Laura Desban 
  
Andrew Prendergast 
  
Julian Roussel 
  
Claire Wyart 
email: claire.wyart@icm-institute.org
  
Pierre-Luc Bardet 
email: pierreluc.bardet@icm-institute.org
  
Thomas O Auer 
  
  
  
  
Spinal sensory neurons require the actin-bundling factor Espin for apical extension morphogenesis and mechanosensory response

Keywords: actin-binding protein AJ: adherens junction AJC: apical junctional complex BAIAP2 : brain-specific angiogenesis inhibitor 1-associated protein 2 CNS: central nervous system CSF: cerebrospinal fluid CSF-cN: CSF-contacting neuron ERM: ezrin, radixin, moesin FACS: fluorescent activated cell sorting GPCR vomeronasal organ WASP: Wiskott-Aldrich Syndrom protein

Preamble

p.1

I. Microvilliated sensory cells detect a variety of sensory cues
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Au plaisir de Dieu, Jean D'Ormesson

Sensory systems use specialized receptor cells, many of which detect sensory cues through specialized apical membrane protrusions, such as microvilli. The final shape of the microvilliated apical extension requires specific molecular machinery and determines many of the properties of sensory transduction. The establishment of this structure remains however elusive. What molecular factors orchestrate the initiation and elongation of actin filaments in microvilliated sensory cells (MSCs)? Can we find key elements of morphogenesis common to MSCs? What is the precise role of microvilli structure in sensory function? I investigated two sensory cell types harboring microvilli: spinal cerebrospinal fluidcontacting neurons (CSF-cNs) and neuromast hair cells (nHCs). The primary goal was to unravel the molecular mechanisms underlying morphogenesis of MSCs by focusing on CSF-cNs. I was able to describe critical steps leading to the development of CSF-cN apical extension. My participation to the transcriptome analysis of CSF-cNs revealed candidate molecular factors associated with each of these steps. I demonstrated the importance of the interaction between Espin and Myo3b to ensure the proper lengthening of CSF-cN apical extension. In this system, I established a direct link between morphology and function by showing that shorter apical extensions lead to reduced sensory response. Altogether, my work shed light on the formation of CSF-cN sensory organelle and its functional role. In parallel, the establishment of the nHC transcriptome dataset revealed similar morphogenetic factors with CSF-cNs, supporting the idea that all MSCs share conserved features for their differentiation.

La détection des stimuli sensoriels est assurée par des cellules réceptrices spécialisées, souvent grâce à des protrusions membranaires apicales telles que les microvillosités. La forme finale des extensions apicales microvilliées conditionne de nombreuses propriétés de la transduction sensorielle mais leur formation reste méconnue. Quels sont les facteurs moléculaires responsables de l'initiation et de l'élongation des filaments d'actine chez les cellules sensorielles microvilliées (CSMs) ? Peut-on décrire des éléments clés de la morphogenèse en commun ? Quel est le rôle structural des microvillosités dans la fonction sensorielle ? J'ai étudié deux types sensoriels microvilliés : les neurones contactant le liquide cérébrospinal (NcLCS) et les cellules sensorielles des neuromastes (CSn). Mon projet visait à investiguer les mécanismes moléculaires sous-jacents à la morphogenèse des CSMs par l'étude des NcLCS. J'ai décrit les étapes critiques menant à la formation de l'extension apicale des NcLCS auxquelles j'ai pu associer des candidats potentiels grâce à l'analyse transcriptomique de ces cellules. J'ai démontré le rôle critique de l'interaction entre Espin et Myo3b dans l'élongation de l'extension apicale des NcLCS et j'ai établi un lien direct entre structure et fonction en montrant que le raccourcissement de l'extension apicale aboutissait à la réduction de la réponse sensorielle. Mon travail a permis d'apporter des éléments de réponse quant à la formation de l'organe sensoriel des NcLCS. L'analyse transcriptomique des CSn a par ailleurs révélé des facteurs de morphogenèse communs avec les NcLCS, suggérant que toutes les CSMs partagent des propriétés de différenciation conservées. To ensure their survival and reproduction, living organisms constantly probe and sense their environment to gather information. From ancient times to present days, sensation has always been a source of fascination for philosophers, artists and scientists. In a first attempt of classification, the Greek philosopher Aristotle defined five senses (De Anima book): vision, audition, olfaction, taste and touch. Neurobiologists have since then extended and refined this classification by including a variety of modalities detecting internal parameters that are as critical for survival and bodily function. Together with the classic five senses, balance forms the 'exteroceptive senses' and provides information about the outside world. Their counterpart, the so-called 'interoceptive senses', provide information from within the body and commonly regroup somatic (proprioception, pain, temperature) and visceral sensations [START_REF] Kandel | Principles of Neural Science[END_REF]. Each modality relies on highly specialized sensory cells, sometimes located in dedicated sense organs, expressing receptors specific to the type of stimulus (Table 1). Sensory cells act as transducers capable of transforming the information into electrical signals that can then be interpreted by the central nervous system (CNS). In the light of this definition based on cellular specialization, a growing number of cells have been described as sensory and the list is probably still not exhaustive. Notably, a novel interoceptive modality has emerged, carried by spinal neurons contacting the cerebrospinal fluid (cerebrospinal fluid-contacting neurons or CSF-cNs) (Kolmer, 1921;Agduhr, 1922;Vigh and Vigh-Teichmann, 1973;Dale et al., 1987). Recent studies provided evidence for these cells detecting chemical cues from the CSF (Orts-Del' Immagine et al., 2012;Jalalvand et al., 2016) and mechanical stimuli associated with spinal bending and CSF flow (Böhm et al., 2016;Jalalvand et al., 2016;Sternberg et al., 2018) (see also Chapter 2, I.A).
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Table 1 illustrates the fascinating diversity of sensory cells that is expressed at various levels -structural, molecular and sensory -making it difficult to assign functional groups. Each sensory system is dedicated to a specific set of tasks and employs specialized receptor cells, many of which detect chemical or mechanical stimuli through apical membrane protrusions, such as microvilli and/or cilia. When present, the shape of a specialized sensory compartment or organelle is admittedly instrumental to the sensory function and requires specific molecular machinery. Therefore, one way to classify sensory cells is to focus on their morphological appendices used to collect information (Table 1). Although scientists often relate to morphology to assume cell function and commonly associate apical extensions with sensory function, their structure and formation remain elusive. During my PhD, I investigated two sensory cell types harboring microvilli: CSF-cNs, interoceptive cells, and hair cells of the neuromasts (nHCs), specific exteroceptive cells developed by bony and cartilaginous fish. While tuned to distinct stimuli, CSF-cNs and nHCs share obvious morphological features with the elaboration of a microvilliated apical extension. I therefore asked whether we can find common key molecular factors, underlying morphology of CSF-cNs and nHCs and I investigated the role of the microvilliated apical extension for the sensory function.

Table 1. Classification of sensory cell types * In zebrafish, vomeronasal and main ORNs are found together in the olfactory epithelium. In red: cells reviewed in this first chapter Underlined: cells studied during the PhD in chapters 2 and 3

Searching the literature about microvilliated sensory cells (MSCs), I found many studies covering each cell type individually. Morphogenesis and sensory function of hair cells in the inner ear have been thoroughly investigated for example. Few reviews also offer a comparative study between two sensory cell types, but are restricted to specific questions such as sensory transduction. A general comparative review highlighting similarities and differences between MSCs is missing. In this first chapter, I will attempt to fill this gap, focusing on four conserved microvilliated cell types in Vertebrates: inner hair cells of the inner ear (iHCs), vomeronasal olfactory receptor neurons (vORNs), taste receptor cells (TRCs) and spinal CSF-cNs (Table 1). This is a non-exhaustive list, which, however, should provide a good illustration of the different existing MSCs since they often are highly related to one of these four cell types.

I. MICROVILLIATED SENSORY CELLS DETECT A VARIETY OF SENSORY CUES

A. Chemo-and mechano-sensory modalities in microvilliated sensory cells

Sensation starts with the reception by sensory cells of pieces of information about the external world or from within the body. The information, or stimulus, gathered by sensory cells can take various forms and needs to be processed into an interpretable signal for the CNS. As a consequence, many attributes of sensation are defined by the type of stimulus considered.

Sound and iHCs.

Sound is a purely mechanical phenomenon: it is a pressure wave that travels through space, allowing sensing at distance. In humans, the range of detection goes from 20 kHz (1.7 cm) to 20 Hz (17 m) assuming that sound is traveling through air at a sonic speed of 340 m/s. The amount of energy carried by acoustic units depends greatly on the vibrational frequency. For example, at 10 kHz, an acoustic wave has 3x10 -6 cal/mol [START_REF] Torre | Transduction and adaptation in sensory receptor cells[END_REF][START_REF] Yoshioka | Physical aspects of sensory transduction on seeing, hearing and smelling[END_REF]. In addition to frequency, two other features of the acoustic stimulus are of importance: the amplitude, perceived as loudness, and phase, giving access to spatial information [START_REF] Levine | Fundamentals of Sensation and Perception[END_REF]. One of the specificity of hearing lies in the fact that the quantal phonic energy is much lower than thermal noise, which implies that noise constitutes the main limitation to sound detection rather than quantization of the stimulus.

Pheromones and vORNs.

Odorants are volatile chemicals that provide broad information about the external environment, notably predators, conspecifics and preys. Odorants usually need to be solubilized to reach the olfactory organs where lie ORNs. The binding energy of an odorant molecule is roughly estimated to be 3.9x10 5 kcal/mol, much higher than thermal noise [START_REF] Yoshioka | Physical aspects of sensory transduction on seeing, hearing and smelling[END_REF]. Only a subset of ORNs is microvilliated [START_REF] Miragall | Ultrastructural investigation on the cell membranes of the vomeronasal organ in the rat: A freeze-etching study[END_REF] and is specifically tuned to pheromones, a particular type of olfactory cues [START_REF] Stowers | Mammalian pheromones: emerging properties and mechanisms of detection[END_REF]. Pheromones are specialized odors, of tremendous diversity, capable of inducing robust pre-set behaviors in conspecifics without prior experience. Pheromones play important roles in mating and social interactions [START_REF] Karlson | Pheromones": a new term for a class of biologically active substances[END_REF][START_REF] Ferrero | A juvenile mouse pheromone inhibits sexual behaviour through the vomeronasal system[END_REF][START_REF] Haga-Yamanaka | Integrated action of pheromone signals in promoting courtship behavior in male mice[END_REF][START_REF] Kaur | Murine pheromone proteins constitute a context-dependent combinatorial code governing multiple social behaviors[END_REF]. In rodents, the pheromone-tuned ORNs are mainly located in the vomeronasal organ (VNO) [START_REF] Halpern | The Organization and Function of the Vomeronasal System[END_REF], connected to the nasal cavity; in fish, the vomeronasal ORNs (vORNs) are located together with the 'classic' ORNs in the olfactory pit [START_REF] Hansen | The peripheral olfactory organ of the zebrafish, Danio rerio: An ultrastructural study[END_REF][START_REF] Hashiguchi | Evolution and origin of vomeronasal-type odorant receptor gene repertoire in fishes[END_REF]. In this work, we will only focus on vORNs since classic ORNs are not microvilliated but ciliated.

Tastants and TRCs. Gustatory stimuli, or tastants, are water-soluble chemical cues that mainly provide organisms with nutritional information about their environment. As the two main chemosensory exteroceptive systems, gustation and olfaction share common features. As in olfaction tuned to pheromones, taste has direct effects on specific behaviors such as hunting, feeding or autonomic responses. Furthermore, these senses enable the detection of a wide diversity of chemical cues, which makes the description of general basic principles of the stimulus more difficult. A certain agreement has however emerged about the existence of at least five primary taste sub-modalities: sweet, umami, sour, salty and bitter [START_REF] Chaudhari | The cell biology of taste[END_REF][START_REF] Roper | Taste buds: Cells, signals and synapses[END_REF]. Sweet, low concentration of Na + and umami are attractants since they are associated with respectively high caloric, salt and proteic content, all critical in terms of nutritional aspects. On the other hand, sour, bitter and high concentration of Na + are more commonly aversive stimuli because associated to poisonous or spoiled food. It is commonly thought that all tastes can be produced by a combination of these submodalities [START_REF] Henning | Der Geruch[END_REF]. Across gustative modalities, there is a strong distinction between the purely chemical sweet/umami/bitter tastes and the mineral salt/sour tastes, based on small ion detection whose underlying mechanisms are complex and not yet understood (see I.B) [START_REF] Liman | Peripheral coding of taste[END_REF].

The mixed case of CSF-cNs. Since their initial description almost a century ago (Kolmer, 1921;Agduhr, 1922), the morphology and position of CSF-cNs suggested that these cells may be sensory by probing CSF content (Agduhr, 1922;Vigh and Vigh-Teichmann, 1973) and/or being part of a novel mechanosensory organ in the spinal cord (Kolmer, 1921). The idea that CSF-cNs are chemically-and mechanically-tuned was recently supported by in vitro and in vivo studies. CSF-cNs were first shown to be sensitive to pH and osmolarity changes in the CSF (Huang et al., 2006;Orts-Del'Immagine et al., 2012;Böhm, 2016;Jalalvand et al., 2016). More recently, CSF-cNs have been shown to respond to mechanical stimuli associated with tail bending movements in the zebrafish spinal cord (Böhm et al., 2016) and CSF flow in lamprey (Jalalvand et al., 2016) and zebrafish (Sternberg et al., 2018). Overall, the work of the last decade indicates that CSF-cNs are polymodal interoceptive sensory neurons with evidence for both chemo-and mechanosensory functions (Djenoune and Wyart, 2017) whose relevance for locomotion, spinal cord development and physiology is under investigation (Wyart et al., 2009;Fidelin et al., 2015;Böhm et al., 2016;Hubbard et al., 2016).

MSCs carry a diversity of sensory modalities classified into two main groups: chemosensory and mechano-sensory. One can assume that chemosensory MSCs will share common features compared to mechanosensory MSCs. For example, TRCs and vORNs, both carrying chemosensory modalities, can detect quantal amounts of energy because the binding of a chemical cue is energetically greater than thermal noise, in contrast to mechanosensory iHCs. CSF-cNs do not seem to fall in any of these two categories, and rather lie in between, showing both chemo-and mechano-properties, hence relating to TRCs/vORNs and iHCs altogether (Fig. 1).

As other sensory cells types, MSCs act as transducers: they transform the information stimulus into a readable signal for the CNS. The transduction of a specific kind of information is enabled by the expression of specialized receptors that are capable of collecting the stimuli. [START_REF] Tilney | Actin filaments, stereocilia, and hair cells: how cells count and measure[END_REF] no obvious organization several microvilli l = 4 µm w = 114 nm (Xenopus, Dale et al., 1987) no obvious organization numerous microvilli l = 2 µm w = 40-100 nm (thin) (rat, Höfer et al, 2000) no obvious organization Type I: l = 1-2 µm, w = 0.5-2 µm Type II: l = 1 µm, w = 0.25 µm Type III: blunt-ended thick tip (rabbit, [START_REF] Murray | The mammalian taste bud type III cell: A critical analysis[END_REF] necture [START_REF] Cummings | Ultrastructure of apical specializations of taste cells in the mudpuppy Necturus maculosus[END_REF] 

Projections

B. Sensory transduction and generation of a receptor potential

Receptors and channels, expressed by sensory cells, determine the sensory specificity of the cell towards one type of stimulus or another. During sensory transduction, sensory cells use the information carried by stimuli to generate an electrical response, the means of communication of the CNS. The generation of an electrical signal involves the activation of a so-called transduction channel allowing flow of ion currents responsible for the membrane depolarization. Two molecular mechanisms for transduction are classically distinguished: direct and indirect activation of the transduction channel [START_REF] Torre | Transduction and adaptation in sensory receptor cells[END_REF]. In the former, the transduction channel is directly activated and gated by the stimulus while, in the latter, the stimulus is initially detected by a receptor, commonly a G protein-coupled receptor (GCPR), which induces a cytoplasmic cascade with second messengers eventually leading to the activation of the transduction channel.

Direct activation -the case of the iHCs.

As implied by its name, during direct activation, the stimulus directly induces the gating of ion channels, called transduction channels, responsible for the electrical signal. Exemplified by iHCs, direct activation implies the opening of mechanotransduction channels triggered by microvilli movements on a nanoscale generated by the acoustic waves. This modality allows fast gating, on a time scale of the microsecond, which is suited for the detection of auditory stimuli at high frequencies and to discriminate sound sources [START_REF] Torre | Transduction and adaptation in sensory receptor cells[END_REF][START_REF] Frings | Primary processes in sensory cells: Current advances[END_REF]. The molecular nature of the factors responsible for mechanotransduction in iHCs has long been sought in the field. Genetic studies of hereditary deafness in human patients (Michalski and Petit, 2015), and mutagenesis screens, like in zebrafish [START_REF] Haffter | The identification of genes with unique and essential functions in the development of the zebrafish, Danio rerio[END_REF][START_REF] Nicolson | Genetic analysis of vertebrate sensory hair cell mechanosensation: The zebrafish circler mutants[END_REF], helped the identification of a panel of different factors involved in the mechanotransduction machinery of iHCs (Michalski and Petit, 2015;Zhao and Müller, 2015;[START_REF] Nicolson | The genetics of hair-cell function in zebrafish[END_REF]. Most of these factors are ultrastructural components, participating to the gating of the transduction channel, which we will discuss in the next section (see II.B). Four different proteins have been linked to the transduction channel so far: TMC1, TMC2 (Pan et al., 2013), LHFPL5 [START_REF] Xiong | TMHS is an integral component of the mechanotransduction machinery of cochlear hair cells[END_REF] and TMIE [START_REF] Zhao | TMIE is an essential component of the mechanotransduction machinery of cochlear hair cells[END_REF] (Fig. 2). For each of these proteins, loss of function results in affected signal transduction, which suggests an important role in mechanotransduction. Current evidence also suggests that the channel complex may contain additional, yet to be identified, components. Further studies are required to identify the pore-forming subunits of the mechanotransducer channel. Indirect activation -chemical senses. In contrast to iHCs, vORNs and TRCs (in the case of umami, bitter and sweet) detect cues through membrane receptors, GPCRs [START_REF] Mombaerts | Genes and ligands for odorant, vomeronasal and taste receptors[END_REF][START_REF] Frings | Primary processes in sensory cells: Current advances[END_REF], which are associated with intracellular cascades of second messengers and subsequent activation of a transduction channel. The generation of second messengers constitutes an additional step, which inherently makes the transduction slower but leaves room for amplification and modulation of the signal and allows adaptation and desensitization to take place. In the case of the olfactory receptors specifically tuned to pheromones, two families were identified: V1R [START_REF] Dulac | A novel family of genes encoding putative pheromone receptors in mammals[END_REF][START_REF] Pfister | Olfactory expression of a single and highly variable V1r pheromone receptor-like gene in fish species[END_REF] and V2R [START_REF] Herrada | A novel family of putative pheromone receptors in mammals with a topographically organized and sexually dimorphic distribution[END_REF][START_REF] Matsunami | A multigene family encoding a diverse array of putative pheromone receptors in mammals[END_REF][START_REF] Ryba | A new multigene family of putative pheromone receptors[END_REF]. Members of these two families bind ligands with high specificity and sensitivity [START_REF] Leinders-Zufall | Ultrasensitive pheromone detection by mammalian vomeronasal neurons[END_REF], and use the same amplification cascade going through phospholipase C to release second messengers -mainly IP3, Ca 2+ and diacylglycerol -to activate TRPC2, the transduction channel [START_REF] Buck | The Molecular Architecture Odor and Pheromone Sensing in Mammals[END_REF] (Fig. 1). Similarly, two families of taste receptors were identified: T2Rs and T1Rs, which are expressed in distinct groups of TRCs [START_REF] Chandrashekar | The receptors and cells for mammalian taste[END_REF][START_REF] Chaudhari | The cell biology of taste[END_REF][START_REF] Matsumoto | Functional diversification of taste cells in vertebrates[END_REF]. T2Rs were demonstrated to be involved in the detection of the aversive bitter tastants [START_REF] Chandrashekar | T2Rs Function as Bitter Taste Receptors[END_REF] while heterodimers of the T1R family were shown to be responsible for tasting sweet via T1R2/T1R3 [START_REF] Nelson | Mammalian Sweet Taste Receptors[END_REF][START_REF] Zhao | The receptors for mammalian sweet and umami taste[END_REF] and umami via T1R1/T1R3 [START_REF] Li | Human receptors for sweet and umami taste[END_REF][START_REF] Nelson | An amino-acid taste receptor[END_REF][START_REF] Zhao | The receptors for mammalian sweet and umami taste[END_REF]. Taste receptors share a common transduction pathway via PLCβ2 activation, IP3 synthesis and Ca 2+ release from intracellular stores, resulting in the gating of the transduction channel TRPM5 (Zhang et al., 2003) (Fig.1,5). Note that transduction pathways induced by vORN activation share more similarities with taste transduction than with the canonical olfactory pathway from ORNs in the main olfactory epithelium. In fact, V1Rs and V2Rs are distantly related to respectively bitter [START_REF] Dulac | A novel family of genes encoding putative pheromone receptors in mammals[END_REF] and sweet taste receptors [START_REF] Herrada | A novel family of putative pheromone receptors in mammals with a topographically organized and sexually dimorphic distribution[END_REF][START_REF] Matsunami | A multigene family encoding a diverse array of putative pheromone receptors in mammals[END_REF]. Because chemosensory systems face a diversity of chemical compounds, they require a great repertoire of receptors to discriminate between molecules. In the case of taste, the current understanding describes the encoding as loosely conforming to a labeled line system. Taste sub-modalities are mainly detected by TRC populations, 'specialists', linked to specific behaviors [START_REF] Liman | Peripheral coding of taste[END_REF] but many TRCs are 'generalists' and can respond to stimuli of various kinds and intensities [START_REF] Gilbertson | Distribution of gustatory sensitivities in rat taste cells: whole-cell responses to apical chemical stimulation[END_REF]. The retrieval of the information still remains unclear but likely relies on pattern discrimination across activated cells [START_REF] Carleton | Coding in the mammalian gustatory system[END_REF]. The encoding of pheromone identity is not clearly understood since, except for a few exceptions, the exact nature of these stimuli remains largely uncharacterized. However, the great similarity at both the molecular and the cellular levels between taste transduction and transduction of pheromone signals suggests that these two systems might have evolved from a common precursor [START_REF] Dulac | Sensory coding of pheromone signals in mammals[END_REF][START_REF] Liman | Peripheral coding of taste[END_REF]. One might then think that this similarity also applies to the encoding.

