at bud-stage, the arrowhead indicates the polster. (E) Diagram showing the inductive signals that act on the ventral neural plate. The posterior neural plate receives signals from the notochord to become floor plate, whereas the more anterior neural plate receives signals from the PCP to become the hypothalamus. Dots represent signaling from the PCP/notochord, diagonal bars in the neural plate represent local gene expression.Note that this configuration is only transient as the PCP continues its migration to reaches its final anterior position further away from the presumptive hypothalamus (at neural plate stage). The hypothalamus then undergoes subduction and passes rostrally past the PCP. Thus by the time the floor plate and the hypothalamic neural plate are specified, the prechordal plate actually resides caudal to the hypothalamic neural plate. Lateral view, anterior to the left. From[START_REF] Bedont | Patterning, specification, and differentiation in the developing hypothalamus[END_REF][START_REF] Chan | Morphogenesis of Prechordal Plate and Notochord Requires Intact Eph/Ephrin B signaling[END_REF][START_REF] Heisenberg | The Function ofsilberblickin the Positioning of the Eye Anlage in the Zebrafish Embryo[END_REF] 

Figure 26 :

 26 Figure 26 : the optic stalk acts as an organizing center After induction by the prechordal plate, the optic stalk secretes Fgfs that in turn induce neuronal differentiation. Drawn as a transverse section. From (Martinez-Morales et al. 2005)

  Figure 27 : The anterior neural border and anterior neural ridge signalling centers. (A) BMP is secreted from the non-neural ectoderm, and counteracted by the BMP inhibitors secreted by the organizer. (B) Intermediate levels of BMP induce the anterior neural border (ANB) that secretes Wnt antagonists such as Tlc that counteract the posteriorizing effect of the Wnt (β-catenin pathway) signals from the diencephalon. (C) The anterior neural ridge secretes Fgf ligands that influence Hh proteins expression but also forebrain patterning, grey arrows indicate morphogenetic converging movements (D) Early Tlc expression throughout the anterior neural plate. (E) Tlc expression is then restricted to the ANB. (F) Wnt8b expression in the diencephalon and PCP (asterisk). (G) Tlc (blue) and Wnt8b (red) expression in the anterior neural plate. Ey, eye field; t, telencephalon; d, diencephalon. (A-G) Dorsal views, anterior to the top. (H) Diagram of the Wnt pathways, canonical β-catenin pathway and non-canonical Planar cell polarity pathway and calcium pathway.Adapted from[START_REF] Cavodeassi | Early Stages of Zebrafish Eye Formation Require the Coordinated Activity of Wnt11, Fz5, and the Wnt/β-Catenin Pathway[END_REF][START_REF] Bielen | BMP Signaling Protects Telencephalic Fate by Repressing Eye Identity and Its Cxcr4-Dependent Morphogenesis[END_REF][START_REF] Takahashi | Regulatory mechanism of osteoclastogenesis by RANKL and Wnt signals[END_REF] 

Figure 28 :

 28 Figure 28 : Morphogen influence on the naso-temporal quadrants. (A) Distribution of the morphogens and naso-temporal markers at the OV stage. Shh is expressed at the midline. Fgfs are expressed in the ANR. Lateral view, anterior to the left. (B) Interactions between morphogens and naso-temporal markers in a wild-type condition. Dotted lines indicate timing-specific interactions, question marks indicate hypothesized relationships. (C) Different cases of morphogen signaling modification. (1) Fgf signalling is sufficient to prevent FoxD1 from being expressed. Indeed, as FoxG1 is not invading the ventral retina, it cannot be reponsible for FoxD1 inhibition. (2) In the chick, FoxG1 becomes able to invade the ventral retina upon loss of FoxD1. This result, taken together with the previous Hh inhibition, results seem to indicate a promotion of FoxG1 expression by Hh which is usually hidden by the promotion of FoxD1. (3) In the absence of both Hh and Fgf signalling, FoxD1 seems to be induced by another independent factor since it is expressed throughout the OV. (4) In the absence of Fgf, Hh signalling induces FoxD1 which invades the whole OV. (5) Ectopic Fgf signalling in the ventral retina leads to its invasion by FoxG1 expression.From (Hernández-Bejarano et al. 2015) 

Figure 29 :