Quid of salt/sour taste modalities? Sour and salty are referred to as 'mineral' tastes, distinct from the three other classic taste submodalities, because they are rely on the detection of small ions (protons, small acids, sodium, lithium and potassium). Na + and H + are capable of interacting with a variety of membrane proteins. Especially, H + can virtually modify all proteins that are sensitive to pH changes. Because of the nature of the stimulus, so simple and omnipresent, it has been difficult to identify candidate receptors. Sour taste is evoked by acidic pH and organic acids, such as acetic acid, that penetrate the cell membrane. Salty taste is elicited by Na + concentrations ranging from 10 mM to 500 mM. Over the years, a number of candidates for sour receptors or components of sour signaling have been proposed, including ASICs, HCNs, K + channels and, most recently, PKD2L1 and PKD1L3 [START_REF] Roper | Signal transduction and information processing in mammalian taste buds[END_REF]. However, presently there is no evidence that any of these proteins mediate sour taste and knockouts of mouse PKD2L1 or PKD1L3 only slightly attenuate nerve responses to acid stimulation [START_REF] Horio | Sour taste responses in mice lacking PKD channels[END_REF]. Nonetheless, PKD2L1-expressing cells respond to and are required for sensory response to acids (Huang et al., 2006;[START_REF] Chang | A proton current drives action potentials in genetically identified sour taste cells[END_REF][START_REF] Oka | High salt recruits aversive taste pathways[END_REF]. The response of PKD2L1-expressing cells is mediated by an unusual proton-selective ion channel [START_REF] Chang | A proton current drives action potentials in genetically identified sour taste cells[END_REF]Bushman, Ye and Liman, 2015). Proton selectivity allows the cells to respond to acids without interference from Na + , which may vary independently in concentration. The molecular identity of the proton channel remains unknown.

Several lines of evidence have converged to propose the amiloride-sensitive Na + channel ENaC as a candidate for sodium detection [START_REF] Lin | Epithelial Na+ channel subunits in rat taste cells: localization and regulation by aldosterone[END_REF]. In general, the precise mechanisms underlying these two tastes remain difficult to define. What seems clear is that both sour and salt modalities involve the direct activation of ion channels as opposed to the other 'classic' taste sub-modalities detected indirectly through GPCRs. In addition, it was shown that, while sweet, bitter and umami tastes are processed by Type II cells, commonly referred to as the actual taste receptor cells (TRCs) in taste buds, salt and sour may be detected by respectively Type I [START_REF] Vandenbeuch | Amiloride-sensitive channels in type I fungiform taste cells in mouse[END_REF] and Type III [START_REF] Tomchik | Breadth of Tuning and Taste Coding in Mammalian Taste Buds[END_REF] cells (Fig. 5).

And CSF-cNs?

The CSF-cN case is complex. The emerging consensus is that CSF-cNs respond to 1/ pH changes via ASICs in mouse and lamprey (Orts-Del'Immagine et al., 2012;Jalalvand et al., 2016) and 2/ mechanical stimuli associated to tail bending in zebrafish (Böhm et al., 2016) or CSF flow in zebrafish and lamprey (Jalalvand et al., 2016;Sternberg et al., 2018) via PKD2L1. CSF-cNs also respond to osmolarity changes but the nature of the channel varies depending on the study: in mouse, PKD2L1 was involved (Orts-Del' Immagine et al., 2012), and ASIC3 in lamprey (Jalalvand et al., 2016). It is thus interesting that ASICs and PKD2L1 were also shown to be involved in known CSF-cN sensory functions that involve what seems to be the direct activation of ion channels in a similar fashion to salt and sour in TRCs. Whether these channels constitute the transduction channels or whether these channels support the activation of an intracellular cascade leading to the activation of another transduction channel is not clear. More likely, the situation in Type I and III cells, and CSF-cNs is a mixed case between the classic mechano-sensation in iHCs, with the direct activation of ion channels, and chemo-sensation in vORNs and TRCs, with the presence of transduction pathway within the cell.

At rest, cells are charged negatively; sensory transduction results in membrane depolarization by generating a 'receptor potential', whose amplitude and duration vary as a function of the intensity and time course of the stimulation. In order to convey information all the way to the brain, the local depolarizations/hyperpolarizations induced by the receptor potential are turned into action potentials with a frequency proportional to the amplitude of the signal. The generation of action potentials can happen either in the sensory cell itself, as it is the case for vORNs and CSF-cNs, or through the release of neurotransmitters onto afferent nerve fibers, as for iHCs and TRCs. Changes in pattern of activity encode intensity and temporal properties of the stimulus.

C. Access of sensory cues to sensory receptors

The detection of stimuli requires the stimuli to reach the MSCs, located at the liquid interface in sensory organs, and that express specific sensory receptors.

Living organisms are surrounded by a huge amount of environmental cues. In that sense, they are constantly subjected to stimuli in a passive manner. They can also adopt investigating behaviors to actively probe their environment in order to, for example, look for preys or conspecifics to mate. In its most simple forms, investigation involves pointing the sensory organ towards the source of the stimulus to optimize its detection.

In the case of pheromones, the difficult access of vORNs in the VNO of terrestrial vertebrates requires specific behaviors to facilitate the delivery directly into the organ: nose rubbing, licking or facial grimacing such as flehmen, to only cite a few.

In addition to specific behaviors, stimuli need to be 'channeled' in order to reach MSCs. External chemical cues are dissolved in fluids before they can be detected by sensory cells. In rodents, pheromones are pumped through a water-filled duct and carried by nasal mucus to vORNs in the VNO; tastants are solubilized in saliva before detection by TRCs in the oral cavity. In some aquatic animals, original mechanisms have also been demonstrated to help the collection of already solubilized cues. A recent study in zebrafish showed that the beating of motile cilia in the olfactory pit helped the capture and exchange of odors at the olfactory epithelium [START_REF] Reiten | Motile-Cilia-Mediated Flow Improves Sensitivity and Temporal Resolution of Olfactory Computations[END_REF]. In the case of CSF-cNs, interoceptive receptor cells, the chemical cues are readily available in the CSF, a complex fluid that carries a variety of substances coming from within the body. One could imagine that cilia beating might play a similar role as in the olfactory pit to direct CSF flow and its content towards the sensory CSF-cNs [START_REF] Fame | Directional cerebrospinal fluid movement between brain ventricles in larval zebrafish', Fluids and Barriers of the CNS[END_REF][START_REF] Grimes | Zebrafish models of idiopathic scoliosis link cerebrospinal fluid flow defects to spine curvature[END_REF]Sternberg et al., 2018).

An exquisite example of stimulus channeling is illustrated by the audition system. Hearing starts with the capture of sound by the external ear. Sound is then transferred to the inner ear through the middle ear as vibrations along three tiny ossicles: the malleus, the incus and the stapes, the tiniest bones in the body. The vibrations transmitted by the ossicles encode the frequency and intensity of sound and are propagated throughout liquid in the inner ear. Once in the inner ear, acoustic stimuli of various frequencies and intensities induce maximal motion at a specific location on the basilar membrane according to quasi logarithmic mapping (Fig. 3). The basilar membrane behaves as a frequency analyzer that distributes stimuli to specific iHCs along its length according to a tonotopic map (Hudspeth, 1989;[START_REF] Kandel | Principles of Neural Science[END_REF].

The sole expression of specific receptors by MSCs is not sufficient for the proper detection of stimuli. The ear nicely illustrates the importance of a very precise and sophisticated organization of the sensory organ to collect the acoustic stimuli, which also participates to the encoding of the stimulus in this particular case. Not all sensory organs show the same degree of organization as the ear; however, all MSCs are integrated within a functional sensory tissue and display a cellular organization relevant for the proper collection of stimuli. 

II. TISSUE AND CELL ORGANIZATION OF MICROVILLIATED SENSORY CELLS

A. Tissue integration of microvilliated sensory cells

MSCs are transducers within specialized tissues. Exteroceptive TRCs, vORNs and iHCs lie within sensory epithelia in direct or indirect contact with the external world.

Interoceptive neurons contacting the CSF, CSF-cNs, lie within an epithelium-derived tissue in the spinal cord. Signals carrying information are filtered, channeled and delivered to sensory epithelial tissues where MSCs perform the conversion into electrical signals. Within the sensory tissue, only a subset of cells is sensory. The surrounding cells, although not directly sensory, often take part in sensory processing.

The organization and integration of MSCs with neighboring non-sensory cells form a coherent sensory tissue.

Cell-cell adhesion. Sensory epithelia are constituted of multiple cell types, typically sensory and non-sensory supporting cells, arranged in evolutionary conserved patterns.

In the inner ear, iHCs and supporting cells are organized according to a checkerboardlike or mosaic pattern, with the alternation of iHCs and supporting cells. The vomeronasal epithelium is pseudostratified with supporting cells in the most superficial layer while vORNs form the layers below [START_REF] Halpern | The Organization and Function of the Vomeronasal System[END_REF][START_REF] Keverne | The vomeronasal organ[END_REF]. TRCs are found together with Type I (glial-like) and Type III (pre-synaptic) cells in onion-shaped taste buds embedded into the gustatory epithelium [START_REF] Roper | Taste buds: Cells, signals and synapses[END_REF]) (Fig. 1). It is interesting to note here that HCs of the lateral line of bony and cartilaginous fish are integrated with supporting cells and mantle cells in 'buds' of similar shape referred to as neuromasts (Ghysen and Dambly-Chaudière, 2004). Finally, CSF-cNs are typically found intermingled with ependymal and radial glia cells along the walls of the central canal, in the neurogenic niche of the spinal cord (Djenoune et al., 2014). The establishment of cellular patterns and cohesive tissue requires cell-cell adhesion and differential tension at the level of these junctions [START_REF] Lecuit | Adhesion remodeling underlying tissue morphogenesis[END_REF][START_REF] Steinberg | Differential adhesion in morphogenesis: a modern view[END_REF][START_REF] Heisenberg | Forces in tissue morphogenesis and patterning[END_REF]. The major molecular factors responsible for cell-cell adhesion are constituents of the Adherens Junctions (AJs): cadherins and nectins [START_REF] Meng | Adherens junction: molecular architecture and regulation[END_REF]. Cadherins are essential Ca 2+ -dependent adhesion molecules, indirectly associated with the actin cytoskeleton through catenins [START_REF] Harris | Adherens junctions: From molecules to morphogenesis[END_REF]. Cadherins are capable of bridging cells together through homophilic interactions, enabling the segregation of cells expressing the same proteins [START_REF] Takeichi | The cadherins: cell-cell adhesion molecules controlling animal morphogenesis[END_REF] (Fig. 4B).

Nectins are immunoglobin-like molecules capable of forming interactions of different strengths depending on the members involved. Cadherins and nectins are associated together during the formation of cell-cell adhesions [START_REF] Meng | Adherens junction: molecular architecture and regulation[END_REF]. Recent data suggest that the combination of homophilic interactions between cadherins [START_REF] Chacon-Heszele | Regulation of cochlear convergent extension by the vertebrate planar cell polarity pathway is dependent on p120-catenin[END_REF] and heterophilic interactions of different nectins [START_REF] Togashi | Nectins Establish a Checkerboard-Like cellular pattern in the auditory epithelium[END_REF] enables the checkerboard-like patterning of iHCs. Cell-cell adhesion might play a similar role in modulating cellular patterning of MSCs other than iHCs with nonsensory cells in sensory tissues. Tight junctions in MSC tissues. In epithelial tissues, AJs are accompanied by tight junctions (TJs) at the apical side of the cell to form the apical junctional complex (AJC). Epithelia constitute a selective permeable barrier, controlling the transport of specific molecules. While the major role of AJs is to maintain the tight association between cells, hence the cohesion of the tissue, TJs ensure and control tissue paracellular permeability. TJs are described as rows or strands of membrane contacts, whose number and organization depend on the tissue type. Factors constituting TJs are mainly transmembrane and scaffolding proteins [START_REF] Van Itallie | Architecture of tight junctions and principles of molecular composition[END_REF]. Major constituents and determinants of TJ permeability are members of the Claudin family.

Claudins are strand-forming proteins whose organization and location to the AJC into circumferential barriers depend on interactions with the scaffolding proteins of the Zonula Occludens (ZO) family (Fig. 4C) [START_REF] Fanning | Zonula Occludens-1 and -2 are cytosolic scaffolds that Regulate the Assembly of Cellular Junctions[END_REF][START_REF] Günzel | Claudins and the Modulation of Tight Junction Permeability[END_REF]. ZO-1, -2 or -3 seemingly act as nucleators of claudin fibrils at the membrane [START_REF] Van Itallie | Architecture of tight junctions and principles of molecular composition[END_REF]. ZO-1 and ZO-2 are capable of directly interacting with cadherins and catenins, which could constitute a positional signal to relocate ZO members to early cell-cell contacts in order to recruit specific factors leading to TJ assembly [START_REF] Yonemura | Cell-to-cell adherens junction formation and actin filament organization: similarities and differences between non-polarized fibroblasts and polarized epithelial cells[END_REF][START_REF] Fanning | Zonula Occludens-1 and -2 are cytosolic scaffolds that Regulate the Assembly of Cellular Junctions[END_REF]. Consequently, the assembly of TJs is subsequent to the initial establishment of AJs with the recruitment of specific factors to form the paracellular barrier. Interestingly, recent evidence showed that loss of ZO proteins results in delayed and/or defective AJs, suggesting a direct role in regulating AJ assembly [START_REF] Fanning | Zonula Occludens-1 and -2 are cytosolic scaffolds that Regulate the Assembly of Cellular Junctions[END_REF]. TJ major constituents, claudins are present in all known epithelial tissues but in combinations of different isoforms that determine selective permeability of the tissue [START_REF] Günzel | Claudins and the Modulation of Tight Junction Permeability[END_REF]. In the cochlea, the epithelial sheet formed by iHCs and supporting cells together constitutes a barrier separating two compartments filled with fluids of different ionic compositions, the endo-and the peri-lymph. This compartmentalization is accomplished by atypical TJs between iHCs and supporting cells: bicellular (bTJs) -between two cells -and tricellular (tTJs) -at the point where three cells contact one another. The differential ion composition of the endolymph versus the perilymph results in a strong gradient of K + (high in the endolymph and low in the perilymph) that contributes to the endocochlear potential (Hudspeth, 1989;[START_REF] Hibino | Molecular and Physiological Bases of the K+ Circulation in the Mammalian Inner Ear[END_REF]. Several claudins were shown to be critical for the assembly and maintenance of TJs at the interface of iHCs and supporting cells, and between supporting cells: claudin-9 [START_REF] Nakano | A claudin-9-based ion permeability barrier is essential for hearing[END_REF], claudin-11 [START_REF] Gow | Deafness in Claudin 11-Null Mice Reveals the Critical Contribution of Basal Cell Tight Junctions to Stria Vascularis Function[END_REF][START_REF] Kitajiri | Compartmentalization established by claudin-11-based tight junctions in stria vascularis is required for hearing through generation of endocochlear potential[END_REF] and claudin-14 [START_REF] Wilcox | Mutations in the gene encoding tight junction claudin-14 cause autosomal recessive deafness DFNB29[END_REF] (Fig. 1). Mutations in these proteins are associated with defects in the ion barrier functions and hearing loss in humans and/or mice [START_REF] Wilcox | Mutations in the gene encoding tight junction claudin-14 cause autosomal recessive deafness DFNB29[END_REF][START_REF] Gow | Deafness in Claudin 11-Null Mice Reveals the Critical Contribution of Basal Cell Tight Junctions to Stria Vascularis Function[END_REF][START_REF] Kitajiri | Compartmentalization established by claudin-11-based tight junctions in stria vascularis is required for hearing through generation of endocochlear potential[END_REF]. In the same vein, mutations in tricellulin, a protein concentrated at and maintaining bTJs and tTJs, segregate with non-syndromic deafness in humans [START_REF] Riazuddin | Tricellulin Is a Tight-Junction Protein Necessary for Hearing[END_REF]. Similarly, TJs in taste buds involve a unique subset of claudins: claudin-4, -6, -7 and -8 [START_REF] Michlig | Claudin-based permeability barriers in taste buds[END_REF][START_REF] Günzel | Claudins and the Modulation of Tight Junction Permeability[END_REF]. Claudin-4 and -8 are found to form a ring surrounding the pore at the level of TJs. These proteins maintain a cationic barrier between the taste pore and the basolateral region of the taste bud. In a similar fashion than in the auditory epithelium, this process might contribute to the sensory transduction in MSCs. Claudin-6 and -7 are expressed outside of TJs suggesting different functions than tissue permeability. Claudin-6 is specifically expressed by TRCs just above the pore, in the microvilli where its role remains unexplored [START_REF] Michlig | Claudin-based permeability barriers in taste buds[END_REF]. Claudin-7 is found at the basolateral membrane of Type I and Type III cells in the taste buds supposedly contributing to cell-cell adhesion [START_REF] Michlig | Claudin-based permeability barriers in taste buds[END_REF] (Fig. 1).

The situation for TJs involved in sensory epithelia where CSF-cNs and vORNs are nested remains elusive. Evidence for TJs comes from early ultrastructural studies performed using electron microscopy (Lamotte, 1987) and freeze-etching [START_REF] Miragall | Ultrastructural investigation on the cell membranes of the vomeronasal organ in the rat: A freeze-etching study[END_REF]. CSF-cNs and surrounding ependymal cells line up the central canal and establish the barrier enclosing CSF where TJs are definitely involved. TJs were described around the central canal in mammals (Lamotte, 1987), but specific TJ components have not been identified. Similarly, the molecular architecture and function of TJs described at the interface of vORNs and supporting cells in the vomeronasal organ [START_REF] Miragall | Ultrastructural investigation on the cell membranes of the vomeronasal organ in the rat: A freeze-etching study[END_REF] have not been investigated.

Coordinated planar cell polarity of iHCs within the auditory epithelium.

In addition to specific properties of cohesion and permeability, the auditory epithelium displays an extra level of organization with the coordinated orientation of iHC microvilliated apical extensions within the tissue. In iHCs, the apical extension is constituted of rigid microvilli derivatives, historically referred to as stereocilia, that are strictly organized in a stereotyped staircase pattern (Fig. 1). Stereocilia staircases are uniformly oriented within the tissue, aligned along the direction of fluid movement, an essential feature to maximize the coordinated activation of iHCs upon deflection of the hair bundle (Fig. 2). Such organization at the tissue level involves planar cell polarity (PCP) and conserved core PCP proteins, first described in invertebrates. Six core PCP genes were described in Drosophila, all with their mammalian counterparts listed below [START_REF] Ezan | Revisiting planar cell polarity in the inner ear[END_REF][START_REF] Lu | Developmental regulation of planar cell polarity and hair bundle morphogenesis in auditory hair cells: lessons from human and mouse genetics[END_REF]): CELSR1, PKL1 & 2 and VANGL1 & 2, forming the proximal complex, and FZD1, 2, 3 & 6 and DVL2 & 3, forming the distal complex with CELSR1. Each core protein depends on the activity of the five others, which results in the asymmetrical accumulation between the neural and the abneural sides of iHCs. The proximal core PCP complex, at the abneural side, eventually stimulates the formation of stereocilia with the correct staircase orientation. Apical extensions are uniformly oriented across the sensory epithelium even though iHCs are interspaced by supporting cells. Thus, the organization of iHC apical extensions involves a long range signaling, transmitted across the tissue, and interactions between neighboring iHCs and supporting cells. PCP proteins are mainly located at the intercellular junctions and show an asymmetrical distribution between cell sides [START_REF] Ezan | Revisiting planar cell polarity in the inner ear[END_REF]. In the Drosophila wing, Frizzled was shown to be responsible for this non-autonomous PCP signaling, enabling the establishment of a PCP gradient through the tissue. In the mammalian cochlea, VANGL2 was proposed as a candidate but the mechanisms underlying this phenomenon remain unclear [START_REF] Ezan | Revisiting planar cell polarity in the inner ear[END_REF]. Mutations in core PCP genes result in abnormally oriented apical extension in iHCs and hearing defects (Michalski and Petit, 2015).

The particular case of non-neuronal MSCs -iHCs and TRCs. More complex tissue organization are found with non-neuronal MSCs. TRCs and iHCs are capable of generating a graded receptor potential but require the presence of afferent fibers and/or accessory cells in order to transmit the electrical signal to the CNS. In the case of TRCs, the current working hypothesis involves the integration of the three cell types present in the taste bud in a paracrine transmission model [START_REF] Roper | Taste buds: Cells, signals and synapses[END_REF] (Fig. 5).

Upon activation, TRCs release ATP that depolarizes afferent fibers but also Type III presynaptic cells in a paracrine manner. The activation of Type III cells by ATP induces the release of 5-HT and GABA [START_REF] Huang | The role of pannexin 1 hemichannels in ATP release and cell-cell communication in mouse taste buds[END_REF], which provide negative feedback onto Type II cells/TRCs during taste excitation by inhibiting ATP release [START_REF] Dvoryanchikov | GABA, Its Receptors, and GABAergic Inhibition in Mouse Taste Buds[END_REF]. 5-HT produced by Type III cells also directly activates the afferent gustatory nerve fibers through 5-HT3 receptors [START_REF] Larson | The Role of 5-HT3 Receptors in Signaling from Taste Buds to Nerves[END_REF]. In gustation, afferent fibers come from bipolar gustatory ganglion neurons that are either 'specialist' neurons receiving synapses from TRCs responding to only one taste modality and 'generalist' neurons receiving inputs from many TRCs and/or Type III cells [START_REF] Roper | Taste buds: Cells, signals and synapses[END_REF]. Gustatory ganglion neurons transmit signals to the nucleus of the solitary tract in the hindbrain. Similarly, iHCs are innervated by bipolar neurons, mostly spiral ganglion neurons forming specialized synapses on inner iHCs: the ribbon synapses [START_REF] Safieddine | The Auditory Hair Cell Ribbon Synapse: From Assembly to Function[END_REF]. Ribbon synapses are characterized by a presynaptic electrondense structure, to which synaptic vesicles containing the neurotransmitter Glutamate are tethered. Ribbon synapses are not exclusive to iHCs in the inner ear but are also found in other HCs of the vestibular or lateral line, as well as in photoreceptors and pineal gland sensory cells [START_REF] Safieddine | The Auditory Hair Cell Ribbon Synapse: From Assembly to Function[END_REF]. Upon activation, iHCs generate a receptor potential graded according to the intensity of the stimulus. In turn, the receptor potential tunes Glutamate release probability at the ribbon synapse. This feature is key for audition as it sets a rate code for action potential frequency in auditory neurons as a function of stimulus intensity [START_REF] Glowatzki | Hair cell afferent synapses[END_REF][START_REF] Safieddine | The Auditory Hair Cell Ribbon Synapse: From Assembly to Function[END_REF].

The modulation by accessory cells of the synaptic transmission from a MSC to a bipolar neuron adds another layer of regulation of the signal transmission to the CNS. MSCs develop and differentiate to be fully integrated within a sensory epithelium, intermingled with non-sensory cells, supporting cells. The non-sensory cells can play important roles in the sensory function as they participate to the establishment of a functional sensory epithelium through cell-cell interactions, and the regulation of the homeostasis of various ions and molecules. Supporting cell functions have been the most thoroughly studied in the inner ear [START_REF] Wan | Inner ear supporting cells: Rethinking the silent majority[END_REF] but might play similar roles in tissues where TRCs, vORNs and CSF-cNs reside. 

B. The specialized cellular organization of microvilliated sensory cells

MSCs are highly polarized and structured cells that develop a microvilliated apical extension into the extracellular space, where they can detect sensory cues. The ability of epithelial cells, and in particular MSCs, to develop an apico-basal polarity is an important pre-requisite to the tissue organization.

Apico-basal polarity in MSCs. Like other epithelial cells, MSCs establish and maintain two cellular domains -apical and baso-lateral, through a network of polarity factors.

Polarity factors mutually exclude each other, resulting in their polarized distribution and in the positioning of the junctional domain at the interface between the apical and basolateral ones. Crumbs recruit PALS1 and PATJ to form the apical complex and specify apical identity. The apical complex directly interacts with the PAR-6/PAR-3/aPKC complex determining the junctional domain where AJs and TJs take place. Beneath, the baso-lateral domain is marked by the presence of discs large homologue, lethal giant larvae, scribble, and PAR-1 which, together, limit the extension of both the apical and junctional complexes. The factors strictly basal are not clearly defined yet but might involve integrins and FAK (Rodriguez-Boulan and Macara, 2014; Campanale, Sun and Montell, 2017) (Fig. 4A). Among all the factors involved, aPKC and PAR-1 are thought to play a pivotal role in polarity signaling by directly altering the localization of several polarity factors through phosphorylation. CDC42, a small rho GTPase, was also shown to be a key regulator (Margolis and Borg, 2005;Campanale, Sun and Montell, 2017).

Polarization is a key element in the MSC morphogenesis. It enables the cell a degree of spatial organization with different domains bearing various functions. The apical domain of MSCs is in direct contact with the environment; it is specialized to carry the sensory function through the formation of the microvilliated apical extension. The microvilliated apical extension is essential to increase cell surface and constitutes the particular site of segregation of a multitude of membrane proteins relevant for the sensory transduction. The junctional domain is the site of cell-cell contact through the establishment of cellcell adhesion, mostly AJs but also TJs. Key polarity proteins of the apico-basal polarity program play an important role in the assembly and maintenance of both AJs and TJs (Rodriguez-Boulan and Macara, 2014). In addition, throughout establishment, maintenance and remodeling, AJs and TJs are tightly coupled to the actin cytoskeleton through cadherin-catenin [START_REF] Harris | Adherens junctions: From molecules to morphogenesis[END_REF] and claudin-ZO (Fanning et al., 1998;[START_REF] Fanning | Zonula Occludens-1 and -2 are cytosolic scaffolds that Regulate the Assembly of Cellular Junctions[END_REF] interactions respectively. The interplay between junctions and actin promotes the maturation of junctions and the shaping of F-actin underneath. Altogether, junctions and actin are responsible for force transmission and strengthening within the tissue. In MSCs, epithelium-derived cells, this interplay results in the shaping of F-actin into its unique circumferential belt configuration [START_REF] Yonemura | Cell-to-cell adherens junction formation and actin filament organization: similarities and differences between non-polarized fibroblasts and polarized epithelial cells[END_REF][START_REF] Harris | Adherens junctions: From molecules to morphogenesis[END_REF]. This process is supported by the recruitment of diverse actin regulators, such as nucleators like the Arp2/3 complex or actin polymerization factors, by cadherin-catenin [START_REF] Harris | Adherens junctions: From molecules to morphogenesis[END_REF] and claudin-ZO [START_REF] Fanning | Zonula Occludens-1 and -2 are cytosolic scaffolds that Regulate the Assembly of Cellular Junctions[END_REF] complexes. Thus, through junctions, the establishment of apico-basal polarity in MSC is essential for both the integration and orientation within the sensory tissue, and the recruitment of actin cytoskeleton machinery to the apical side where the microvilliated apical extension will arise.

The great example of the sophisticated organization of the iHC apical extension. The formation of the microvilliated apical extension itself has been more extensively studied in iHCs of the inner ear. The morphological organization of iHCs, especially the planar polarization of the so-called hair bundle, was shown to be as critical to hearing as the sophisticated organization at the level of the auditory organ and tissue. In addition to orientation within the auditory epithelium and their apico-basal polarity, iHCs display polarization along their orthogonal axis. The so-called cell-autonomous PCP is responsible for the shaping of the apical extension in a staircase fashion with stereocilia (microvilli derivatives) organized in rows of increasing height. Two signaling mechanisms have been demonstrated to be of importance to establish the hair bundle organization: the kinocilium and the cell-intrinsic PCP [START_REF] Lu | Developmental regulation of planar cell polarity and hair bundle morphogenesis in auditory hair cells: lessons from human and mouse genetics[END_REF].

Early during iHC differentiation, a primary cilium referred to as kinocilium, emerges at the center of the apical surface and migrates towards the cell's abneural edge. The position of the kinocilium defines the vertex of the apical extension: once the kinocilium in place, stereocilia grow differentially around it, forming the typical staircase pattern. The kinocilium is crucial for the establishment of the typical hair bundle shape and orientation. Mutations in genes causing kinocilium defects lead to misshapen bundles found in Bardet-Biedl [START_REF] Ross | Disruption of Bardet-Biedl syndrome ciliary proteins perturbs planar cell polarity in vertebrates[END_REF], Meckel-Gruber [START_REF] Cui | Disruption of Mks1 localization to the mother centriole causes cilia defects and developmental malformations in Meckel-Gruber syndrome[END_REF] and Alström [START_REF] Jagger | Alström Syndrome protein ALMS1 localizes to basal bodies of cochlear hair cells and regulates cilium-dependent planar cell polarity[END_REF] syndromes. Specific deletions of ciliary genes expressed in the inner ear involved in the intraflagellar transport, such as Ift88, Kif3a or Ift20, also result in abnormal development of the iHC apical extension (Jones et al., 2008;[START_REF] Sipe | Kif3a regulates planar polarization of auditory hair cells through both ciliary and non-ciliary mechanisms[END_REF][START_REF] May-Simera | Ciliary proteins Bbs8 and Ift20 promote planar cell polarity in the cochlea[END_REF]. The cell-intrinsic PCP machinery involves RAC-PAK, CDC42-aPKC [START_REF] Grimsley-Myers | The Small GTPase Rac1 Regulates Auditory Hair Cell Morphogenesis[END_REF][START_REF] Kirjavainen | The Rho GTPase Cdc42 regulates hair cell planar polarity and cellular patterning in the developing cochlea[END_REF] and LGN/Gαi/dynein [START_REF] Ezan | Revisiting planar cell polarity in the inner ear[END_REF][START_REF] Sipe | Lis1 mediates planar polarity of auditory hair cells through regulation of microtubule organization[END_REF] signaling. Many of the factors involved in these pathways show polarized distributions at the apical surface [START_REF] Ezan | Revisiting planar cell polarity in the inner ear[END_REF], discriminating between the neural and ab-neural sides where the kinocilium migrates to. Perturbations of these factors result in aberrant positioning of the kinocilium and misshapen stereocilia indicating a role orientation of the basal body. These cell-autonomous mechanisms were shown to be robust and independent on the tissue polarity cues described in the section above. Mechanosensory transduction in iHCs not only relies on the staircase organization of the hair bundle but also on its stiffness achieved by bridging stereocilia via different types of links. At the mature state, top connectors -near the tip, tip links -oblique links at the tip, and putatively lateral links -along the bundles, ensure the cohesion between stereocilia [START_REF] Pickles | Cross-links between stereocilia in the guinea pig organ of Corti, and their possible relation to sensory transduction[END_REF]Michalski and Petit, 2015). The discovery of tip links, interconnecting each stereocilium to its taller neighbour, was a key finding in the understanding of the mechano-transduction in iHCs [START_REF] Pickles | Cross-links between stereocilia in the guinea pig organ of Corti, and their possible relation to sensory transduction[END_REF]. Tip links gate the mechanotransduction channel: upon mechanical stimulation, the displacement of stereocilia change tension in tip links, which in turn modulates the probability of the channel opening [START_REF] Assad | Tip-link integrity and mechanical transduction in vertebrate hair cells[END_REF] (Fig. 2). The staircase organization of stereocilia is essential for the directionality of the signaling: deflections in the direction of the tallest stereocilia increase channel opening probability while deflections toward the shortest stereocilia reduce it. The combination of genetic studies of hereditary deafness in human patients with the use of mouse models allowed the identification of the molecular components of the tip links [START_REF] Petit | Linking genes underlying deafness to hair-bundle development and function[END_REF]. In particular, the study of the Usher Syndrome Type I, responsible for deafblindness, revealed several genes: cadherin harmonin,sans,. The associated proteins were later demonstrated to be either components of the tip links or to participate to their anchoring to the actin cytoskeleton [START_REF] Boëda | Myosin VIIa, harmonin and cadherin 23, three Usher I gene products that cooperate to shape the sensory hair cell bundle[END_REF][START_REF] Ahmed | The Tip-Link Antigen, a Protein Associated with the Transduction Complex of Sensory Hair Cells, Is Protocadherin-15[END_REF][START_REF] Michalski | Harmonin-b, an actin-binding scaffold protein, is involved in the adaptation of mechanoelectrical transduction by sensory hair cells[END_REF][START_REF] Caberlotto | Usher type 1G protein sans is a critical component of the tip-link complex, a structure controlling actin polymerization in stereocilia[END_REF]. Dimers of CDH23 and PCDH15 form the tip link [START_REF] Söllner | Mutations in cadherin 23 affect tip links in zebrafish sensory hair cells[END_REF][START_REF] Kazmierczak | Cadherin 23 and protocadherin 15 interact to form tip-link filaments in sensory hair cells[END_REF] while harmonin, MYO7A (myosin-VIIa) and sans form the anchoring complex (Fig. 2) [START_REF] Adato | Interactions in the network of Usher syndrome type 1 proteins[END_REF]Michalski and Petit, 2015;Zhao and Müller, 2015). Any alteration of this fine structural organization results in hearing defects, demonstrating the critical role of these factors for mechanotransduction.

In contrast to iHCs, the importance of the apical extension structural organization has not been thoroughly studied in other MSCs and fostered my interest. Can we find similar factors involved in the organization of MSCs? If so, do they conserve similar functions?

C. The actin cytoskeleton, a key organizer in microvilliated sensory cell morphogenesis

Molecular mechanisms underlying specialized organization at the tissue and cellular levels are tightly coupled to the cell cytoskeleton. In particular, actin filaments play a pivotal role in shaping cells and provide a driving force during internal rearrangements or between cells in a tissue. Such features of the actin cytoskeleton are controlled by a multitude of accessory proteins, the actin-binding proteins (ABPs). In this section, I will briefly present the basic principles of the actin system (see (Revenu et al., 2004;[START_REF] Chhabra | The many faces of actin: matching assembly factors with cellular structures[END_REF]Kessels et al., 2011;Lodish et al., 2013;Alberts et al., 2014;Schwayer et al., 2016)).

Overview of the functions of the actin cytoskeleton.

Actin filaments can be found scattered throughout the cell, organized in tight bundles, or localized in a loose network in the cortex, just beneath the plasma membrane. Actin filaments are capable of supporting cell shape, providing cell stiffness and building projections of various stability, such as short-lived filopodia and more stable microvilli. The actin cytoskeleton participates to the establishment of cell polarity by enabling the discrimination between the apical and basolateral sides through differently organized filaments. It is involved in the formation and maintenance of cell-cell contacts, mainly AJs and TJs, allowing the establishment of a driving force and the transmission of polarity signaling between cells within a tissue (see II.A and II.B). Actin also allows the attachment of cells to subtract through interactions of integrins with the extracellular matrix.

Main properties of the actin cytoskeleton.

A common feature to all cytoskeletal systems is their fast dynamics and ability to form polymerized structures referred to as filaments. Actin filaments, also called microfilaments or F-actin (F for filamentous), are helical polymers with a diameter of 8 nm built from small and compact subunits, actin monomers or G-actin (G for globular). Actin subunits self-associate through head-tohead protein non-covalent interactions, allowing rapid assembly and disassembly to adapt to different structures and conditions. Because actin monomers are asymmetrical, their association into filaments results in a polarized structure with a barbed and a pointed end (Fig. 6). The two ends of an actin filament behave differently. Namely, association and dissociation of actin monomers occur at both ends but at different rates: much slower at the pointed end than at the barbed end. As a result, during elongation, actin filaments virtually grow in one direction, the direction of the barbed end where polymerization is ten times faster. Such polarity gives the cell means to use actin filaments as a source of mechanical force with a specific direction. At the steady state, when free G-actin concentration reaches a critical point, assembly/disassembly rates at both ends of the filament balance each other, which results in treadmilling, meaning a net flow of actin subunits through the filament (Revenu et al., 2004). The precise balance between actin polymerization and depolymerization enables the dynamic steady state of cell shape and structures. Cells can leave the steady state and modulate actin structures to adjust to their environment by controlling G-actin availability: below the critical concentration, actin filaments will decrease and, inversely, they will grow in response to higher G-actin concentration (Revenu et al., 2004).

Nucleation of actin, the rate-limiting step of the formation of actin filaments. G-actin monomers can assemble spontaneously but this initial step is energetically unfavorable because of the high instability of actin subunits. To efficiently promote the elongation of filaments, at least 3 actin subunits must first be aggregated into a nucleus, stabilized by multiple interactions, from which addition of more subunits can spontaneously take place. This process is called nucleation and it is the rate-limiting step in the formation of actin filaments. To overcome the kinetic barrier of nucleation, cells use actin-nucleating factors. Actin nucleators possess several actin-binding domains, which enables them to bring several actin subunits together to form the nucleus. To date, three different types of actin nucleators have been described: the Arp2/3 complex, formins and WASPhomology 2 (WH2) domain-containing nucleators (Fig. 6) [START_REF] Chhabra | The many faces of actin: matching assembly factors with cellular structures[END_REF]Kessels et al., 2011). The Arp2/3 complex is constituted of two actin-related proteins, Arp2 and Arp3, and five other proteins. The complex mimics the barbed end of actin filaments and thus serves as a template for monomer addition. Because of its low basal activity, the complex requires to be activated by nucleation-promoting factors, mainly from the Wiskott-Aldrich Syndrome protein (WASP) family [START_REF] Chhabra | The many faces of actin: matching assembly factors with cellular structures[END_REF]Kessels et al., 2011). Formins constitute a large diverse group of factors characterized by the presence of formin homology 2 domains. Formins dimerize to form a donut-shaped structure driving actin nucleation and surrounding the barbed end of growing filaments to protect it from capping proteins (see below) [START_REF] Chhabra | The many faces of actin: matching assembly factors with cellular structures[END_REF]Kessels et al., 2011). Finally, WH2 domain-containing factors, such as Spire or Cordon-bleu, use their WH2 domains to bind actin monomers and assemble actin nuclei de novo to support subsequent elongation (Kessels et al., 2011). The final structural organization of the actin network greatly depends on the type of nucleator involved. For example, Arp2/3 complexes give rise to 70°-branched actin filaments found in lamellipodia while formins generate long linear filaments found in AJs and filopodia [START_REF] Chhabra | The many faces of actin: matching assembly factors with cellular structures[END_REF].

Elongation of filaments and its control. Numerous ABPs can modulate the elongation of actin filaments (Fig. 6) (Revenu et al., 2004;Lodish et al., 2013;Alberts et al., 2014). The filament assembly first depends on the availability of monomers in the cell. G-actin can be virtually stored by factors such as thymosin that form a complex with monomers, which prevents association with F-actin. On the contrary, G-actin can be recruited by different monomer-binding proteins, such as profiling, capable of enhancing polymerization at the barbed end of filaments. Then, a large panel of ABPs can bind Factin to modulate the behavior of filaments themselves. Capping proteins, such as CapZ or tropomodulin, reduce the exchanges of G-actin by directly binding the barbed or the pointed end. Because the polymerization/depolymerization primarily occur at filament ends, even very low amounts of capping proteins can dramatically modify the dynamics and structuration of actin cytoskeleton. Severing proteins, such as gelsolins and cofilins, increase the number of available filament ends for polymerization/depolymerization by breaking filaments into smaller ones. Altogether, ABPs modulate actin dynamics by regulating the treadmilling rate of F-actin. ABPs themselves are subject to regulation, through post-translational modifications or interactions with various cofactors (Revenu et al., 2004).

The loose binding of actin monomers within a filament is critical for rapid assembly/disassembly, which provides needed flexibility to actin-based structures. However, actin filaments are still capable of providing mechanical strength and generating of force in the cell. This is achieved by the supra-organization of microfilaments into higher-order networks depending on 1) the actin-nucleating factor and 2) different factors capable of binding filaments to each other [START_REF] Chhabra | The many faces of actin: matching assembly factors with cellular structures[END_REF]. Notably, higher-order actin networks support the development of membrane protrusions by differentiated or migrating cells. In the case of MSCs, the actin cytoskeleton underlies the formation and maintenance of the sensory microvilliated apical extension through a very specific supra-organization: parallel unbranched filaments forming a bundle, the parallel actin bundle. Actin is present in two forms: actin subunits, also called actin monomers or G-actin, and actin filaments, also called F-actin. To polymerize into a filament, several actin subunits need to assemble through a process called nucleation. The assembly of a nucleus is modulated by several actin nucleators such as formins and the Arp2/3 complex. Once formed, the actin filament reaches a steady state where actin subunits undergo a net flux through the polymer that maintains a constant length: this process is called treadmilling. Several actin-binding proteins regulate nucleation, polymerization and depolymerization.

Examples of each type are depicted here.

III. THE PARALLEL ACTIN BUNDLE, THE CORE COMPONENT OF THE SENSORY ORGANELLE

A. The making of the parallel actin bundle MSC microvilli are thin membrane protrusions supported by one bundle of unbranched actin filaments, the parallel actin bundle (Fig. 7). Each bundle is constituted of straight, tightly packed filaments with their barbed ends located at the tip (DeRosier and Tilney, 2000;Revenu et al., 2004). Comparisons across many microvilliated cell types suggest a common cell factory responsible for the generation of short bundle modules at a specific location to generate microvilli (DeRosier and Tilney, 2000). The bundle-making factory fulfills two roles: the initiation step with the nucleation of G-actin and the lengthening of the generated filaments (Fig. 7). Current understanding of the mechanisms underlying the formation of parallel actin bundles mainly comes from studies on the brush border of the gut epithelial cells and iHC stereocilia.

Nucleation of the actin filaments forming the parallel actin bundle.

The molecular mechanisms underlying actin nucleation initiating the formation of actin bundles are still unclear. Several lines of evidence can be derived from the study of filopodia, another type of thin protrusions constituted by one parallel actin bundle (Revenu et al., 2004). Despite their differences, the molecular mechanisms underlying filopodia and microvilli assembly share many similarities. The nucleation of parallel actin bundle-based microvilli seems to occurs near the plasma membrane at an electron-dense region (DeRosier and Tilney, 2000). Interestingly, a study using correlative time lapse-electron microscopy to examine filopodia initiation showed that filopodial parallel actin bundles similarly emerged from marginal dense patches (Steketee, Balazovich and Tosney, 2001). In addition, the authors showed that filopodia initiation critically relied on focal electrondense phases that corresponded to adhesion sites containing a donut-shaped focal ring from which radiated filopodial actin filaments (Steketee, Balazovich and Tosney, 2001). Focal rings could be observed in numerous filopodial structures, which suggests a prevalent role in their initiation that could be extended to microvilli (Steketee, Balazovich and Tosney, 2001). The detection of these small actin-based focal rings is challenging and therefore sometimes missed.