 29 Figure 29 : Induction of the dorsal quadrant. (A) Expression of Gdf6a and the early eye-field marker Rx3. Gdf6a is expressed very early in the non-neural ectoderm, at 11 hpf, its expression is stronger anterior and posterior to the eye field/young optic vesicle(OV). Quickly after, at 11.5 hpf, its expression strengthens around the OV and covers the lateral portion of the dorsal OV leaflet (see C). Gdf6a then continues to expand to cover the whole dorsal leaflet of the OV (C). (B) Diagram showing the inductive effect of the extraocular ectoderm on the specification of the dorsal retina. Blue indicate the dorsal retina. (A, B) Dorsal views, anterior to the left. (C) Transverse sections. From (Kruse-Bend et al. 2012)

  )[START_REF] Kruse-Bend | Extraocular ectoderm triggers dorsal retinal fate during optic vesicle evagination in zebrafish[END_REF][START_REF] Asai-Coakwell | GDF6, a Novel Locus for a Spectrum of Ocular Developmental Anomalies[END_REF][START_REF] French | Gdf6a is required for the initiation of dorsal-ventral retinal patterning and lens development[END_REF][START_REF] Gosse | An essential role for Radar (Gdf6a) in inducing dorsal fate in the zebrafish retina[END_REF].

Figure 30 :

 30 Figure 30 : Roles of the Sfrps in the maintenance of dorso-ventral patterning. Sfrps secreted ventrally counteract BMP and Wnt at high concentrations (ventrally) but enable them at low concentration (dorsally).Wnts are secreted from the dorsal RPE and BMP from the extraocular ectoderm precociously and in the dorsal retina. (A) Dorsal view, anterior to the left, (B) lateral view.From[START_REF] Holly | Sfrp1a and Sfrp5 function as positive regulators of Wnt and BMP signaling during early retinal development[END_REF] 

Figure 32 :

 32 Figure 32 : Shh and the optic stalk. (A, B) Shh signalling expands Pax2a expression in the ventral retina and enlarges the optic stalk at 16-18 ss.(C, D) The optic stalk is still enlarged with a persisting connection to the retina, whose shape is altered ventrally. Also; the optic recess stays wider. Anterior is to the left. (E, F) Frontal view of the same phenotype. From[START_REF] Macdonald | Midline signalling is required for Pax gene regulation and patterning of the eyes[END_REF] 

Figure 33 :

 33 Figure 33 : Impact of morphogens on morphogenesis. (A-E) Morphogens and neurulation. (A) Cyclops (cyc) mutant phenotype, anterior to the top. Note the bridge of fused retinas at the anterior pole of the neural keel (arrows) and the slight invagination in this bridge at 20 ss. (B,C) Schematic representations of the secondary prosencephalon development from neural plate (NP) to optic vesicle (OV) stage. Green: hypothalamus and diencephalon, blue: eye field, red: telencephalon. (C) Wild type, the 3 territories are present, the hypothalamus undergoes subduction and becomes anterior to the telencephalon (see the relative position of the dotted lines at NP and OV stages). (D) Cyc mutants, the hypothalamus is missing, the medial eye field subducts but does not pass before the telencephalon. (D-F) BMPs and optic cup (OC) invagination. (D) BMP signalling in the OC. (D1,3) BMP activity, visualized by GFP expression under the control of a BMP-responsive element. (D2,4) Expression of the BMP antagonist follistatin. (E) Invagination of the optic cup in the WT context (1) or in the case of BMP4 misexpression throughout the retina (2), dorsal views. Note the persisting bulge of cells in the outer OC that does not complete rim movement (magenta outline). Arrows in G1 indicate cell movement, asterisk: lens. (F) Coloboma phenotype resulting from BMP4 retinal misexpression, note the persisting temporal bulge and the lack of OF margin apposition. Lateral views.From[START_REF] Macdonald | Midline signalling is required for Pax gene regulation and patterning of the eyes[END_REF][START_REF] Fulwiler | Retinal patterning in the zebrafish mutant cyclops[END_REF][START_REF] England | A dynamic fate map of the forebrain shows how vertebrate eyes form and explains two causes of cyclopia[END_REF][START_REF] Heermann | Eye morphogenesis driven by epithelial flow into the optic cup facilitated by modulation of bone morphogenetic protein[END_REF] 

Figure 34 :

 34 Figure 34 : Astyanax mexicanus : cavefish, surface fish. (A) Astyanax mexicanus surface fish (left) and Pachón cavefish, picture by Y. Elipot and S. Rétaux. (B) Astyanax mexicanus populations, an example of convergent evolution. On the left, a map of the Mexican region containing the 30 known A. mexicanus cavefish populations. Colour squares indicate the three different regions representing 3 independent invasions. Dots indicate the cave locations; black dots associated with a letter match the individuals presented on the right panel, apart from the surface fish which is found in virtually every river of the region.Modified from[START_REF] Yamamoto | Pleiotropic functions of embryonic sonic hedgehog expression link jaw and taste bud amplification with eye loss during cavefish evolution[END_REF] 