A major promotor of filopodia formation at the cell periphery is CDC42 [START_REF] Nobes | Rho, Rac, and Cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin stress fibers, lamellipodia, and filopodia[END_REF], this small rho GTPase we already mentioned (see II.B,C), through its interaction with the insulin receptor tyrosine kinase substrate of 53 kDa (IRSp53) (Krugmann et al., 2001). IRSp53, also known as brain-specific angiogenesis inhibitor 1-associated protein 2 (BAIAP2), has a dual role in membrane dynamics and actin cytoskeleton. Its several protein-protein modules enable IRSp53 to bind and organize actin cytoskeleton and its inverse bin-amphipysin-rvs167 (I-BAR) domain to sense and generate negative membrane curvature (Scita et al., 2008;Zhao, Pykäläinen and Lappalainen, 2011).

IRSp53 thus serves as an integrative node involved in the generation of a variety of membrane protrusions. In addition to IRSp53, downstream effectors of CDC42 include the Arp2/3 complex involved in actin filament nucleation (Fig. 6 and II.C). The Arp2/3 complex thus comes as a good candidate actin nucleator in filopodia except that it is known to promote branched actin networks, not parallel filaments, and that it is not present in mature filopodia (Svitkina et al., 2003). However, a very detailed kineticstructural analysis of filopodia initiation suggested that the role of the Arp2/3 complex in promoting filopodia formation consists in the creation of a branched actin array whose actin filaments subsequently assemble into bundles (Svitkina et al., 2003). A key determinant in this convergent elongation model is the binding of cross-linking factors and molecules preventing the capping of barbed ends to respectively enable the tight packing into a bundle and further elongation of the filaments to form filopodia (Svitkina et al., 2003). Alternatively, when filopodia initiate de novo, in the absence of Arp2/3 complex-mediated branched actin networks, parallel actin filaments can be nucleated at the plasma membrane directly by formins (Faix and Rottner, 2006). In both models, IRSp53 would play a key role in recruiting specific factors to protruding membranes along with ABPs and actin cytoskeleton to enable the initiation and elongation of parallel actin bundles (Ahmed, Goh and Bu, 2010). In iHCs, the Arp2/3 complex is the only actin nucleator detected (Barr-Gillespie, 2015). One could then imagine a similar contribution of the nucleation function of the Arp2/3 complex and others in the initiation of actin bundles constituting the apical extension of iHCs and, more generally, of MSCs.

Packing actin filaments to form the parallel actin bundle. After nucleation of G-actin at the electron-dense patch of apical membrane, actin filaments polymerize and form short bundles (Fig. 7). The regulation of the length of bundle modules was proposed to be determined by a two-component mechanism involving the concentration of available components and the coupling of this concentration to the number of nucleation sites [START_REF] Tilney | Actin filaments, stereocilia, and hair cells: how cells count and measure[END_REF]DeRosier and Tilney, 2000). According to this model, because the concentration of bundle components is proportional to the number of nucleation sites at a specific time during development, actin modules formed simultaneously will be of a constant average length. We already mentioned the different kinds of ABPs involved in elongation and its regulation (Fig. 6). An additional class of ABPs is needed to enable the packing of filaments into bundles: actin-bundling factors. Actinbundling factors contain at least several actin-binding modules to support the crosslinking of actin filaments together, along with other protein-protein interaction motifs and regulatory domains responsible for the regulation of their actin-bundling function (Bartles, 2000). MSCs, and all cells developing parallel actin bundle-based protrusions, express at least two different actin-bundling factors; TRCs express villin, fimbrin and espin, vORNs villin and espin, iHCs fimbrin, villin and espin (Fig. 1) (Bartles, 2000;DeRosier and Tilney, 2000;Sekerková et al., 2006). Why the need for several actin-bundling factors of, a priori, redundant function? Early studies on the formation of Drosophila neurosensory bristles, long curved protrusions containing multiple parallel actin bundles, showed that cells assemble parallel actin bundles through the sequential activity of Forked and Fascin: actin filaments are first loosely packed together by Forked, then maximally cross-linked by Fascin (Tilney et al., 1998). The sequential model extends to all known parallel actin bundles and provides sensible explanation for the need of two or more cross-linking factors. According to this model, actin filaments are first packed into a loose bundle through the activity of an early actin-bundling factor -generally a large protein with relatively distant actinbinding sites -facilitating the entry of a second actin-bundling factor -generally smaller with close tandem actin-binding sites -capable of packing bundles into a tighter hexagonal structure (Fig. 7). In line with Tilney's idea, the bundling-based organization of actin filaments depends on the concentration of the actin-bundling factor expressed by the cell. The distinct actin-binding activities and regulation properties of the different actin-bundling factors combined to their level of expression allows the proper development of the parallel actin bundle according to a specific sequence of events. Notably, the second actin-bundling factor should theoretically show a somewhat weak actin-binding activity in order to enable cross-links to come and go until maximal threedimensional packing is achieved. There was, before my PhD work, no study investigating the expression of actin-bundling factors in CSF-cNs.

Attachment of the actin filaments to the tip and lateral membranes.

A critical feature of microvilli is the lateral attachment of actin filaments to the membrane in order to ensure resistance of the structure and mechanical tension. Factors capable of binding both actin cytoskeleton and membrane components, often lipids such as phosphatidylinositol 4,5-biphosphate, form ultrastructural links. In microvilli, unconventional myosins and ezrin/radixin/moesin, also referred to as the ERM proteins, are the main factors responsible for the tethering of the parallel actin bundle actin core to the membrane [START_REF] Sauvanet | Structure, Regulation, and Functional Diversity of Microvilli on the Apical Domain of Epithelial Cells[END_REF]. Myosins simultaneously bind lipids of the plasma membrane and F-actin through, respectively, their C-terminal domain and motor head domain. Similarly, ERM proteins contain an N-terminal FERM domain to bind lipids of the membrane and a C-terminal ERM-association domain to bind F-actin [START_REF] Sauvanet | Structure, Regulation, and Functional Diversity of Microvilli on the Apical Domain of Epithelial Cells[END_REF]. ERM proteins show clear tissue expression specificity as well as polarized activity within the cells where they are found dormant in the cytosplasm and active at the apical surface and/or microvilli. ERM proteins are first recruited, through their FERM domain, to apical membranes, where they are activated by phosphorylation, which unmasks their Cterminal ERM-association domain domain to facilitate actin anchoring [START_REF] Sauvanet | Structure, Regulation, and Functional Diversity of Microvilli on the Apical Domain of Epithelial Cells[END_REF]. iHC stereocilia contain various unconventional myosins present at different location along the parallel actin bundle: Myosin-III, Myosin-VII, Myosin-XV at the tip, and Myosin-VI at the base [START_REF] Rzadzinska | An actin molecular treadmill and myosins maintain stereocilia functional architecture and self-renewal[END_REF]Michalski and Petit, 2015). All four myosins interact with several other factors to form distinct molecular complexes capable of tethering actin filaments to the membrane and support the stiffness of the hair bundle.

Because of their motor domain, myosins are also involved in trafficking along actin filaments, which enables the complexes to transport proteins or 'cargos' along the stereocilia. The Myosin-III complex promotes stereocilia growth by addressing the actinbundling factor Espin-1 (see III.B) to the tip of the bundles. The Myosin-VII and Myosin-XV complexes transport ABPs to the tip as well, such as the actin-capping twinfilin-2 or gelsolin (Fig. 6), which regulate actin assembly/disassembly rates. As a consequence, the myosin-based complexes appear to play a critical role in the regulation of stereocilia lengthening. Finally, because of the backward-stepping motor activity of myosin-VI, the associated complex involving the ERM radixin protein remains located at the base of the stereocilia, seemingly helping to stabilize the structure (Michalski and Petit, 2015). Radixin is the only ERM protein detected in iHC stereocilia.

The large body of work devoted to iHC stereocilia development highlighted the dual role of unconventional myosins that not only ensure proper structural resistance but also greatly participate to the regulation of the parallel actin bundle lengthening through their motor function. Cargo trafficking within the actin-based protrusions is instrumental to address specific ABPs responsible for the parallel actin bundle proper development. In iHCs, any mutation or loss of function of unconventional myosins results in stereocilia length defects and hearing impairments (Michalski and Petit, 2015).

Although not yet investigated in other MSCs, the expression of specific unconventional myosins and members of the ERM family is likely required to support the assembly and elongation of microvilliated apical extensions. In particular, unconventional myosins play an important part in the entry of the second actin-bundling factor at a specific time, to the proper location and at the right concentration in the sequential model of parallel actin bundle assembly.

Higher-order structure: the stereocilia. Short modules generated by the bundling cell factory can get secondarily assembled into larger and/or more complex bundles according to a specific organization as it is the case for the iHC stereocilia (DeRosier and Tilney, 2000). During iHC differentiation, stereocilia first appear as short microvilli at the apical surface due to the actin-bundling activity of fimbrin. The transformation into stiff mature stereocilia involves the tighter packing of the parallel actin bundle together with newly added filaments to eventually form a paracrystalline array and a second step of elongation to achieve the staircase pattern [START_REF] Tilney | Actin filaments, stereocilia, and hair cells: how cells count and measure[END_REF]. This transformation is achieved through the collaborative functions of unconventional myosins and the actin-bundling factor Espin. Myosin-XV and Myosin-III isoforms are critical for this transformation. Myosin-XV complex promotes the elongation of the original bundle modules by addressing several ABPs to the stereocilia tips [START_REF] Rzadzinska | An actin molecular treadmill and myosins maintain stereocilia functional architecture and self-renewal[END_REF][START_REF] Mcgrath | Stereocilia morphogenesis and maintenance through regulation of actin stability[END_REF]. Myosin-IIIA and B transport their cargo Espin to the tips as well and enable actin elongation and cross-linking involved in further lengthening and widening (see below) (Ebrahim et al., 2016;[START_REF] Mcgrath | Stereocilia morphogenesis and maintenance through regulation of actin stability[END_REF]. More recent data in vitro and in zebrafish iHCs has suggested that Fascin2, another actin-bundling factor, could be involved as well: the tight packing of numerous actin filaments to eventually form the thick bundle of stereocilia requires the coordination of Fascin2 and Espin [START_REF] Chou | Fascin 2b is a component of stereocilia that lengthens actin-based protrusions[END_REF]. To conclude, the formation of stereocilia involves a fine orchestration of actin-bundling factors allowed by their precise regulation and addressing. Fimbrin is recruited first to produce the loose bundle modules later assembled and elongated to form the higher order structure of the stereocilium by Espin and Fascin2.

One key step towards the transformation of bundle modules into stereocilia is the prominent tapering of actin filaments at the junction with the apical cell surface (Fig. 1,2). The taper comes as a result of distinct behaviors between core filaments and surrounding ones: only the most central actin filaments project into the iHC cell body while other filaments terminate at the taper. This structural property is essential to hearing function as it allows bending to occur at the level of the taper while preventing it at higher position (Fig. 2). There is, to date, no description of the mechanism underlying the tapering of stereocilia during the development of the iHC apical extension although Fascin2 was proposed as a candidate to facilitate actin depolymerization specifically in the taper region [START_REF] Chou | Fascin 2b is a component of stereocilia that lengthens actin-based protrusions[END_REF].

It is important here to remember that actin filaments remain highly dynamic structures even when constituting stable protrusions such as microvilli. As reviewed above (see II.C), the stable state of the actin-bundle-based protrusions is the result of the treadmilling of actin through filaments [START_REF] Rzadzinska | An actin molecular treadmill and myosins maintain stereocilia functional architecture and self-renewal[END_REF]. Different parallel actin bundles show different treadmilling rates with values 10 to 100 times lower in stereocilia than microvilli, mostly due to the stabilization of stereocilia by numerous actin cross-linking proteins [START_REF] Mcgrath | Stereocilia morphogenesis and maintenance through regulation of actin stability[END_REF]. The dynamic steady-state of actin filaments in the parallel actin bundles is assisted by the force produced by myosins between the paracrystalline actin core and membranes.

B. Espin, an actin-bundling factor common to all microvilliated sensory cells

As nicely illustrated by the staircase pattern of iHC stereocilia, the length of the parallel actin bundle is precisely regulated. The regulation of parallel actin bundle lengthening is, in part, achieved by the type and concentration of the actin-bundling factors expressed by the cell. In the previous section, we mentioned that MSCs express a combination of actin-bundling factors in order to orchestrate the development of their microvilliated apical extension (Fig. 1). This feature, in accordance with the sequential model of formation of the parallel actin bundle, is shared by all cells extending protrusions based on actin bundles, including filopodia. One striking characteristic that seems to distinguish the making of filopodia from microvilli is the presence of Espin proteins in microvilliated cells. Bartles and his group have provided a great body of work demonstrating the expression at high levels of Espins by all MSCs and their relevance for their sensory function.

Espins and their activities. Espins are the most recently identified members of the actinbundling factor group from which they differ significantly because of their capacity to interact with numerous partners. The first Espin isoform was described two decades ago to localize at the thin layer of parallel actin bundles of the junctional plaque formed by Sertoli cells in rat testis (Bartles, Wierda and Zheng, 1996). Espins get their name from this peculiar location: espin = ectoplasmic specialization -in. More isoforms were later discovered in the brush border microvilli (Bartles et al., 1998), iHC stereocilia (Zheng et al., 2000;[START_REF] Li | Correlation of Expression of the Actin Filament-Bundling Protein Espin with Stereociliary Bundle Formation in the Developing Inner Ear[END_REF] and Purkinje cell dendritic spines (Sekerková et al., 2003). The analysis of the complete sequence of the espin gene derived from mouse genomic DNA showed that the four different isoforms arise from a single gene through different transcription start sites (Chen et al., 1999). Eventually, thorough investigations demonstrated that Espin is in all known MSCs (Sekerková et al., 2004). This result obtained in rat and mouse tissues is confirmed by my own observations in zebrafish: all MSCs present at three days post-fertilization (dpf) are labeled for Espin immunostaining, namely: ORNs, CSF-cNs and iHCs of the inner ear and the lateral line (Fig. 8). Espin is also detected from 5 dpf in taste buds (data not shown). Espins were characterized to contain a variety of domains for protein-protein interactions from their very first description. All Espin isoforms contain a 116-amino acid C-terminal conserved actin-bundling module showing 39% identity with a peptide in the Drosophila Forked protein responsible for the formation of parallel actin bundles in bristles (Bartles, Wierda and Zheng, 1996;Bartles et al., 1998;Chen et al., 1999). The actin-bundling module includes at least two F-actin-binding sites and is necessary and sufficient for the Espin-mediated actin-bundling and parallel actin bundle elongation activities in vitro and in vivo (Bartles, Wierda and Zheng, 1996;Bartles et al., 1998;Loomis et al., 2003). All known Espin isoforms also display a WH2 G-actin-binding domain right upstream of the actin-bundling module, a domain capable of locally increasing G-actin concentration and, thus, enhancing Espin activities (Sekerková et al., 2004;[START_REF] Loomis | Targeted wild-type and jerker espins reveal a novel , WH2-domain-dependent way to make actin bundles in cells[END_REF]. The different isoforms then differ in their N-terminal part (Fig. 9) (Sekerková et al., 2006). All three isoforms 2, 3 and 4 exhibit a shorter N-terminal region than the longest isoform 1 and, thus, fewer domains. The N-terminal domains are involved in protein-protein interactions and explain the capacity of Espins to interact with numerous factors. The presence of these domains greatly influences the Espinmediated bundling activity as suggested by the formation of fewer but thicker parallel actin bundles by the long isoforms (1, 2A and 3B) as opposed to more but thinner microvilli by small Espin (isoform 4) (Loomis et al., 2003). The N-terminal region can include ankyrin-like repeats, an additional F-actin-binding site, a binding site for phosphatidyl-inositol 4,5-biphosphate and one or two proline-rich regions (Fig. 9). The ankyrin repeat module is only present in isoform 1 and can bind to the tail homology domain I of Myosin-III paralogs A and B (Salles et al., 2009;[START_REF] Liu | Myosin III-mediated cross-linking and stimulation of actin bundling activity of Espin[END_REF]. The prolinerich regions enable Espins to bind actin organizers, especially profilin (see II.C) (Bartles, Wierda and Zheng, 1996;Bartles et al., 1998;Chen et al., 1999), and to enhance the recruitment of actin monomers by the WH2 domain. When both proline-rich regions are present, they also allow interactions with SH3-containing factors such as IRSp53 (see III.A) (Sekerková et al., 2003). Isoforms of the type 3 are especially found in microvilliated sensory cells (Sekerková et al., 2004).

Like other actin-bundling factors, the actin-bundling activity of Espins depends on their concentration (Loomis et al., 2003). This characteristic is very nicely illustrated by the positive correlation between the gradual increase in stereocilia length along the basilar membrane in the cochlear spiral and Espin levels in iHCs (Loomis et al., 2003).

Espins in stereocilia.

The third Espin isoform to be identified was found in iHC stereocilia (Zheng et al., 2000). This isoform, referred to as the isoform 3, is of intermediate length between the isoform 1 in Sertoli cell's ectoplasmic specialization and the isoform 4 in the brush border microvilli (Fig. 9). Its N-terminal region starts upstream of the first proline-rich peptide, missing the ankyrin-like repeats. The identification of Espin expression in stereociliated iHCs motivated the investigation of related candidate deafness genes mapping to the espin gene. A spontaneous recessive autosomal mutation, called jerker mutation [START_REF] Grüneberg | The Origin of Jerker, a New Gene Mutation of the House Mouse, and Linkage Studies Made with It[END_REF] was found to be related to a frameshift mutation in the conserved actin-bundling module, leading to truncated Espin proteins for all isoforms (Zheng et al., 2000). As a result, jerker homozygote mice showed no or strongly reduced level of Espin protein in testis, kidney and HCs. iHCs in mice bearing the jerker mutation at the homozygous state first develop normally but quickly degenerate at the onset of hearing function [START_REF] Grüneberg | The Origin of Jerker, a New Gene Mutation of the House Mouse, and Linkage Studies Made with It[END_REF]. The degeneration of iHCs follows the one of stereocilia that first appear as abnormally short, and then loosen and shrink before the cell itself disappears. A more detailed structural analysis of the developmental effects of the loss of Espins in iHCs showed that the jerker mutation was associated with, in general, much thinner and much shorter stereocilia (Sekerková, Richter and Bartles, 2011). The jerker phenotype is characterized by complete deafness, head-jerking movements and circling movement reflecting defects in iHCs in the cochlea and the vestibular system respectively. This correlation between the loss of Espin function and stereocilia defects resulting in the jerker phenotype strongly suggested that Espin actin-bundling activity is critical for the formation and maintenance of stereocilia. The causative role of Espins in non-syndromic hearing loss was also supported by the identification of mutations in the espin gene associated with human cases of deafness [START_REF] Donaudy | Espin gene (ESPN) mutations associated with autosomal dominant hearing loss cause defects in microvillar elongation or organisation[END_REF]. Further investigation later showed that, actually, other Espin isoforms are expressed in iHCs in the inner ear and that their spatio-temporal expression is precisely regulated during development (Sekerková et al., 2006). In adulthood, mature iHCs mainly express the isoform 1 along with lower levels of isoforms 3 and 4 at their stereocilia (Sekerková et al., 2004). At the embryonic stage, however, the isoforms 2 and 3 are predominant and it is only at late embryonic stages that levels of isoform 2 decrease concomitantly with the increase in isoforms 3 and the apparition of isoform 1. Then, the postnatal phase of stereocilia maturation is associated with a dramatic increase in isoform 1 and the apparition of isoform 4, a finding consistent with the proposed role of Espins in stereocilia elongation (Loomis et al., 2003;Sekerková et al., 2006). As opposed to isoforms 3 and 4 present all along the parallel actin bundle, isoform 1 is specifically located at the tip of stereocilia according to a tip-to-base gradient following the one of Myosin-IIIA. The tip localization of Espin-1 results of its transport by the unconventional Myosin-IIIA through the interaction between the Espin ankyrin-like domain and the myosin tail homology domain I (Salles et al., 2009;[START_REF] Liu | Myosin III-mediated cross-linking and stimulation of actin bundling activity of Espin[END_REF]. Interestingly, Espin-1 also interacts with Myosin-IIIB, for which it serves as a 'crutch'. The presence of numerous actin-binding sites in Espin-1, especially at the actin-bundling module, compensates for the missing actin-binding domain of Myosin-IIIB and helps its migration to stereocilia tips (Merritt et al., 2012). Both Myosin-IIIA and B then enhance Espin WH2-mediated elongation activity at the barbed end of actin filaments to promote parallel actin bundle lengthening and actin-bundling activity [START_REF] Liu | Myosin III-mediated cross-linking and stimulation of actin bundling activity of Espin[END_REF]. These observations demonstrate that the formation of the microvilliated apical extension of MSCs, here the hair bundle of iHCs, can involve a particularly complex spatiotemporal pattern of expression of the different Espin isoforms, which can be orchestrated by protein-protein interactions. It furthermore highlights the fine control of parallel actin bundle width and length by the synergistic activities of Espins with other ABPs such as unconventional myosins. Altogether, these results bring more evidence to support the critical role of Espins in the formation and maintenance of iHC stereocilia and suggest that distinct Espin isoforms can fulfill different functions.

So, why Espins?

The expression of Espins can be considered as a landmark of MSCs where they are found especially enriched at the level of the microvilliated apical extension (Sekerková et al., 2004). Compared to other microvilliated cells, the presence of Espins in MSCs is associated with longer microvilli in average, constituting the sensory apical extension displaying various size and organization and where sensory transduction takes place as opposed to shorter microvilli as in the brush border of the gut. What advantage does the presence of Espins confer to MSCs? Altogether, the detailed studies about Espins' functions highlighted a number of biological activities that distinguish them from other actin-bundling factors (Sekerková et al., 2006). First, Espins show 10 to 100-fold higher affinity to bind G-actin and more efficient actin-bundling activity (Chen et al., 1999). The great potency of Espins to promote the formation of large parallel actin bundles is related to the unique combination of multiple F-actin binding sites and the WH2 domain which, together, ensure the availability of actin monomers at the right location, and further elongation and cross-linking of actin filaments [START_REF] Loomis | Targeted wild-type and jerker espins reveal a novel , WH2-domain-dependent way to make actin bundles in cells[END_REF]. In addition, a singularity of Espins among other actinbundling factors lies in the fact that their actin-bundling activity is not inhibited by Ca 2+ (Bartles et al., 1998;Chen et al., 1999). The resistance of Espins to Ca 2+ is instrumental to the maintenance of the parallel actin bundle-based structures in MSCs while experiencing big calcium transients during sensory transduction. One can also argue that the same logic applies to Purkinje Cells that express isoforms 3 of Espin since they are actually subject to some of the largest transients in the brain. Beyond providing Ca 2+resistant cross-links, transfection studies in cultured epithelial cells showed that Espins dramatically increase the steady-state length of parallel actin bundles. Espins enhance actin assembly at the barbed end of the filaments in a concentration-dependent fashion (Loomis et al., 2003;[START_REF] Rzadzinska | An actin molecular treadmill and myosins maintain stereocilia functional architecture and self-renewal[END_REF], another unique feature compared to other actin-bundling factors.

Espins thus appear as essential actin-bundling factors to support and orchestrate the formation of the parallel actin bundle-based sensory microvilli. The special link between Espins and MSCs, exemplified by iHCs, can be partly explained by the unique features of Espin isoforms that make them suited actin-bundling factors to build sensory apical extensions. Although many of the best characterized properties of Espins stem from their actin-bundling module, it is likely that there is still much to be learned. Especially, additional features associated to the N-terminal domains remain to be investigated to better understand how Espin activities are regulated in both temporal and spatial manners, at the subcellular level or between different cell types.

C. Diversity in unity

All MSCs detect chemical or mechanical stimuli through parallel actin bundle-based membrane protrusions: microvilli or, in the case of iHCs, derivatives of microvilli, stereocilia. It is commonly admitted that the microvilliated apical extension is instrumental to the MSC sensory function. Because MSCs carry out a diversity of sensory modalities, they must develop sensory apical extensions that are suited to detect stimuli and enable sensory transduction under the environmental constraints the cell is subject to (Table1, Fig1 and I.A). However, thorough structural investigations have been missing for MSCs other than iHCs.

In chick HCs, the grounding work of Tilney and collaborators described that stereocilia could contain up to 900 actin filaments and vary in length between 1.5 and 5.5 µm [START_REF] Tilney | Actin filaments, stereocilia, and hair cells: how cells count and measure[END_REF]. This study also showed that the number of stereocilia per iHC depended on the cell position along the basilar membrane in the cochlea: iHCs at the proximal end could form up to 450 stereocilia, ten times more than iHCs at the distal end. These numbers can of course vary depending on the species (Fig. 1).

The presence, and succinct description, of microvilli in other MSCs was documented by structural studies of sensory organs using electronic microscopy.

The different cell types in taste buds possess distinct microvilliated apical extensions: in rabbit, the predominant Type I cells, first referred to as 'dark cells' because of their electron-dense cytoplasm, display a tuft of long thin microvilli of various length (1-2 µm) and width (0.5-2 µm), while Type II cells or TRCs, formerly referred to as 'light cells', extend uniform short microvilli (1 µm long and 0.25 µm wide) [START_REF] Murray | Fine Structure of Taste Buds of Rabbit Foliate Papillae[END_REF][START_REF] Cummings | Ultrastructure of apical specializations of taste cells in the mudpuppy Necturus maculosus[END_REF]. In Necturus maculosus, Type III cells, a minor population described later, appear to end bluntly in a single thick apical microvillus within the taste bud's pore (Fig. 1) [START_REF] Cummings | Ultrastructure of apical specializations of taste cells in the mudpuppy Necturus maculosus[END_REF].

In rat, vORNs were described to extend a knob of short (2 µm) and thin (40 -100 nm) microvilli at the end of a long dendritic process (Fig. 1) [START_REF] Ciges | Ultrastructure of the organ of Jacobson and comparative study with olfactory mucosa[END_REF][START_REF] Höfer | Identification of cytoskeletal markers for the different microvilli and cell types of the rat vomeronasal sensory epithelium[END_REF].

The unusual morphology of CSF-cNs projecting an apical extension in the lumen of the central canal raised questions on their sensory functions (Kolmer, 1921;Agduhr, 1922).

Few ultrastructural studies have provided information about their ultrastructure. In Xenopus, spinal CSF-cNs are notably distinguished from surrounding ependymal cells by the extension of short (4 µm) and thin (0.114 µm) microvilli among which a cilium emerges (Dale et al., 1987). This morphology has been described in spinal CSF-cNs of many vertebrate species (Vigh and Vigh-Teichmann, 1973;Vigh et al., 1983) although the presence of a cilium is a source of debate. CSF-cN morphology recalls the one of vORNs, bearing a microvilliated apical extension and projecting a basal axon into the CNS.

It is increasingly evident that the sensory apical extension of MSCs owes many of its properties to the parallel actin bundle's characteristics which reflect the spatiotemporal pattern of activity of a combination of actin-bundling factors. As a consequence, it is no surprise that microvilliated apical extensions vary in size, shape, organization, in order to support the distinct sensory functions carried by MSCs. The formation of the parallel actin bundle follows a sequential model where the different actin-bundling activities are orchestrated to enable the thickening and lengthening of the bundle. Consequently, mutations or loss of function of one of the actin-bundling factors result in different structural phenotypes. There are three major actin-bundling factor classes described in MSCs: Fimbrin, Villin and Espin (Fig. 1). The previous section highlighted the great functions of Espins in the formation of the sophisticated hair bundle of iHCs, functions that could be similarly relevant to other MSCs. The existence of multiple Espin isoforms and their cooperation with other actin-bundling factors in the process of parallel actin bundling might, in part, explain how MSCs can develop a diversity of apical extensions.

In an attempt to explain the different shapes of apical extension formed by MSCs, we could assume a model where Fimbrin and Villin would be involved in the formation of the short bundle modules, in a generic fashion, while Espins and their interaction with other ABPs would refine the organization of actin filaments to eventually produce a parallel actin bundle of the proper length and width, with a given stability.

The microvilliated apical extensions of MSCs other than iHCs do not display the same obvious high-order organization showed by the hair bundle but, rather, 'simpler' parallel actin bundle-based protrusions. One might assume that, as opposed to the formation of stereocilia characterized by a second phase of extensive elongation and bundling, the sensory organelle of TRCs, vORNs and CSF-cNs is constituted of microvilli directly generated by the actin-bundling cell factory (see III.A) without extensive subsequent structuring. Evidence to support this hypothesis is however difficult to provide with the current understanding of the ultrastructure of these apical extensions, their development and the molecular factors they involve.

OPEN QUESTIONS

Microvilliated sensory cells are sensory cells that detect chemical or mechanical stimuli through their microvilliated sensory organelle, an apical extension constituted of thin actin-based protrusions. The core component of microvilli is the parallel actin bundle, a group of actin filaments tightly packed into a hexagonal structure. The final length, width and shape of the parallel actin bundle are probably important to determine the sensory properties of the apical extension. As a consequence, the establishment of this structure must be precisely regulated and orchestrated. Our current understanding involves two critical steps in the making of parallel actin bundles in microvilli: the initiation of short bundle modules and their subsequent packing into a functional structure. This bundle factory relies on the dynamics of the actin cytoskeleton and its numerous organizers, the actin-binding proteins. The organization of actin filaments into bundles is enabled by specific proteins, actin-bundling factors. The expression of Espins, a family of actin-bundling factors, notably constitutes a landmark of microvilli in MSCs.

Most of what we know in vertebrates comes from thorough investigations of the hair bundle in hair cells. As opposed to other MSCs, hair cells display a microvilliated apical extension with an obvious stereotyped organization with rows of stereocilia of increasing height, which explains the great interest this particular cell type aroused. A large body of work unraveled a list of molecular factors involved in the morphogenesis of the hair bundle, supported by the description of mutations responsible for deafness in human patients and/or animal models (Michalski and Petit, 2015).

Still, many questions remain. One of the concerns is how actin filaments are nucleated at the initiation step. There is, up-to-now, no good candidate molecular mechanism to explain early steps of microvilli formation at the apical side to give rise to the future apical extensions. In order to occur at the right subcellular location, the initiation step has to be somehow interconnected to cell polarity which is, in turn, interconnected to the establishment of apical junctional complexes. How polarity factors and cell-cell contacts interplay with the emergence of the actin protrusions forming the apical extension remains unexplored. Although numerous actin-binding factors, especially Espins and their partners, have been involved in the formation of stereocilia, their specific role and sequence of intervention in other MSC types remains to be clarified and integrated. Finally, the precise role of microvilli structure in sensory function have been generalized in different types of MSCs but not investigated.

During my PhD, I investigated in vivo the molecular mechanisms underlying the elaboration of the MSC microvilliated apical extension, focusing on CSF-cNs in the

zebrafish spinal cord.

I. TRANSCRIPTOME ANALYSIS OF CSF-CNS: UNRAVELING CSF-CN-SPECIFIC GENES

A. Spinal CSF-cNs are interoceptive sensory neurons

The cerebrospinal fluid (CSF) is a complex fluid primarily secreted by the choroid plexuses into the brain ventricles; from there it flows down the central canal in the spinal cord. The study of CSF content has been challenging for several reasons. Because of its location in small cavities deep within the nervous tissue and, in non-human vertebrates, its small volume, the CSF is not easily sampled. Over the years, a large body of work has contributed to emphasize its complexity, describing a constantly changing composition, influenced by circadian rhythms, of numerous peptides and proteins, hormones, growth factors and inflammatory markers to only cite a few [START_REF] Lehtinen | The Cerebrospinal Fluid Provides a Proliferative Niche for Neural Progenitor Cells[END_REF]. Anatomists originally proposed that the main function of the CSF was to provide hydromechanical protection to the central nervous system (CNS), due to the fact it surrounds the entire nervous system, and to facilitate the disposal of waste. This idea was extended in the light of accumulating evidence for a role for CSF in homeostasis and development of the CNS [START_REF] Gato | Embryonic cerebrospinal fluid regulates neuroepithelial survival, proliferation, and neurogenesis in chick embryos[END_REF]. Notably, it was shown that CSF content could modulate larger physiological functions such as sleep and feeding (Pappenheimer, Miller and Goodrich, 1967;[START_REF] Heinrich Martin | Feeding in satiated sheep elicited by intraventricular injections of CSF from fasted sheep[END_REF]. Thus, CSF composition probably reflects the physiological state of the organism, especially of the CNS (Djenoune and Wyart, 2017).

CSF-cNs are at the interface between the CSF and the CNS.

CSF circulates in the ventricular system, which is delimited by a layer of ependymal and subependymal cells.

Intermingled between these cells lies a peculiar population of neurons, the CSFcontacting neurons (CSF-cNs). Altogether, ependymal cells, subependymal cells and CSF-cNs form the interface between the CNS and the CSF. CSF-cNs are unique neurons breaking the ependymal barrier and sending an apical projection directly into the CSF. Not surprisingly, CSF-cNs aroused interest from early on: Kolmer and Agduhr first described them almost a century ago and showed that CSF-cNs are conserved across over 200 vertebrate species (Kolmer, 1921;Agduhr, 1922).

The spinal CSF-cN morphology is reminiscent of sensory cells.

A comparative study of CSF-cN ultrastructure by Vigh and Vigh-Teichmann revealed that the morphology of CSF-cNs differs depending on species and CNS region (Vigh and Vigh-Teichmann, 1973;Vigh et al., 1983) and led to the description of common characteristics. CSF-cNs are bipolar neurons projecting a basal axon within the CNS and an apical extension into the CSF. In the spinal cord, the apical extension is characterized by the presence of microvilli and, in some species, a kinocilium (Vigh and Vigh-Teichmann, 1973). The structure of the CSF-cN apical extension aroused interest early on because it is reminiscent of the hair bundle development by hair cells although without the regular staircase organization. The CSF-cN microvilli and kinocilium can be compared to the stereocilia and kinocilium constituting the hair cell mechanosensory organelle.

Spinal CSF-cNs are interoceptive sensory neurons. The favorable location of spinal CSF-cNs at the interface between the CSF and the CNS and their peculiar sensory-like morphology enabling contact with CSF prompted scientists to think of CSF-cNs as a novel sensory system. Kolmer proposed a mechanosensory function resembling that of hair cells (Kolmer, 1921) while Agduhr suggested that CSF-cNs could carry chemosensory functions related to the CSF content and participate in homeostatic regulations (Agduhr, 1922). The lack of genetic tools to target CSF-cNs and their location deep in brain and spinal cord tissues considerably hampered the study of these cells. The fortuitous discovery of a marker of CSF-cNs in mouse, the transient potential receptor channel PKD2L1 (Huang et al., 2006), greatly facilitated their study. The description of PKD2L1 in CSF-cNs (Huang et al., 2006;Djenoune et al., 2014;Orts-Del'Immagine et al., 2014) further supported the hypothesis that these cells are sensory since PKD2L1 was originally identified for its possible involvement in sour taste (Huang et al., 2006) (see Chapter 1, I.B) and belongs to the family of transient receptor potential channels known to be involved in various sensory modalities (Damann, Voets and Nilius, 2008). Since then, a great effort has been made to tackle the question of the physiological role(s) of CSF-cNs. Several studies provided evidence for the sensitivity of CSF-cNs to pH changes supported by ASIC channels in mouse (Orts-Del'Immagine et al., 2012) and lamprey (Jalalvand et al., 2016). Unpublished data from the lab show that this property is conserved in zebrafish with Asic-like responses to CSF acidification from spinal CSF-cNs (Böhm, 2016). Furthermore, CSF-cNs were demonstrated to respond to mechanical cues associated with osmolarity changes (Orts-Del' Immagine et al., 2012), CSF flow and tail bending in a Pkd2l1-dependent fashion in zebrafish (Böhm et al., 2016;Sternberg et al., 2018) or possibly through Asic3 in the lamprey (Jalalvand et al., 2016). Together, these results obtained in different system models converge to demonstrate that CSF-cNs carry both chemo-and mechano-sensory functions. In vivo implications are that CSF-cNs might be capable of sensing changes in the CSF content, at least pH and osmolarity, and there is now clear indications that they are tuned to CSF flow in the zebrafish spinal cord during early development (Sternberg et al., 2018). Thus, spinal CSF-cNs can be considered as an additional interoceptive class of sensory cells.

Evidence for two functionally distinct spinal CSF-cN subtypes.

As previously stated, spinal CSF-cNs display a peculiar morphology of bipolar sensory neurons, which makes them stand out of the ependymal cell layer. Another feature that distinguishes them from surrounding cells is the presence of various granules and vesicles located within the apical extension or in the subapical region, suggesting a neurosecretory function (Djenoune and Wyart, 2017;Djenoune et al., 2017). CSF-cNs were also originally identified as GABAergic neurons, definitely expressing both GABA and proteins implicated in GABA synthesis and vesicular loading (Djenoune and Wyart, 2017).

Although not restricted to CSF-cNs in the spinal cord, GABA can be used as a marker of CSF-cNs along with PKD2L1 as previously mentioned (Huang et al., 2006;Djenoune et al., 2014).

Apart from these landmarks of the spinal CSF-cN group, there is growing evidence that CSF-cNs do not constitute a homogenous population. Spinal CSF-cNs exhibit distinct patterns of expression restricted to only subsets of cells for glutamate, glycine, dopamine, serotonin and neuropeptides (Djenoune and Wyart, 2017). This idea is further supported by the fact that CSF-cNs arise from two distinct progenitor domains in mouse (Petracca et al., 2016) and zebrafish (Park, Shin and Appel, 2004). Recent studies in our lab provided molecular evidence to distinguish two subtypes of CSF-cNs within the zebrafish spinal cord (Djenoune et al., 2017). Through the establishment of a quantitative analysis of the morphological features of CSF-cNs, my work showed that these subtypes displayed different shapes of apical extensions (Djenoune et al., 2017) (Annex). These results were reinforced by the demonstration that these subtypes are also functionally distinct and exhibit different sensory-mediated activities (Böhm et al., 2016;Hubbard et al., 2016;Sternberg et al., 2018).

Many questions remain about spinal CSF-cNs.

Although described almost a century ago, CSF-cNs have remained a mysterious population. The discovery of PKD2L1 ten years ago as a specific marker of spinal CSF-cNs provided the community with a tool to genetically target these cells. Since then, the understanding of CSF-cN functions has dramatically leaped forward and a great effort was made acquiring evidence indicating that CSF-cNs represent a conserved interoceptive sensory system in tune with the CSF. However, many questions remain unanswered. First, considering the complexity of the changing CSF content (thought to be the source of sensory cues) and the heterogeneity of the CSF-cN population itself, it is most likely that we have only scratched the surface of the functional potential of these cells. If CSF-cNs are indeed sensing the CSF, they must exhibit a panel of channels and receptors in order to detect the diversity of sensory cues propagated by this fluid. Analysis of gene expression in CSF-cNs can thereby help to achieve a more comprehensive view of the sensory profile of the cells and to further distinguish functional CSF-cN subgroups. Second, the physiological relevance of the CSF-cN interface with the CSF still remains poorly understood. In zebrafish, CSF-cNs have been involved in tuning locomotion through projections onto elements of spinal circuits (Fidelin et al., 2015;Hubbard et al., 2016;Djenoune et al., 2017). The full extent of the CSF-cN connectome still needs to be described. In the same vein, the hypothesis that CSF-cNs carry secretory functions needs to be confirmed and further investigated. Last but not least, the ultrastructural organization and the molecular determinants underlying the formation of the CSF-cN apical extension are unknown. Thus, the precise role of the apical extension in CSF-cN sensory function has not been demonstrated.

Much effort in the lab has been dedicated to tackle these different questions in the zebrafish spinal cord. A first wave of results has already yielded insightful data about the sensory functions of CSF-cNs (Böhm et al., 2016;Sternberg et al., 2018) and their role in modulating locomotion (Fidelin et al., 2015;Hubbard et al., 2016). My own project aimed at unraveling the molecular mechanisms underlying the CSF-cN morphogenesis.

Prior to this study, only a handful of CSF-cN specific genes had been identified. To further pursue the investigation of CSF-cNs, we sought to analyze their transcriptome profile.

B. A FACS-based approach to perform the transcriptome analysis of CSF-cNs

To unravel the gene expression profile of CSF-cNs, we performed the analysis of their transcriptome by RNA sequencing. This study was done in collaboration with Dr Andrew Prendergast in the lab.

A FACS-based approach. We isolated spinal CSF-cNs from 3-dpf old larvae through fluorescent activated cell sorting (FACS). The FACS-based approach has already proven to be useful to efficiently extract RNA from specific zebrafish cell types in other studies [START_REF] Covassin | Global analysis of hematopoietic and vascular endothelial gene expression by tissue specific microarray profiling in zebrafish[END_REF][START_REF] Cerda | RNA profiling of FAC-sorted neurons from the developing zebrafish spinal cord[END_REF][START_REF] Stuckenholz | FACS-Assisted Microarray Profiling Implicates Novel Genes and Pathways in Zebrafish Gastrointestinal Tract Development[END_REF][START_REF] Gallardo | Molecular dissection of the migrating posterior lateral line primordium during early development in zebrafish[END_REF][START_REF] Gallardo | Fluorescent activated cell sorting (FACS) combined with gene expression microarrays for transcription enrichment profiling of zebrafish lateral line cells[END_REF].

(1)

The first step of the procedure consisted in preparing our 3-dpf larvae. We used the double transgenic Tg(pkd2l1:Gal;UAS:GFP) line that expressed strong fluorescence in spinal CSF-cNs but also ectopic GFP in the hindbrain and the heart (Fig. 10A). To avoid non-CSF-cN GFP-positive cells, we systematically beheaded larvae after anesthesia by sectioning them with a scalpel at the intersection between the hindbrain and the trunk (Fig. 10A, dashed line). Up to 200 larvae were processed at the time and all tail tissues were kept on ice. Few non-fluorescent siblings were processed in parallel to constitute our 'control' population for FACS. [START_REF] Pappenheimer | Sleep-promoting effects of cerebrospinal fluid from sleep-deprived goats[END_REF] CSF-cNs are located deep in the spinal cord tissue. To avoid cellular stress and possible gene expression changes due to prolonged time of tissue processing, we favored mechanical dissociation over enzyme digestion. We followed the rapid (~10-15 min) protocol established by [START_REF] Manoli | Fluorescence-activated cell sorting (FACS) of fluorescently tagged cells from zebrafish larvae for RNA isolation[END_REF] to dissociate tail tissues from control and GFP-positive sibling larvae. During dissociation, cells were quickly filtered through a 30-µm mesh and resuspended into the cell dissociation sorting buffer.