Figure 35 :

 35 Figure 35: Population genetic through SNP analysis. (A) Diagram of the evolutionary history of A. mexicanus. (B) the different classes of SNP, x, y, z are different alleles, x is assumed to be the ancestral allele, shared with the outgroup. x/y or x/z indicate a polymorphism present within a population. (C) Plot of the simulated evolution of frequency of the different SNP classes over time. Horizontal dotted lines indicate the observed frequencies. The vertical red dotted line represents the best fitting divergence time, around 20 000 years.From[START_REF] Fumey | Evidence for late Pleistocene origin of Astyanax mexicanus cavefish[END_REF] 

Figure 37 :

 37 Figure 37 : Cavefish meal, what's on the menu in the cave ? (A-I) Gut content of young Pachón fry. (A-C) Water fleas, (D-F) copepods, (G) ostracod, (H) isopod, (I) pieces of arthropods. (J) Young Pachón cavefish, note their visibly full stomachs.[START_REF] Espinasa | Contrasting feeding habits of post-larval and adult Astyanax cavefish[END_REF] 

Figure 38 :

 38 Figure 38 : decanalization, revealing the cryptic variation.(A) Normalized orbit size. Left, WT surface fish (control surface F1). Right, surface fish treated with the HSP90 inhibitor (radicicol), observe the identical average size but the increased variation. Middle, offspring of radicicol-treated SF that were selected for their small eyes and bred. Note the decrease in average orbit size. (B) Radicicol-treated surface fish embryos displaying a strong variation of eye size. (C) Normalized orbit size of WT surface fish or SF raised in low-conductivity water. Fishes raised in low conductivity conditions display more important variations of eye size. From[START_REF] Rohner | Cryptic variation in morphological evolution: HSP90 as a capacitor for loss of eyes in cavefish[END_REF] 

Figure 39 :

 39 Figure 39 : Eye loss and evolutionary mechanisms. (A) Brain anatomy of the surface and 2 cave populations : Micos and Pachón. The surface fish has large eyes and a large optic tectum; Micos cavefish have small eyes and an intermediate size of tectum; Pachón cavefish have no eyes and a small tectum. (B) Energetic cost of the neural tissue of these populations, the O2 consumption decreases with the eye and tectum size allowing cavefis to save energy. (C) Diagram summarizing the pleiotropic effects of the increase of Shh signalling.From[START_REF] Rétaux | Evolution of eye development in the darkness of caves: adaptation, drift, or both?[END_REF][START_REF] Moran | The energetic cost of vision and the evolution of eyeless Mexican cavefish[END_REF] 

Figure 40 :

 40 Figure 40 : Signalling modifications and their effects during optic vesicle/optic cup stages. (A-F) Shh expression is enlarged at the midline (see A) and anteriorly (see B-E) in the CF. Dlx3b delimitates the anterior neural plate, Pax2a is expressed in the midbrain-hindbrain boundary. (F) At 10 hpf, Fgf8 is expressed in the CF but not in the SF.(G-J) Modifications of OV patterning in the CF. (G) Pax6 expression is lacking anteriorly in the CF. (H, I) The OV size is reduced, Pax2a expression is enlarged. (J) Vax1 expression is enlarged. (K-N) Modification of placodal patterning. (K) The light peripheral Pax6 staining labels the presumptive lens (brackets) which is smaller in the CF, consequently, the lens stays smaller at later stages (L). Conversely, the olfactory placode (olf) (M) and the later olfactory epithelium (oe) (see N) are larger in the CF. (O) Summary diagram of the impact of various morphogens on the placodal patterning. (P) Same interactions represented in a schematic neural plate.From[START_REF] Yamamoto | Hedgehog signalling controls eye degeneration in blind cavefish[END_REF][START_REF] Hinaux | Sensory evolution in blind cavefish is driven by early embryonic events during gastrulation and neurulation[END_REF][START_REF] Strickler | Early and late changes in Pax6 expression accompany eye degeneration during cavefish development[END_REF][START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF] 

Figure 41 :