(3)

Single-cell suspensions were rapidly processed by FACS. The control suspensions obtained from the dissociation of non-fluorescent larvae were used to demarcate the gates to sort GFP-negative (GFP-or 'dark') versus GFP-positive (GFP+ or 'green') cell populations (Fig. 10B, left panel). GFP-and GFP+ populations from cell suspension of fluorescent larvae tails (Fig. 10B) were then directly collected into lysis buffer to minimize further cellular stress and loss of material. Sorting typically yielded between 3000 and 15000 GFP+ cells from an initial pool of ~150-200 3-dpf larvae and take about 45 min. B, Illustrative FACS plots showing the characteristic autofluorescent 'tail' where most cells follow a 1:1 green:red scatter. Dark sibling larvae were used as a negative control to draw the gates (left panel). In the GFP-positive samples, a small fraction of green-shifted cells (between 0.3 and 0.5%) fall into the GFP+ gate (right panel). C, Total RNA was extracted from GFP-("dark") and GFP+ ("green") fractions. Enrichment in the green fraction in CSF-cNs was tested by qPCR and comparing gene expression between the green and the dark populations. Previously known CSF-cN markers -crb1, pkd2l1 and pkd1l2 -show strong enrichment in the 'green' pool in contrast to hindbrain markers -raraa and rarab -underexpressed. GABA -gad67 and gata2 -and neuronal -elavl3 and pvalb6 -markers are slightly enriched in the green sample, reflecting the GABAergic neuronal nature of CSF-cNs but also the presence of other non-CSF-cN GABAergic neurons in the spinal cord. In our analysis, we considered as up-regulated all genes showing a 2-fold enrichment (dotted line) compared to the reference population. D, Volcano plot of all 5 RNAseq replicates aligned to Zv10 genome annotations. pkd2l1 and crb1, two already known CSF-cN markers (green), as well as two new markers, espin and myo3b (blue), further studied in the next chapter, are indicated among the pool of genes found as upregulated in the green population. [START_REF] Lerner | Cerebrodiene: a brain lipid isolated from sleep-deprived cats[END_REF] After FACS, total RNA was quickly extracted from both the dark and the green population. RNA quality and concentration were assessed using a nanodrop and/or a bioanalyzer allowing the visualization of ribosomal RNA bands. RNA samples were stored at -80°C before further use.

Because our RNA samples were typically low in concentration, they were either devoted to qPCR or RNA sequencing but we could not systematically test our samples by qPCR prior to RNA sequencing. The first two replicates were used to confirm the enrichment of the green population in CSF-cNs by comparing gene expression levels with the dark population by qPCR (Fig. 10C). We tested the expression of 20 genes falling into three categories: CSF-cN known markers (positive control), hindbrain markers (negative control) and others, for example neuronal markers or candidates of interest (Fig. 10C and data not shown). Neuronal markers, elavl3 and pvalb6, were not found to be particularly enriched in the GFP+ population, probably because of the fact that the majority of cells in the GFP-population are neurons. However, the small increase in the relative amount of gad67 and gata2a reflect the GABAergic nature of CSF-cNs. Contrary to other neuronal markers, GABAergic ones are enriched due to the presence of a small proportion of non-CSF-cN GABAergic neurons in the GFP-fraction. In contrast, CSF-cN markers were strongly enriched while hindbrain ones were down-regulated in the green population, which indicated that our approach was efficient at specifically sorting CSF-cNs. Up to five biological replicates (a replicate being a pair constituted of the green population and its reference dark population) were used to perform RNA sequencing with a depth of ~60 million reads per sample. Reads were mapped to Zv10 genome annotation by the bioanalysis facility of the ICM and a mean fold change of 2 was used as a cut-off to consider a gene up-regulated in either one of the populations. Altogether, this strategy provided us with a rich dataset of ~200 genes enriched in CSF-cNs compared to other cells in the trunk (Fig. 10D).

Validation of the transcriptome dataset.

Because this study was the first one to provide gene expression profiling of spinal CSF-cNs, we could not compare our dataset to already described ones. After verification, we confirmed the presence in our list of all the known CSF-cN markers already described. In order to further validate our strategy and to verify the expression of novel genes detected in our CSF-cN transcriptome dataset, we performed whole-mount fluorescent in situ hybridization (FISH). Within the framework of my project, I focused on testing the expression of genes related to the CSF-cN apical extension structure, namely actin-binding factors encoding genes baiap2a, baiap2l1b, myo3b and espin as well as cilia-related dcdc2b, foxj1a, foxj1b, katnal2, kif19 and tppp3. At 24 hpf, all genes were reliably detected in CSF-cNs but foxj1a, foxj1b, and katnal2 appeared to be more broadly expressed in the ventral spinal cord (Fig. 11). Also performed at 3 dpf, the stage when the RNA sequencing was performed, FISH results clearly indicated the expression of myo3b and espin specifically in CSF-cNs (see Chapter 3) but were not as conclusive for the other genes, a result hard to interpret due to the difficulty for probes to penetrate larvae tissues (data not shown). Together with others from the lab, my results demonstrated that 33 out of 42 of the top hits in our dataset were expressed in CSF-cNs, yielding a ~ 80% degree of success for our approach. 

C. Extension of the polymodality of CSF-cNs

By performing FISH at different stages, we demonstrated that our FACS/RNAseq strategy was efficient at detecting genes expressed by spinal CSF-cNs in zebrafish. Among the top hits of this list, we find the strong markers of CSF-cNs such as urp1, urp2, pkd2l1 or sst1 (Djenoune et al., 2017). Our CSF-cN transcriptome dataset proved to be informative and yielded a list of ~200 genes whose expression is enriched in CSF-cNs. Notably, numerous genes expressed by CSF-cNs are associated with neurotransmission, an observation consistent with the neuronal nature of the cells. The rest of the genes found in CSF-cNs can be roughly grouped into four categories according to the broad functions they are associated with (Fig. 12A). The most predominant category in terms of number of candidates and degree of enrichment after 'Neurotransmission' is the 'Neurosecretion' group. Our dataset revealed the expression by CSF-cNs of several proteins and peptides either secreted or involved in secretion. This observation reinforces the neurosecretory function hypothesis based on the description of large numbers of granules and vesicles at the apical region of the cells (Djenoune et al., 2017). According to our transcriptome results, neurosecretion by CSF-cNs would be involved in various biological processes among which immune-related functions. The 'Immunity/inflammation' group is the second most represented with the expression of several genes taking part in pathogen detection, inflammatory response, immune cell migration and activation. In a third group are the 'Sensory' genes responsible for detection (channels and receptors) of mechano-and chemo-sensory cues and the transduction of the signal. Interestingly, among the chemoreceptors detected, some could be associated with the detection of pathogens. Finally, a great number of genes are related to actin and microtubule cytoskeleton modulation suggesting a role in cellular morphogenesis of CSF-cNs, including of the apical extension constituted of actin-based protrusions and a primary cilium.

The study of the CSF-cN gene expression profile opens several lines of investigation for CSF-cNs. Our dataset revealed the expression of several receptors, thus extending the sensory potential of the cells. It consolidated the hypothesis that CSF-cN are neurosecretory cells, initially based on ultrastructural observations, and provided us with a list of candidate secreted proteins and peptides to investigate. Whether CSF-cNs are capable to secrete these factors directly into the CSF to establish a long-range communication with other cell types remains unclear. The analysis of the gene expression profile also provided strong indication that CSF-cNs might collaborate with the immune system by modulating the behavior of immune cells, detecting pathogens through specialized receptors and modulating inflammation. Finally, the transcriptome analysis of CSF-cNs described the expression of several genes of interest in the context of my study, notably a short list of actin-binding proteins (Fig. 12B).

The FACS-based approach and the subsequent RNA sequencing provided me with molecular factors to investigate for their role in the formation of the CSF-cN microvilliated apical extension (see Chapter 3) and, more generally, set the foundations for several projects in the lab.

In the context of the biological question I addressed during my PhD -tackling the molecular mechanisms underlying the formation of sensory microvilli -, it was important to compare my results about CSF-cNs to another microvilliated sensory system. The transcriptome analysis of zebrafish nHCs has proven to be challenging. I sought to adapt the FACS/RNAseq protocol previously applied to CSF-cNs to establish the gene expression profile of nHCs and compare the morphogenetic factors expressed by the two cell types.

II. TRANSCRIPTOME ANALYSIS OF NHCS: REFINING OUR UNDERSTANDING OF NHC-SPECIFIC GENE EXPRESSION

A. Zebrafish nHCs are homologous to mammalian hair cells

Neuromast hair cells (nHCs) represent a great field of study: the simplicity and accessibility of this system facilitates the analysis of a number of fundamental processes of interest that take place during its development (Ghysen and Dambly-Chaudière, 2004). nHCs are closely related to iHCs that we extensively described in Chapter 1. Thus, nHCs also represent a relevant system to study mechanotransduction in HCs and better understand the mechanisms underlying deafness, a major public health issue. Here, I will briefly review the main characteristics of the nHC system in zebrafish that distinguish them from iHCs. The lateral line system in fish. Aquatic animals necessarily experience hydrodynamic stimuli when maneuvering in water. Most aquatic animals have developed a dedicated sensory system to exploit the wealth of information carried by water movements and/or pressure fluctuations and adjust behavior accordingly. In cartilaginous and bony fish (and amphibians), this sensory system is called the lateral line and is involved in a variety of behaviors [START_REF] Coombs | The Enigmatic Lateral Line System[END_REF]. The lateral line comprises a set of superficial discrete sensory organs called neuromasts arranged in lines on the body surface according to a species-specific pattern. The lateral line is typically divided into two branches: the anterior lateral line on the head and the posterior lateral line on the trunk. Each neuromast is constituted of a cluster of 15-20 hair cells, homologous to iHCs in the inner ear, surrounded by support cells, themselves surrounded by mantle cells [START_REF] Hernández | Regeneration in zebrafish lateral line neuromasts: expression of the neural progenitor cell marker sox2 and proliferation-dependent and-independent mechanisms of hair cell renewal[END_REF]. Each neuromast is also innervated by at least two sensory afferent neurons and efferent fibers. Afferent neurons are bipolar neurons located in cranial ganglia: between the ear and the eye for the anterior lateral line and posterior to the ear for the posterior lateral line (Ghysen and Dambly-Chaudière, 2004). All afferent neurons form characteristic ribbon synapses with nHCs [START_REF] Nicolson | Ribbon synapses in zebrafish hair cells[END_REF] and project to the hindbrain. Similarly, each neuromast is innervated by at least two sets of efferent neurons contributing to the modulation of the nHC responses: one cholinergic set from the hindbrain and one dopaminergic set from the forebrain [START_REF] Bricaud | Early efferent innervation of the zebrafish lateral line[END_REF]. Most of what we know about the lateral line system comes from studies of the posterior branch.

Development of the lateral line in zebrafish.

The principles of the posterior lateral line development involved fundamental biological processes including collective cell migration, tissue patterning and morphogenesis. The development of the lateral line system has long fascinated embryologists because of its unusual aspect of neuromast deposition by a migrating primordium according to a predefined pattern. In zebrafish, the primordium for the first line of the posterior lateral line begins its migration at 22 hpf and ends its course at 48 hpf [START_REF] Metcalfe | Anatomy of the posterior lateral line system in young larvae of the zebrafish[END_REF]. The deposition of a neuromast involves the detachment from the still moving primordium's trail of a group of ~20 cells that slow down and finally stop migrating to form proneuromasts. The deposition of cells from the trailing edge of the primordium is the result of complex signaling and cell behavior. The migratory potential is heterogeneous within the primordium and determines different categories of cells, namely migrating cells versus cells being deposited. Cell migratory behavior is coordinated within the primordium by an intrinsic mechanism. In the case of the posterior lateral line, it is controlled by the interaction between the ligand SDF1, expressed along the preexisting pathway of migration, and the chemokine receptor CXCR4 [START_REF] David | Molecular basis of cell migration in the fish lateral line: role of the chemokine receptor CXCR4 and of its ligand, SDF1[END_REF]. Cells at the leading edge express CXCR4 and respond to the guidance cue SDF1 while cells at the trailing edge lose this ability [START_REF] Ghysen | The lateral line microcosmos[END_REF]. The establishment of restricted domains of expression for CXCR4 is critical for the establishment of a virtual local gradient of SDF1 signal. This gradient is achieved by the expression of another chemokine receptor in trailing cells, CXCR7 capable of sinking SDF1 away from CXCR4 (Dambly-Chaudière, Cubedo and Ghysen, 2007). Future proneuromast cells appear to organize themselves according to a rosette-like pattern that prefigures the shape of the future neuromast. The formation of epithelial rosettes is driven by FGF signaling restricted to the trailing zone of the primordium through mutual inhibition with Wnt, itself restricted to the leading edge [START_REF] Lecaudey | Dynamic Fgf signaling couples morphogenesis and migration in the zebrafish lateral line primordium[END_REF][START_REF] Nechiporuk | FGF-Dependent Mechanosensory organ patterning in zebrafish[END_REF]. A few hours after deposition, proneuromasts start differentiating still under the regulation of FGF. At the center of the proneuromast, nHC precursors are characterized by the up-regulation of atoh1a and deltaD while surrounding cells express notch3. The expression of the DeltaD ligand by central cells on one side, and the Notch receptor by surrounding cells on the other side allows the lateral inhibition of atoh1a by central HC precursors in surrounding cells, resulting in their specification as support cells [START_REF] Thomas | There and Back Again: Development and Regeneration of the Zebrafish Lateral Line System[END_REF].

Singularities of mechanosensory functions in neuromasts.

Mechanotransduction in nHCs follows the same principles than in iHCs (see Chapter 1). The mechanotransduction channel is thought to exhibit the same molecular organization than in iHCs (see Chapter 1, I.B and II.B). Notably, a recent study demonstrated the critical role of Tmc2b for mechanotransduction in nHCs of the posterior lateral line [START_REF] Chou | A molecular basis for water motion detection by the mechanosensory lateral line of zebrafish[END_REF], similar to its orthologous counterparts TMC1 and TMC2 in mammals (Pan et al., 2013). At the structural level, the nHC apical extension exhibits the same stereotyped staircase pattern with the singularity of retaining the kinocilium after differentiation and a larger number of stereocilia. nHCs share the same basic functional principles with iHCs: they are depolarized when the bundle is deflected towards the kinocilium and hyperpolarized when it moves in the opposite direction. The establishment of morphological polarity in nHCs involves planar cell polarity (PCP) as it is the case in the inner ear (see Chapter 1, II.A). In the inner ear, PCP is critical for the uniform orientation of iHC bundles throughout the tissue. In neuromasts, PCP results in the orientation of all nHC bundles along the same axis but with a roughly equal number of nHCs of opposite polarity. This arrangement is achieved through the generation of pairs of cells along an axis of mirror symmetry initially determined by the PCP axis: two sister cells from the same pair will adopt opposite orientation. The coordination of nHC orientation within a neuromast was shown to depend on Van-Gogh like 2 signaling, a canonical PCP protein [START_REF] Lopez-Schier | A two-step mechanism underlies the planar polarization of regenerating sensory hair cells[END_REF][START_REF] Mirkovic | Rearrangements between differentiating hair cells coordinate planar polarity and the establishment of mirror symmetry in lateral-line neuromasts[END_REF]. As a result, each neuromast can equally respond to stimuli of opposite direction along the perpendicular axis to the PCP axis. nHCs dedicated to one direction or the other are innervated by distinct afferent neurons [START_REF] Faucherre | Afferent neurons of the zebrafish lateral line are strict selectors of hair-cell orientation[END_REF]. It was shown that neuromasts from the posterior lateral line responded to stimuli oriented along the antero-posterior axis while those located around the eye best responded to stimuli in the axis tangential to the eye perimeter [START_REF] Chou | A molecular basis for water motion detection by the mechanosensory lateral line of zebrafish[END_REF]. Altogether, neuromasts covering the fish set a Cartesian coordinate system for the detection of hydrodynamic stimuli. Another landmark of zebrafish HCs is that they retain their kinocilium after differentiation as opposed to iHCs in mammals and birds. The exact role of the kinocilium in mature HCs remains elusive. A recent study, based on the analysis of the ift88 cilia mutant, cast some light on its possible roles. The authors demonstrated that the loss of the kinocilium does not result in PCP defects, in contrast to what was shown in mouse iHCs (Jones et al., 2008), indicating that it is not involved in the morphogenesis of the hair bundle (see Chapter 1, II.B) (Kindt, Finch and Nicolson, 2012). Rather, they showed that the kinocilium is required for early mechanosensitivity exhibited by immature nHCs prior to the functional switch when the hair bundle comes to maturity and tip links appear (Kindt, Finch and Nicolson, 2012). Differences that distinguish mechanosensory function and structural organization of nHCs in the lateral line system from iHCs in the inner ear are thus adaptations tuned to the detection from early on of a multi-facetted stimulus, water flow and vibrations coming from different directions.

Regeneration properties of hair cells in zebrafish.

HCs in general are susceptible to chemical exposure and mechanical insults and this is particularly true for nHCs that are directly exposed to the outside world. In contrast to their mammalian counterpart, HCs in zebrafish have the ability to regenerate after damage and to restore nHC number and neuromast polarity. Regeneration of HCs rapidly occurs after injury, within 72 hours. Within 24 hours, neighbor support cells divide and give rise to two daughter precursors of HCs through asymmetric division [START_REF] Lopez-Schier | A two-step mechanism underlies the planar polarization of regenerating sensory hair cells[END_REF]. Precursors are characterized by the down-regulation of notch3 resulting in the consolidation of atoh1a signal, a molecular determinant of nHCs. The regeneration system of nHCs in zebrafish was qualified "inexhaustible" by Pinto-Texeira and colleagues in [START_REF] Pinto-Teixeira | Inexhaustible hair-cell regeneration in young and aged zebrafish[END_REF] where they showed that regeneration efficiency was unaffected by age and recurrent damage. Regeneration capacity is lost in mammals and HCs that have undergone trauma or toxicity degenerate in a fashion thought to be irreversible. HC loss necessarily results in deafness and represents a major public health concern. Thus, regeneration of zebrafish HCs has constituted a great field of investigation.

Remaining questions about nHCs. The zebrafish lateral line system has emerged as a model to study fundamental biological processes such as collective cell migration, tissue patterning or cell fate in regeneration process. The wealth of information provided by nHCs in zebrafish opens numerous questions. First, regarding the development of the lateral line and the establishment of functional neuromasts: although different migration behaviors within the primordium are clearly controlled by SDF1/CXCR4 signaling, the molecular pathways underlying this complex mechanism remain elusive. For example, the nature of the source of SDF1, described as a stripe defining the migration pathway of the primordium, remains unclear. It is also not clear whether SDF1 acts as a diffusible reagent or as a bound molecule. It is all the more important to answer this question because the SDF1-CXCR4 interaction is involved in other cell migration-dependent mechanisms such as the formation of metastases in cancer, or homing of lymphocytes [START_REF] Müller | Involvement of chemokine receptors in breast cancer metastasis[END_REF]. Unlike other chemokines, SDF1 does not establish a gradient to guide the primordium; instead, it is the asymmetrical activity of the CXCR4 receptor within the primordium that is responsible for the directional migration. The establishment of this intrinsic gradient is not fully understood and requires further investigation. The establishment of PCP also carries its load of open questions and the original signal determining the PCP axis is unknown. Second, regarding the regeneration process in nHCs: the molecular mechanisms underlying cell fate and differentiation taking place in cells becoming hair cell precursors after damage are essentially not understood. During the regeneration process, support cells supply the neuromast with hair cell precursors through asymmetrical divisions [START_REF] Lopez-Schier | A two-step mechanism underlies the planar polarization of regenerating sensory hair cells[END_REF][START_REF] Mirkovic | Rearrangements between differentiating hair cells coordinate planar polarity and the establishment of mirror symmetry in lateral-line neuromasts[END_REF]. The identity and location of the stem cell population giving rise to hair cell precursors are not known. In the same vein, the molecular trigger and pathways underlying the activation of hair cell differentiation into latent precursor cells require further investigation. The study of changes in gene expression associated with regeneration will help to identify signaling pathways involved in this process [START_REF] Jiang | Gene-expression analysis of hair cell regeneration in the zebrafish lateral line[END_REF]. Support cells constitute a heterogeneous population seemingly organized in domains exhibiting various levels of Notch signaling [START_REF] Pinto-Teixeira | Inexhaustible hair-cell regeneration in young and aged zebrafish[END_REF], which is thought to determine the geometric order of hair cell regeneration. The study of the spatiotemporal control of the Notch receptor within neuromasts will provide insightful information. The unique features of nHCs have aroused great interest from the community and established the zebrafish lateral line as a model system to elucidate fundamental mechanisms involved in development and regeneration [START_REF] Dambly-Chaudière | The lateral line of zebrafish: A model system for the analysis of morphogenesis and neural development in vertebrates[END_REF]. Its simplicity and accessibility in zebrafish make the lateral line a good alternative system to investigate mechanotransduction and morphogenesis in HCs with the assumption that principles are transposable between nHCs and iHCs. However, only a few studies have examined the principles of mechanotransduction in nHCs and even fewer have investigated the molecular determinants of hair bundle formation and organization.

B. Adapting the FACS-based approach to nHCs

The study of the transcriptome profile of nHCs in zebrafish has been challenging due to their relative scarcity and the difficulty to isolate them. Several hair cell transcriptome analysis have been carried out in comparative studies aiming at answering specific questions regarding gene expression changes occurring in mutant animals, during regeneration or after exposure to drugs [START_REF] Mcdermott | Analysis and functional evaluation of the hair-cell transcriptorne[END_REF][START_REF] Jiang | Gene-expression analysis of hair cell regeneration in the zebrafish lateral line[END_REF]. Few studies have investigated the gene expression profile of zebrafish HCs under physiological conditions [START_REF] Gallardo | Fluorescent activated cell sorting (FACS) combined with gene expression microarrays for transcription enrichment profiling of zebrafish lateral line cells[END_REF]Erickson and Nicolson, 2015;[START_REF] Matern | Transcriptomic Profiling of Zebrafish Hair Cells Using RiboTag[END_REF]. The isolation techniques either involve tissue dissociation using FAC sorting [START_REF] Gallardo | Fluorescent activated cell sorting (FACS) combined with gene expression microarrays for transcription enrichment profiling of zebrafish lateral line cells[END_REF] or RNA pulldown (Erickson and Nicolson, 2015;[START_REF] Matern | Transcriptomic Profiling of Zebrafish Hair Cells Using RiboTag[END_REF]. To perform the transcriptome analysis of nHCs specifically in zebrafish, we adapted the previous FACS-based protocol that proved to be efficient for CSF-cNs. This study was done in collaboration with Julian Roussel in the lab.

The specific labeling of nHCs by the vital dye YO-PRO-1.

Published transcriptome profiling of zebrafish HCs often do not distinguish between ear and neuromast HCs, mostly due to the fact that there is, up to now, no known molecular marker to discriminate between them. To overcome the problem of isolating nHCs specifically via the use of transgenic lines, we turned to vital dye staining proven to be reliably labelling nHCs only (Santos et al., 2006). We used YO-PRO-1, a monomeric cyanine dye discovered 15 years ago to selectively label nHC nuclei for at least 48 hours [START_REF] Macdonald | Zebrafish neuromast hair cell nuclei are labeled in vivo by uptake of monomeric cyanine dyes[END_REF]. The selectivity of these staining techniques relies on the fact that monomeric cyanine dyes are cell-non-permeant but can enter active nHCs through their large cationic channels. By bath applying 3-dpf old AB larvae with YO-PRO-1 (4 µM, 30 min), we obtained strong and specific labeling of nHCs from the posterior and anterior lateral line (Fig. 13A1). When we tested the specificity of our staining, we found that YO-PRO-1 stains only nHC nuclei in our transgenic line expressing LifeAct under the control of the myob6 promoter (Fig. 13A2). We typically used ~50-100 YO-PRO-labeled AB 3-dpf old larvae to sort nHCs and perform their transcriptome analysis.

The FACS/RNAseq approach. Once nHCs labeled with YO-PRO-1 in 3-dpf wild-type larvae, we followed the same strategy as previously described (in I.B) Briefly, cells from YO-PRO-treated larvae were mechanically dissociated to obtain single cell suspension and sort YO-PRO-negative ('dark') versus YO-PRO-positive ('green') populations (Fig. 13B, right panel). The gates to discriminate between the two populations were demarcated using a control cell suspension obtained from non-treated sibling larvae (Fig. 13B, left panel). Sorting typically yielded between 3000 and 15000 GFP+ cells for ~50-100 3-dpf larvae and take about 30 min. Total RNA extraction from both 'green' and 'dark' cell populations for this approach resulted in higher RNA concentrations than for the CSF-cN FACS approach. In the YO-PRO-positive samples, a small fraction of green-shifted cells (between 0.2 and 0.4%) fall into the YO-PRO+ gate (right panel). C, Total RNA was extracted from YO-PRO-("dark") and YO-PRO+ ("green") fractions. Enrichment in the green fraction in nHCs was tested by qPCR and comparing gene expression between the green and the dark populations. Known nHC markers -pou4f3, atoh1a, myo6b, stat3 and espin -show enrichment in the 'green' pool as opposed to neuronal markers -elavl3, her4.1 and ncam1a. D, Volcano plot of all 6 RNAseq replicates aligned to Zv10 genome annotations. atoh1a and espin, two already known nHC markers (green), as well as three new markers, myo15aa, vill and olfcj1 (blue). myo15aa and vill encore an unconventional myosin and an actin-bundling factor respectively known to be involved in the stereocilia formation and maintenance in iHCs (Chapter1, IIIA). olfcj1, encoding an olfactory receptor, is one of the many unexpected hits of the transcriptome dataset that suggest that nHCs could carry other sensory modalities.

Prior to sequencing, the enrichment in nHCs of our sorted 'green' population was confirmed by qPCR, testing a set of nHC-specific markers (positive control) and neuronal genes (negative control) (Fig. 13C and data not shown). Four nHC markers out of five were found to be enriched in the green population, atoh1a, myo6b, stat3 and pou4f3, while neuronal markers were down-regulated. espin fell under the enrichment cutoff, which probably reflects low expression levels in nHCs (Fig. 8). Again, up to five biological replicates were used to perform the transcriptome analysis of nHCs with a depth of 44 million reads per sample. This strategy provided us with an extraordinarily rich dataset of ~2500 enriched genes in YO-PRO-stained cells with a cut-off of a mean fold change of 2 (Fig. 13D). We verified that our list contained the previously known nHC markers, such as atoh1a, espin, pou4f3, myo6b, and others (Fig. 13D and data not shown). Our transcriptome approach was successful at detecting many of the landmark genes of HCs and specific to nHCs involved in mechanotransduction, structure and regeneration (Fig. 14). Surprisingly, our results indicated the expression of by nHCs of numerous novel genes involved in chemosensation and neuromodulation through the expression of serotoninergic receptors and channels (Fig. 14). Validation of this dataset by classical whole mount FISH and using the novel RNAscope® technology, and functional analysis of best candidate genes are currently on-going. Preliminary data strongly suggest that, indeed, nHCs respond to serotonin (data not shown). The source of serotonin potentially detected by nHCs and the biological relevance of this signaling remain open questions. The validation of our hits for chemosensation is still unclear and requires further investigation.

If validated, our nHC transcriptome analysis will supply the zebrafish community with a useful dataset to explore novel genes and functions, and unravel the molecular mechanisms underlying fundamental biological processes of interest. More generally, after confirmation, some of these results could be extended to all HCs, including HCs of the inner ear in mammals and birds.3

Figure 14. The transcriptome analysis of nHCs detects typical nHC groups of genes and suggests novel functions

Our FACS/RNAseq approach produced a rich dataset of genes enriched in nHCs and efficiently detected many of the known markers typically expressed by nHCs for mechanotransduction, structure, and regeneration. In addition, our transcriptome analysis detected numerous genes involved in chemosensory functions with numerous serotoninergic receptor and channel components as well as many receptors usually associated with olfactory and taste sensory cells. Preliminary data seem to confirm the ability of nHCs to respond to serotonin. The validation of expression and function of chemosensory receptors requires further investigation. The validation of the transcriptome dataset by in situ hybridization techniques is currently on-going.

C. Comparison of the morphogenetic factors found in CSF-cNs and nHCs

My PhD project aimed at investigating the molecular mechanisms underlying the formation by microvilliated sensory cells (MSCs) of their apical extension, focusing on CSF-cNs. The transcriptome analysis of CSF-cNs provided me with a short list of candidate genes to investigate (see I.C). In the light the results of functional experiments I have carried out (see Chapter 3), I started building a comprehensive model of the elaboration of sensory microvilli in CSF-cNs (see Chapter 4,Fig21). The description of the morphogenetic gene expression profile of nHCs should help to determine whether the basic principles of this model can be extended to other MSCs such as HCs. More generally speaking, the comparison between the CSF-cN and nHC expression profiles should highlight the similarities and differences in the molecular pathways underlying morphogenesis in the two cell types, thus providing molecular basis of the making of specialized sensory microvilliated apical extensions.

The study of CSF-cN morphogenesis led to the description of four main groups of factors involved in 1/ cell polarization (Crb1), 2/ initiation and protrusion of actin filaments (Baiap2a, Baiap2l1b), 3/ elongation and tight packing of actin filaments by actin-bundling factors (Espin) with the support of 4/ unconventional myosins (Myo3b) (see Chapter 3, Chapter 4, Fig. 21). I compared enriched genes for each category between CSF-cNs and nHCs with the addition of the Usher syndrome type I proteins critical for the structural cohesion of stereocilia in HCs (see Chapter 1, II.B) (Table 2). I found that, overall, CSF-cNs and nHCs express equivalent factors, namely paralogs, for each group, suggesting that both cell types rely on similar molecular mechanisms to form their apical extension. The expression of different sets of paralogs, could underlie some of the structural differences observed in the mature apical extensions: rigid microvilli derivatives organized in a stereotypical staircase fashion for nHCs and a tuft of microvilli without obvious organization for CSF-cNs (Fig. 1). The comparison highlighted the expression of numerous unconventional myosins in nHCs in contrast to just one in CSF-cNs, these myosins being involved in the sub-structural organization and/or maintenance of stereocilia. Interestingly, the analysis of the Usher syndrome type I factors revealed that CSF-cNs express pcdh15b, a component of the tip links connecting stereocilia to one another and gating the mechanotransduction channel in iHCs (see chapter 1, II.B). This observation suggests that CSF-cNs might form links between their microvilli, which could play a role in the cohesion of the apical extension subject to CSF flow and/or in their mechanosensory function (Böhm et al., 2016).

Table 2. Comparison of the morphogenetic factors expressed by CSF-cNs versus nHCs

The existence of different isoforms could not be evaluated with the depth of our RNA sequencings but can not be neglected. In rodent, Espin exist in different isoforms associated with specific functions in addition to their main actin-bundling one (Sekerková et al., 2006). The existence of different Espin isoforms in fish has not been investigated but it is possible that different splicing variants exist as well. Consequently, distinct isoforms could support the formation of parallel actin bundles in CSF-cNs and nHCs.

MATERIAL & METHODS

Fluorescence activated cell sorting (FACS) and qPCR validation -CSF-cNs:

Roughly 150 3-dpf zebrafish larvae obtained from Tg(pkd2l1:Gal4;UAS:GFP) double transgenic line were manually dechorionated prior to decapitation at the intersection of the hindbrain with the spinal cord (Fig. 10A). The remaining trunk tissue was immediately de-yolked in deyolking buffer (55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO3)and mechanically dissociated in FACSmax cell dissociation buffer (AMS Biotechnology, Abingdon, UK; T200100) following the protocol described by [START_REF] Manoli | Fluorescence-activated cell sorting (FACS) of fluorescently tagged cells from zebrafish larvae for RNA isolation[END_REF]. The resulting cell suspension was kept on ice until sorting on a BD Biosciences FACS Jazz sorter (Imagoseine FACS platform, Jacques Monod Institute, Paris, France) to isolate CSF-cNs. Sorting consisted in isolating distinct cell population according to fluorescence, typically GFP-positive cells (corresponding to CSF-cNs) versus non GFP-positive cells (mixture of non-fluorescent cells) referred to as 'green' and 'dark' populations respectively (Fig. 9B). Sorting usually yielded 0.3% of 'green' cells for a total amount of 3000 to 15000 cells/run. Cells were sorted directly into lysis buffer (corresponding to Lysis Solution from the RNA isolation kit) and total RNA was quickly extracted using the RNAqueous-Micro total RNA isolation kit (ThermoFisher, AM1931) for both qPCR validation and RNAseq library preparation. To verify the enrichment of our 'green' population in CSF-cNs, we verified the expression of several marker genes by qPCR. Several sorting runs were diverted to this analysis: total RNA was converted into cDNA using the SuperScript VILO cDNA synthesis kit (Thermofisher, 11754050). qPCR was performed comparing the relative expression of a panel of diagnostic transcripts including known CSF-cN-specific genes (positive controls), hindbrain-specific ones (negative control) and neuronal markers between 'green' and 'dark' cDNA pools (Fig. 10C).

-nHCs: The same strategy was applied to obtain RNA from nHCs. The sorting was carried out on cell suspensions dissociated from roughly 80 wild-type 3-dpf zebrafish larvae stained with Yo-Pro-1 (Invitrogen, Y3603) for 30 min at 4 µM (Fig. 13A1). The sorting yielded in average 0.15% of 'green' cells for a total amount of 3000-15000 cells/run. The enrichment of sorting cells in nHCs was validated by qPCR using a panel of marker genes for nHCs (positive control) and neurons (negative control) (Fig. 13C).

Library preparation and RNA sequencing

Library preparation and RNA sequencing were performed by the on-site sequencing facility from total RNA samples. The initial total amount of RNA per sample determined the choice of the kits used for the following steps.

-CFS-cNs: CSF-cN RNA samples typically yielded low amounts of RNA. Doublestranded cDNA was generated using the SMART-Seq v4 Ultra Low Input RNA Kit (Clontech/Takara, 634888) adapted to amounts as low as 10 pg of RNA. cDNA was subsequently fragmented and tagged with sequencing adapters using the Nextera DNA Library Preparation Kit (Illumina). Replicates from 6 different sorting runs were used, each constituted of two RNA samples from 'green' cells and 'dark cells'.

-nHCs: Sorted cells from nHCs typically yielded higher RNA amounts and thus allowed us to use the standard process of library preparation with the KAPA mRNA HyperPrep Kit (Roche) capturing polyadenylated RNAs to produce fragmented and tagged cDNA. Replicates from 5 different sorting runs were used, each constituted of two RNA samples from 'green' cells and 'dark cells'. After library preparation, standard Illumina sequencing was performed using High Output Flowcell Cartridge from the NextSeq 500/550 Output v2 kit (75 cycles, up to 400 million reads, Illumina).

Fluorescent in situ hybridation in CSF-cNs 3-dpf cDNA was generated from wild-type larvae using the RNeasy Mini Kit (QIAGEN, 74104) for total RNA extraction followed by reverse transcription using SuperScript IV (ThermoFisher, 18090010) to generate cDNA. DNA fragments corresponding to 10 candidate genes found as upregulated in the transcriptome dataset were amplified by PCR, gel-extracted using the QIAquick Gel extraction kit (QIAGEN, Germany) and cloned into the pCRII-Blunt-TOPO vector (Life Technologies, Carlsbad, CA, USA). Clones and orientation were verified by sequencing. Products were then generated by a second high-fidelity PCR using Phu polymerase (Phusion High-Fidelity DNA polymerase, New England Biolabs). Antisense digoxigenin-incorporating probes were transcribed from these clones using the T7 RNA polymerase with the RNA labeling kit (Sigma-Aldrich). All probes were purified using the mini Quick Spin RNA columns (Roche, Basel, Switzerland) and hydrolyzed to ~300 bp as previously described [START_REF] Thisse | High-resolution in situ hybridization to whole-mount zebrafish embryos[END_REF]. Wholemount fluorescent in situ hybridization was performed on 24-hpf embryos (Fig. 11) and 72-hpf larvae (data not shown) of the transgenic line Tg(pkd2l1:TagRFP) prior to fluorescent immunohistochemistry to reveal GFP or RFP respectively to specifically label CSF-cNs. All samples were prepared by fixation in 4% PFA in PBS overnight at +4°C. At 72 hpf, larvae were additionally treated with Proteinase K in PBST for 20 minutes at 100 µg/mL to ensure the penetration of the probes. Probes were usually diluted to 1/200 for hybridization overnight at +70°C. To reveal the expression of candidate genes, primary anti-digoxigenin-POD coupled antibodies (Sigma-Aldrich) were added to 1/300. Staining was realized using FITC (1/200) tyramide-fluorophore solution for 30 min. Imaging was performed on an Olympus FV1000 confocal microscope equipped with a x20 water immersion objective. The completion of fluorescent in situ hybridization demonstrated the convincing expression of 7 candidates out of 10 at 24 hpf. Other validations by in situ hybridization were carried out in the lab, leading to a total count of 33 confirmed hits out of 42 tested (data not shown).

Abstract

Multiple types of microvilliated sensory cells exhibit an apical extension thought to be instrumental in the detection of sensory cues. The investigation of the mechanisms underlying morphogenesis of sensory apparatus is critical to understand the biology of sensation. Most of what we currently know comes from the study of the hair bundle of the inner ear sensory cells (Barr-Gillespie, 2015). But morphogenesis and function of other microvilliated apical extensions remain poorly understood. We focused on spinal sensory neurons (CSF-cNs) in contact with the cerebrospinal fluid through the projection of a microvilliated apical process in the central canal (Kolmer, 1921;Agduhr, 1922;Vigh and Vigh-Teichmann, 1973). CSF-cNs respond to pH and osmolarity changes as well as mechanical stimuli associated with changes of flow and tail bending (Orts-Del' Immagine et al., 2012;Böhm et al., 2016;Jalalvand et al., 2016;Sternberg et al., 2018). In vivo time-lapse imaging in zebrafish embryo revealed that CSF-cNs are atypical neurons that do not lose their apical attachment and form a ring of actin at the apical junctional complex that they retain during differentiation. We show that the actin-based protrusions constituting the microvilliated apical extension arise and elongate from this ring of actin and we identify candidate molecular factors underlying every step of CSF-cN morphogenesis. We demonstrate that Myo3b and Espin orchestrate the lengthening of CSF-cN apical extension and, using calcium imaging in espin mutants, that the size of the apical extension modulates the amplitude of CSF-cN sensory response to bending of spinal cord. Based on our results, we propose that the apical ring of actin could be a common site of initiation of actin protrusions in microvilliated sensory cells. Furthermore, our work provides a set of actors underlying actin-protrusion elongation shared by different sensory cell types and highlights the critical role of the apical extension shape in sensory detection.

Introduction

Cells assume a variety of shapes known to be instrumental in their specific functions. Morphologies of neurons are among the most complex and diverse: they extend protrusions, build dendritic arborizations and project axons in an intricate and stereotypical manner (Kessels et al., 2011). Sensory neurons in particular display a high degree of specialization allowing them to detect sensory cues, transduce the information into electrical signals, and propagate action potentials to the central nervous system. Much effort has been invested in the identification of molecular determinants underlying sensory detection and transduction, mostly in hair cells, non-neuronal sensory cells, to decipher the pathways and morphological features of audition (Hudspeth, 1989;Zhao and Müller, 2015). In contrast, mechanisms responsible for the morphological differentiation of sensory neurons and the role of their morphology in sensory functions remain elusive. Here, we tackle these questions by studying spinal cerebrospinal fluid-contacting neurons (CSF-cNs), a class of evolutionarily conserved sensory neurons (Djenoune and Wyart, 2017). We investigated the molecular mechanisms underlying the morphogenesis of CSF-cN apical extension and its role in the sensory-mediated activity.

Spinal CSF-cNs are located along the central canal, into which they extend an apical extension constituted of one motile cilium surrounded by actinbased protrusions, in direct contact with the CSF (Vigh and Vigh-Teichmann, 1973;Dale et al., 1987;Djenoune et al., 2014;Orts-Del'Immagine et al., 2014). Over the past decade, much effort was dedicated to investigate the hypothesis of Kolmer and Agduhr (Kolmer, 1921;Agduhr, 1922) that CSF-cNs are sensory and detect cues through their apical extension reminiscent of the hair bundle in hair cells. Diverse sensory cues can be detected by CSF-cNs including changes in pH and osmolarity (Orts-Del' Immagine et al., 2012;Jalalvand et al., 2016), and mechanical stimuli associated with CSF flow (Jalalvand et al., 2016;Sternberg et al., 2018) or spine curvature (Böhm et al., 2016). CSF-cNs express the transient potential receptor channel PKD2L1, also referred to as TRPP3 (Huang et al., 2006;Orts-Del'Immagine et al., 2012;Djenoune et al., 2014). While CSF-cN response to pH changes seems to be carried by ASICs rather than by PKD2L1 (Orts-Del' Immagine et al., 2012;Jalalvand et al., 2016), multiple lines of evidence indicate that PKD2L1 is necessary for responses to mechanosensory inputs such as changes of osmolarity, CSF flow and tail bending (Orts-Del' Immagine et al., 2012;Böhm et al., 2016;Sternberg et al., in revision). The PKD2L1 channel is abundantly enriched at the CSF-cN apical extension (Sternberg et al., 2018), as is the mechanotransduction channel in hair cells (Zhao and Müller, 2015). This localization suggests that the CSF-cN apical extension might play a similarly important role in sensory functions than the hair bundle in hair cells. During embryogenesis, spinal CSF-cNs are born from two ventral progenitor domains in mouse and zebrafish (Park, Shin and Appel, 2004;[START_REF] Yang | Regulatory interactions specifying Kolmer-Agduhr interneurons[END_REF]Petracca et al., 2016). This dual origin is associated with two functionally and morphologically distinct subpopulations organized in two ventral and dorsolateral rows (Böhm et al., 2016;Hubbard et al., 2016;Djenoune et al., 2017;Sternberg et al., 2018). We previously showed that ventral and dorso-lateral CSF-cNs exhibit differently shaped apical extensions (Djenoune et al., 2017). When considered with the localization of PKD2L1 in the microvilli (Sternberg et al., 2018), this observation suggests that this morphological distinction might underlie the distinct sensory functions described in the two CSF-cN subtypes. How CSF-cNs form their apical extensions and how their shapes contribute to sensory functions remain unknown.

The CSF-cN neural progenitors are epithelial cells displaying an apicobasal polarity with their apical side facing the CSF. At this side, CSF-cN precursors form apical junctional complexes (AJCs), including adherens junctions and tight junctions, closely associated with actin filaments organized in a circumferential belt (Schwayer et al., 2016). Together, AJCs and actin cytoskeleton control the cohesiveness and permeability of the developing tissue [START_REF] Paridaen | Neurogenesis during development of the vertebrate central nervous system[END_REF][START_REF] Singh | Polarity transitions during neurogenesis and germinal zone exit in the developing central nervous system[END_REF]. The apical localization and maintenance of AJCs rely on the activity of a family of transmembrane proteins, the Crumbs family [START_REF] Zou | Spatial-temporal expressions of Crumbs and Nagie oko and their interdependence in zebrafish central nervous system during early development[END_REF]. Neural progenitors give birth to differentiating neurons through self-renewing asymmetric divisions [START_REF] Alexandre | Neurons derive from the more apical daughter in asymmetric divisions in the zebrafish neural tube[END_REF]. It was recently shown that the daughter cell fated to become a neuron loses its apical domain and adhesiveness [START_REF] Das | Apical Abscission Alters Cell Polarity and Dismantles the Primary Cilium During Neurogenesis[END_REF], a process thought to be key for its subsequent differentiation into a neuron [START_REF] Paridaen | Neurogenesis during development of the vertebrate central nervous system[END_REF][START_REF] Singh | Polarity transitions during neurogenesis and germinal zone exit in the developing central nervous system[END_REF]. During their differentiation, many neurons then exhibit actin-based protrusions in a polarized fashion, which indicates that they re-establish an apico-basal polarity. It is unknown whether CSF-cNs also differentiate through a process of apical domain loss and polarity re-establishment or not.