 41 Figure 41 : Coloboma and eye degeneration. (A) The CF displays a severe reduction of the ventral quadrant of the retina compared to the SF. Upon Fgf8 inhibition from 8hpf to 12 hpf (SU 2µM), the ventral retina is restored. (B-I) The lens is responsible for the eye degeneration. Lens grafts from a SF into a CF optic cup (B, F, H) and from a CF into a SF optic cup (D, G, I). (B-E) are TUNEL labelling, showing apoptosis, the transplanted SF lens survives in the CF eye (B) while the CF lens in the SF eye still undergoes apoptosis (D). (C, E) Non transplanted control from the same embryos. (F, G) Dorsal views of the resulting adult fishes, transplanted side on the right, the cavefish eye is restored while the SF eye is regressed after lens graft. (H, I) Lateral view of the transplanted side. (J-Q) Shh injections in SF mimic the CF eye phenotype. (J, K), Shh-injected SF have a larger expression of Vax1. (L, M) Reduce OV and OC sizes. (N) Reduction of the ventral retina. (O) Some injected fishes lose their eyes. (P, Q) Shh mRNA injection triggers apoptosis in the lens of a SF.From[START_REF] Yamamoto | Hedgehog signalling controls eye degeneration in blind cavefish[END_REF][START_REF] Yamamoto | Central Role for the Lens in Cave Fish Eye Degeneration[END_REF][START_REF] Pottin | Restoring eye size in Astyanax mexicanus blind cavefish embryos through modulation of the Shh and Fgf8 forebrain organising centres[END_REF] 

Figure 42 :

 42 Figure 42 : Summary of eye development and differences between cavefish and surface fish. (a, b) The lens and optic cup of the CF are smaller; the ventral quadrant of the OC is reduced. (c, d) TUNEL assay showing apoptosis in the CF lens and retina at 2 dpf. PCNA labelling showing the actively cycling cells in the CLZ of both the SF and CF at 10 dpf. (g) Diagram showing the events of Astyanax eye development and degeneration. Left, early development of the eye primordium seems similar in SF and CF until approximately 1 dpf. Top, in SF, the eye differentiates and the eye grows. Bottom, in CF the eye primordium grows for a while, then arrests, degenerates, and is internalized by overgrowth of the body.From[START_REF] Jeffery | Regressive Evolution in Astyanax Cavefish[END_REF] 

Figure 43 :

 43 Figure 43 : Neuromasts and the vibration attraction behaviour. (A) Schematic representation of a neuromast. (B,C) DASPEI staining, showing the superficial neuromasts in a surface fish (B) and a Pachón cavefish (C). Insets show a higher magnification of a superficial neuromast, which are also wider in the Pachón CF.(D) VAB. Number of times fishes approached the center of the tankwhen there was nothing, when a still rod was placed there, or when the rod was vibrating. (E) Prey catching duels in dark and light condition between VAB-positive CF and VAB-negative SF and between VAB-positive SF and VAB-negative SF. Note that in both cases, the VAB-positive fish does better than the VAB-negative fish in the dark but that the difference is abolished in light conditions. From[START_REF] Yoshizawa | Evolution of a behavioral shift mediated by superficial neuromasts helps cavefish find food in darkness[END_REF][START_REF] Windsor | The influence of viscous hydrodynamics on the fish lateral-line system[END_REF] 

Figure 46 :

 46 Figure 46 : Sleep loss in the cavefish. (A) Total time of sleeps in different cave and surface populations, all 3 different caves exhibit sleep reduction both at night and during the day. (B) Activity of the wake fishes is similar in all populations. (C) Sleep bout number is reduced during daytime in Pachón and Tinaja populations while sleep bout duration (D) is reduced in all cave populations examined. (E) Chemical neuromast ablation by gentamicin, DASPEI staining of the neuromasts. (F) Neuromast ablation increases total sleep duration, bout duration and number of sleep bouts in Pachón population. (G) Sleep duration increases upon starvation in the different cavefish populations.From[START_REF] Duboué | Evolutionary convergence on sleep loss in cavefish populations[END_REF][START_REF] Jaggard | The lateral line confers evolutionarily derived sleep loss in the Mexican cavefish[END_REF] 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Neuropeptides and their roles.

	Neuropeptides	and	
	their potential cleavage	Roles in fishes	Regulation
	products		
	CART Amphetamine (Cocain transcript)	and related	-Reduces food intake (Volkoff et al. 2005) -Reproduction (Barsagade et al. 2010)	-decreases during starvation (Volkoff 2014)
	POMC-a et POMC-b	-α-MSH reduces food intake (Volkoff et al. 2005)
	Pro-OpioMelanoCortin)	-Increase in pigmentation (Cerdá-Reverter et al. 2011)
	Cleavage products :	-Cortisol synthesis and stress (Cerdá-Reverter et al.
	-	MSH		2011)
	-	ACTH		-Energy expenditure (Cerdá-Reverter et al. 2011)
	-	β-endorphin	-Body fat storage (Cerdá-Reverter et al. 2011)
				-Reduces food intake (Gesto et al. 2014)	-Dependant on the social rank
				-Osmotic balance	(Kagawa 2013)
	AVT (Arginin-Vasotocin,	-Blood pressure	-In response to stress (Gesto et al.
	Arginin-Vasopressin	-Increases aggressiveness (Kagawa 2013)	2014)
	homolog)		-Stress response (Gesto et al. 2014)	-Circadian rhythmicity (Eaton et
				-Elicits courtship behaviour (Hasunuma et al. 2013)(Kagawa 2013)	al. 2008; Rodríguez-Illamola et al. 2011)
				-Decreases food intake (Mennigen et al. 2017)
				-Osmoregulation (Martos-Sitcha et al. 2013)
	Isotocine (IT, Oxytocin	-Social behaviour (Mennigen et al. 2017; Weitekamp et
	homolog)		al. 2017)
				-Reproduction (Mennigen et al. 2017)
				-Parental care (DeAngelis et al. 2017)
	Orexin / Hypocretin (Hcrt)	-Increases food intake (Volkoff et al. 2005)
	Cleavage products : -orexin A	-Sleep consolidation (Prober et al. 2006) -Increases locomotor activity (Nakamachi et al. 2006;	-Stress response (Sakurai 2014)
	-	orexin B		Volkoff et al. 2005)
	NPY (NeuroPeptide Y)	

From [START_REF] Macdonald | The Pax protein Noi is required for commissural axon pathway formation in the rostral forebrain[END_REF], drawing from Barresi lab. From [START_REF] Kowalko | Loss of schooling behavior in cavefish through sightdependent and sight-independent mechanisms[END_REF][START_REF] Elipot | Evolutionary shift from fighting to foraging in blind cavefish through changes in the serotonin network[END_REF] Figure 45 : Feeding position in the dark. (A) Surface fish adopt a vertical position and a slight twirling movement. (B) The cavefish adopt a 40-55° angle and scan the floor. From [START_REF] Schemmel | Studies on the Genetics of Feeding Behaviour in the Cave Fish Astyanax mexicanus f. anoptichthys[END_REF] Results
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Manuscript in preparation

Eye morphogenesis in the Mexican cavefish: first hints of an impaired optic cup invagination. Nous nous sommes aussi intéressés à l'oeil du CF, qui commence par se développer avant de dégénérer. Une réduction du quadrant ventral de la rétine avait été précédemment décrit. Nous rafinons cette description grâce à une étude de la régionalisation de la coupe optique du CF qui suggère une réduction de la rétine temporale plus spécifiquement. Nous proposons également une première description de la morphogénèse de l'oeil du CF grace à l'imagerie live de lignées transgéniques fluorescentes. Cette étude révèle un défaut d'invagination de la coupe optique chez le CF. Globalement, ce travail ouvre la voie vers une meilleure compréhension de l'évolution de la tête du CF.

Title : Developmental evolution of the optic region in the blind cavefish Astyanax mexicanus Keywords : Eye, morphogenesis, cavefish, hypothalamus, neuropeptides, Evo-devo Abstract : Astyanax mexicanus is a fish species comprising two strikingly different morphotypes : the classical river-dwelling surface fish and the blind depigmented cavefish. These two morphs differ in many aspects in terms of sensorial modalities, physiology and behaviour. In the Evo-Devo approach, we try to link early developmental differences to later phenotypic modifications. Here we focus on the early modification of the hypothalamus and the eye of the cavefish. We show that early signalling modification of morphogens such as Shh or Fgfs lead to the modification of neuropeptidergic clusters in the hypothalamus via the neuronal fate-specifying transcription factors Lhx. More particularly, we show an increase in NPY and hypocretin cluster size. In turn, this increased hypocretin cluster size triggers a reduction of sleep in the cavefish larva. We also examine the embryonic eye of the cavefish which first develops before degenerating. This eye was previously reported to have a reduced ventral retina. We refine this description by studying the regionalisation of the cavefish optic cup and suggest that this reduction concerns more specifically the temporal retina. We also attempt a first description of the cavefish eye morphogenesis by live imaging on fluorescent transgenic lines. This description reveals a defect in the optic cup invagination of the cavefish. Overall, this work started deciphering the developmental evolution of the cavefish head.