In the case of sensory neurons, specialized protrusions called microvilli car arise at their apical side to constitute the sensory organelle. Our current understanding of the formation of actin-based protrusions comes from studies of filopodia, short -lived thin actin-based processes, and involves two critical steps: initiation and elongation (Revenu et al., 2004;Faix and Rottner, 2006). The initiation of filopodia is characterized by the recruitment of actin nucleators and organizers to the apical membrane specifically. IRSp53 family members, including Baiap and Baiap-like proteins, are key elements of this step since they are capable of inducing membrane curvature and recruiting actin nucleators essential for the initiation of protrusions (Ahmed, Goh and Bu, 2010). So far, it is not known whether this model translates to long-lived actin protrusions found in sensory cells (Barr-Gillespie 2015).

After their initiation, protrusions lengthen and, in the case of microvilli, stabilize. The elongation of sensory microvilli has thoroughly been studied in hair cells of the inner ear which form rigid microvilli derivatives referred to as stereocilia [START_REF] Nayak | Development of the hair bundle and mechanotransduction[END_REF]Barr-Gillespie, 2015). Through the isolation of mutations responsible for deafness in humans and animal models, multiple genes have been linked to the morphogenesis of the sophisticated hair cell's sensory organelle (Michalski and Petit, 2015). Among these genes, espin and myo3b encode proteins that have been shown to interact to ensure the proper lengthening of stereocilia (Merritt et al., 2012;Ebrahim et al., 2016). Their loss of function leads to stereocilia defects and, eventually, degeneration followed by hair cell death (Sekerková, Richter and Bartles, 2011;Michalski and Petit, 2015). It remains to be demonstrated that this elongation mechanism translates to other microvilliated sensory cells.

Here, we monitored CSF-cN differentiation by long-term time-lapse imaging of F-actin and report three critical steps in their morphogenesis: i) the presence of a ring of actin at the level of the AJCs, ii) the initiation and iii) the elongation of actin protrusions from the actin ring. We show that in contrast to other newborn neurons, CSF-cNs do not withdraw from the ependymal surface to migrate and differentiate. Instead, they appear to retain their apical cell polarity throughout differentiation, an original element of their morphogenesis. We describe new molecular factors known to be involved in cell polarity and/or morphogenesis, which are specifically enriched in CSF-cNs in the spinal cord. We identified polarity factors (crb1) and several actin cytoskeleton interactors -baiap2a, baiap2l1b, myo3b and espin. Our observations suggest a model in which these factors cooperate to regulate each step of the formation of the CSF-cN apical extension. Using a dominant-negative form of Myo3b, we demonstrate that this protein is required to address the actin-bundling factor Espin to the apical extension and enable microvilli elongation. The analysis of newly generated espin mutant indicates that Espin actin-bundling activity is necessary for the correct elongation of CSF-cN apical extension. Finally, functional analysis demonstrated that shorter apical extensions were associated to reduced mechanosensory responses in CSF-cNs lacking Espin. Altogether, these results provide insightful elements to build a mechanistic model of the formation of the apical extension by CSF-cNs and how its structure conditions the CSF-cN sensory functions. To investigate the formation of the actin-based apical extension, we used the mosaic expression of LifeAct, a marker of F-actin (Riedl et al., 2008), under the control of the pkd2l1 promoter (Fidelin et al., 2015). We performed long-term time-lapse imaging on single CSF-cNs in live zebrafish from 20-22 hours post-fertilization (hpf) (S1 movie). Using this promoter, CSF-cNs first appear as cuboidal, with a growing axon and a ring of actin at the apical side ( Fig Our results indicate that the actin cytoskeleton goes through dynamic and extensive remodeling, suggesting that it actively participates in CSF-cN morphogenesis. F-actin is first organized at the apical side of the cells to form a ring. Later on, protrusions seem to be initiated at this level and elongate to shape the apical extension.

Results

Critical steps to form a specialized apical extension

The ring of actin co-localizes with CSF-cN apical junctional complexes

The location and shape of the ring of actin are reminiscent of the circumferential structure formed by actin and adherens and tight junctions at the apical junctional complexes (AJCs) in epithelial cells (Schwayer et al., 2016). These complexes are usually lost in newborn neurons to allow their withdrawal from the ventricular zone in order to migrate and differentiate [START_REF] Das | Apical Abscission Alters Cell Polarity and Dismantles the Primary Cilium During Neurogenesis[END_REF][START_REF] Paridaen | Neurogenesis during development of the vertebrate central nervous system[END_REF]. To confirm the presence of AJCs in CSF-cNs and the colocalization with the ring of actin, we chose three different markers representative of various complexes: apical domain of polarization, Crumbs 1 (Crb1) [START_REF] Zou | Spatial-temporal expressions of Crumbs and Nagie oko and their interdependence in zebrafish central nervous system during early development[END_REF], adherens junctions, Cadherin 2 (Cdh2) [START_REF] Revenu | Quantitative cell polarity imaging defines leader-to-follower transitions during collective migration and the key role of microtubule-dependent adherens junction formation[END_REF], and tight junctions, ZO-1 (Fanning et al., 1998). We performed multiple staining with a transgenic line (cdh2 [START_REF] Revenu | Quantitative cell polarity imaging defines leader-to-follower transitions during collective migration and the key role of microtubule-dependent adherens junction formation[END_REF]) and antibodies to check the subcellular location of these proteins in CSF-cNs in relation to F-actin at 24 and 72 hpf. At 24 hpf, we observed CSF-cNs (marked specifically by LifeAct) displaying the typical rings of actin at their apical side (Fig 2A-C The markers ZO-1 and Crb1 are retained at the apical junctional complexes (arrowheads) in both ventral (V) and dorso-lateral (DL) CSF-cNs after differentiation. In dorso-lateral cells, Crb1 expands to the apical extension. Scale bars, 10 µm.

In the spinal cord of 72-hpf larvae, in contrast to ZO-1 expressed in all cells lining the central canal (Fig 2D,F,arrowheads), the expression of Crb1 (Fig 2E,F, arrowheads) was specific to CSF-cNs and showed distinct patterns between ventral (V) and dorso-lateral (DL) cells (Fig 2F). Crb1 was retained in ventral cells, forming a ring, as seen in 24-hpf embryos, while the protein expanded in the entire apical extension of dorso-lateral cells (Fig 2E,F). The specificity of Crb1 expression at 72 hpf in CSF-cNs and the differences observed between ventral and dorso-lateral cells suggest that Crb1 might play a special role in the maturation of the apical extension. Altogether, these results show that a ring of actin is formed early on in CSF-cNs at the level of the AJCs and that both persist after the apical extension is formed. This observation highlights a peculiarity of CSF-cNs compared to other neurons since they retain their apical polarity during their differentiation. The initiation and elongation of the actin protrusions from the ring of actin formed at the AJC suggest that it participates in the formation of the CSF-cN apical extension.

CSF-cNs specifically express multiple factors involved in the initiation and the lengthening of actin protrusions

We hypothesized that, once formed, AJC-located actin ring serves as a platform to recruit specific actin modifying proteins and monomers of actin to enable the initiation and the elaboration of the apical extension. We searched in the literature for actin organizers involved in the formation of actin protrusions. We investigated the expression of these factors in CSF-cNs by performing fluorescent in situ hybridization (FISH) combined with immunohistochemistry (IHC) for fluorescent proteins under the control of the pkd2l1 promoter. In 24-hpf embryos, we found at least four factors specifically enriched in both ventral and dorso-lateral CSF-cNs ( (Bartles, Wierda and Zheng, 1996). These observations provided candidate molecular factors potentially involved in the critical steps of the elaboration of the mature CSF-cN apical extension. The specific expression of Myo3b and Espin, along with their known role in actin bundle lengthening (Sekerková et al., 2004(Sekerková et al., , 2006;;Merritt et al., 2012), indicate that these two factors might contribute to the elongation of CSF-cN apical extension. 

Myo3b is necessary for Espin localization at the CSF-cN apical extension and correct microvilli lengthening

Myo3b was shown to interact with Espin (Merritt et al., 2012) and to influence stereocilia lengthening in hair cells (Ebrahim et al., 2016). Because myo3b and espin are strongly enriched in spinal CSF-cNs from 24 to 72 hpf (Fig 2A3 ,A4,B3,B4), we checked whether Myo3b and Espin could similarly interact to enable the proper elongation of CSF-cN actin protrusions. We first induced Myo3b loss of function by expressing a dominant-negative form of the protein lacking the motor domain, referred to as Myo3b-DN, specifically in CSF-cNs. 

The actin-bundling factor Espin promotes the elongation of the CSF-cN apical extension

In hair cells, Espin is dependent on Myo3b to reach the tip of stereocilia and ensure stereocilia lengthening through its actin-bundling activity (Merritt et al., 2012;Ebrahim et al., 2016). To investigate whether the shortening of microvilli we described with Myo3b-DN is coincident with Espin loss at the CSF-cN apical extension, we generated a mutant allele of espin using the CRISPR/Cas9mediated genome editing. In zebrafish, there is a single espin paralog, whose predicted products share a high sequence identity for the main domains and modules described in the rat Espin protein. The espin gene is located on chromosome 8 and displays 13 exons (S2 Fig, panel A). Because several Espin isoforms have been described in rodents (Bartles, Wierda and Zheng, 1996;Bartles et al., 1998;Sekerková et al., 2003), we designed our gRNA against the sequence in exon 11 encoding for the very first amino-acids of the conserved actin-bundling module (ABM) (S2 Fig,panel B). This ABM domain is essential for the protein actin-bundling function and present in all described isoforms (Bartles, Wierda and Zheng, 1996;Bartles et al., 1998;Loomis et al., 2003). We generated a mutant espin icm26 allele with a 5-bp deletion in exon 11, disturbing the sequence of the ABM from the first amino-acid (S2 Fig,panels B and D). We checked the immunoreactivity of Espin in wild-type or mutant sibling fish at different stages ( We observed that CSF-cNs in espin icm26/icm26 larvae display smaller apical extensions than in control siblings (Fig 5A-C). To analyze the impact of Espin loss on the elaboration of the CSF-cN apical extension, we quantified CSF-cN morphological features using a previously published method (Fig 5B) (Djenoune et al., 2017). We assessed the area covered by the apical extension formed by CSF-cNs in 72-hpf mutant compared to control siblings (Fig 5C). We found that both ventral and dorso-lateral CSF-cNs formed significantly smaller apical extensions in espin icm26/icm26 larvae compared to espin +/+ siblings (~20% reduction in ventral cells and ~22% in dorso-lateral cells, Fig 5C). One of our concerns was that this effect might be due to a developmental delay in mutant animals. In order to test this hypothesis, we performed the same analysis at a later stage. We found a similar significant reduction in size of the CSF-cN apical extension at 6 days post-fertilization (dfp) (~20% reduction in ventral cells and ~26% in dorso-lateral cells, Fig 5D). Altogether, our results suggest that Espin is necessary for the proper lengthening of these extensions after they have been initiated.

The size of the CSF-cN apical extension tunes the response to mechanical stimulus

CSF-cN respond to mechanical stimulus stimuli associated with CSF flow at 24 (Sternberg et al., 2018) and tail bending in 4-5-dpf larvae (Böhm et al., 2016). To investigate the functional consequence of the loss of Espin, we tested CSF-cN mechanosensory function using an assay previously described (Böhm et al., 2016). In paralyzed wild-type larvae, deformation of the tail with a glass probe induced large intracellular calcium transients in ipsilateral dorso-lateral cells (Fig 5E,S3 Movie). In espin icm26/icm26 larvae, CSF-cN calcium transients were smaller in response to tail bending (Fig 5E',S3 Movie). We quantified this effect by comparing the amplitude of the calcium transients and found that espin icm26/icm26 CSF-cNs showed significantly reduced response to the mechanical stimulation (~60% of reduction, Fig 5F). These observations demonstrate that the shape of the apical extension is essential for tuning the amplitude of CSF-cN mechanosensory response. (E,E') Calcium transients in response to passive tail bending (Böhm et al., 2016) in ipsilateral dorso-lateral CSF-cNs in response to passive tail bending (Böhm et al., 2016) in control wild-type siblings (E, N = 6 fish, n = 111 cells) versus espin icm26/icm26 mutant (E', N = 7 fish, n = 123 cells) larvae. (F) The amplitude of CSF-cN calcium transients shown in E is reduced in espin icm26/icm26 mutant (mean = 0.30616) compared to wild-type siblings (mean = 0.7642) (Kolmogorov-Smirnov test, p = 1.11.10 -9 )

Discussion

CSF-cN retain their apical junction and the accompanying actin ring

To investigate how CSF-cNs develop their apical extension, we undertook a descriptive approach based on long-term time-lapse imaging to monitor F-actin in single cells. We show that early during their differentiation, CSF-cNs display an apical ring of actin beneath the AJCs that they retain throughout further differentiation. It is generally thought that newborn-cells fated to become neurons withdraw their apical domain -including the primary cilium -while they differentiate [START_REF] Das | Apical Abscission Alters Cell Polarity and Dismantles the Primary Cilium During Neurogenesis[END_REF][START_REF] Paridaen | Neurogenesis during development of the vertebrate central nervous system[END_REF]. Although we cannot exclude an early delamination event before the expression of the pkd2l1 promoter, our results strongly suggest that CSF-cNs are not subject to apical abscission or retraction, but rather differentiate while retaining their apical cell polarity and AJCs. This is consistent with previous findings that differentiated CSF-cNs still possess a cilium at their apical extension (Vigh and Vigh-Teichmann, 1973;Dale et al., 1987;Böhm et al., 2016). The loss of apical domain has been proposed to allow neuronal differentiation by preventing Shh cilium-dependent signaling [START_REF] Das | Apical Abscission Alters Cell Polarity and Dismantles the Primary Cilium During Neurogenesis[END_REF]. Zebrafish spinal CSF-cNs remain in contact with the source of Shh ligand, the CSF, throughout differentiation but attenuate their responsiveness to Shh through a decrease in Notch signaling [START_REF] Huang | Attenuation of Notch and Hedgehog signaling is required for fate specification in the spinal cord[END_REF]. Whether this constant exposure to the CSF allows the reception of other signals than Shh important for their differentiation remains to be determined.

Actin protrusions originate from the actin ring

Our time-lapse movies suggest that the ring of actin is precisely the site of emergence of actin protrusions to form the apical extension. This actin ring could therefore represent a site for the recruitment of the machinery necessary for protrusions initiation, including the IRSp53 family proteins that we found specifically expressed in CSF-cNs. This idea is further supported by the observation of actin rings at the apical side of the mechanosensory hair cells of the zebrafish lateral line prior to the sensory microvilli differentiation (Kindt et al. 2015). The initiation of the apical extension directly from the AJCs would ensure the correct positioning of the sensory apparatus, and its development directly into the extracellular compartment in contact with the medium it senses from. The establishment of a strong apico-basal polarity and the specific organization of AJCs and F-actin in circumferential belts are landmarks of microvilliated cell types [START_REF] Apodaca | Role of Polarity Proteins in the Generation and Organization of Apical Surface Protrusions[END_REF]. Thus, our hypothesis of an involvement of the F-actin circumferential belt in the arising of protrusions offers new avenue to solve the long-standing problem of apical microvilli initiation in different cell types, like intestinal brush border epithelial cells or sensory cells (Barr-Gillespsie 2015, Crawley et al. 2014).

Special role of Crb1 in CSF-cNs

Our results suggest that polarization factors are involved in the establishment of the apical domain and AJCs, hence the ring of actin, and are critical for the formation of the apical extension. One of these factors, Crb1, particularly drew our attention. First, Crb1 is retained and becomes specifically expressed by spinal CSF-cNs at 72 hpf, while being downregulated in the other cells lining the central canal. Second, Crb1 shows distinct patterns of expression in ventral CSF-cNs, where it forms a ring of actin at the vicinity of the AJCs; conversely, in dorso-lateral cells, it covers the entire apical domain and protrusions. Since the two CSF-cN subtypes were shown to form different shapes of apical extension (Djenoune et al., 2017), we can speculate that Crb1 differential localization contributes to the final shaping of the apical extension. Finally, Crumbs proteins have been demonstrated to regulate morphogenesis of sensory protrusions in zebrafish photoreceptors [START_REF] Zou | Crb Apical Polarity Proteins Maintain Zebrafish Retinal Cone Mosaics via Intercellular Binding of Their Extracellular Domains[END_REF] and wing hairs in drosophila [START_REF] Salis | Crumbs, Moesin and Yurt regulate junctional stability and dynamics for a proper morphogenesis of the Drosophila pupal wing epithelium[END_REF]. The precise mechanisms of actin protrusion regulation by Crumbs protein in drosophila are far from being understood (Apocada, 2017). Our work suggests that this role is conserved in vertebrates, and calls for further studies on the role of Crb1 and other polarization factors and/or Crb1 interactors for the morphogenesis of sensory apical extension.

I-BAR containing factors as initiators of the actin protrusions in CSF-cNs

We show that CSF-cNs specifically express in a transient fashion at least two I-BAR factors at 24 hpf, baiap2a and baiap2l1b. I-BAR domain proteins are capable of binding both actin cytoskeleton and membrane lipids, which enables them to simultaneously sense and induce membrane curvature (Scita et al., 2008;Zhao, Pykäläinen and Lappalainen, 2011). We know from the literature that I-BAR family members are capable of generating negative membrane curvature and modulating actin dynamics to induce the formation of filopodia (Ahmed, Goh and Bu, 2010). However, the role of these factors in the establishment of more stable microvilli in sensory cell types has never been investigated. Unfortunately, current loss of function approaches are challenging in zebrafish due to high redundancy or IRSp53 factors and we failed to see an effect with a dominantnegative form (data not shown). To our knowledge, this study is the first evidence for their possible involvement in the initiation of the actin protrusions forming a sensory apical extension.

The actin-bundling protein Espin and its interactors are key players in the formation of the CSF-cN actin protrusions

We also show that CSF-cNs express myo3b and espin during their differentiation. Myo3b is a class III unconventional myosin, while Espin is an actin-bundling factor. Actin-bundling factors are able to cross-link actin filaments together and form higher-magnitude actin structures, such as microvilli (Bartles, 2000;DeRosier and Tilney, 2000;Barr-Gillespie, 2015). In particular, Espin is commonly found in mechano-and chemo-sensory microvillliated cells where this factor is a critical actin organizer in the development and maintenance of the sensory apparatus (Sekerková et al., 2004(Sekerková et al., , 2006)). Previous work in inner ear hair cells demonstrated that Espin and Myo3b are inter-dependent to be transported to the tip of stereocilia, where Espin ensures the lengthening of actin filaments (Merritt et al., 2012;Ebrahim et al., 2016). Our results indicate that CSF-cNs similarly use Myo3b and Espin for the lengthening of actin protrusions forming the apical extension. Our work further shows that suppressing one actin-bundling factor, Espin, shortens but does not suppress the actin-based CSF-cN apical extension. It has been shown that the development of bundles of actin filaments involves a combination of at least two different factors, usually in a sequential manner (Revenu et al., 2004). The activity of several actin cross-linkers is required to subsequently initiate loose bundling, then tight packing of the bundles into an organized functional structure (Tilney et al., 1998). Thus, our work suggests that other actin bundling factors, yet to be identified, are necessary during earlier phases of of microvilli initiation and elongation of the CSF-cN apical extension. It is interesting to note here that Baiap factors contain an SH3 domain, which was shown to strongly interact with the proline-rich regions in the longest isoform of Espin (S2 Fig,panel D) (Sekerková et al., 2003). Our results indicate that members of the Baiap family and Espin/Myo3b could potentially act together in CSF-cNs to coordinate the initiation and the elongation of actin protrusions.

The length of microvilli tunes mechanosensory function in CSF-cNs

The functional relevance of Espin has been largely documented in hair cells of the inner ear where Espin loss is associated with incorrect lengthening of stereocilia, which leads to degenerescence of hair cells and deafness (Zheng et al., 2000;[START_REF] Donaudy | Espin gene (ESPN) mutations associated with autosomal dominant hearing loss cause defects in microvillar elongation or organisation[END_REF]Sekerková, Richter and Bartles, 2011). In this study, we show that the loss of Espin in CSF-cNs does not induce degeneration of these sensory cells but impacts the length of microvilli within the apical extension, a result consistent with the current understanding of Espin actinbundling functions (Loomis et al., 2003). The reduction of microvilli length without CSF-cN degeneration provided a unique opportunity to investigate the contribution of microvilli to the process of mechanotransduction. We show that the reduction of microvillar length is associated with a reduction in amplitude of CSF-cN sensory response to passive bending of the spinal cord indicating that the CSF-cN apical extension acts as a sensory antenna where mechanotransduction occurs. This observation is consistent with previous work in the lab demonstrating that CSF-cN-mediated detection of spinal bending (Böhm, Prendergast et al., 2016), CSF flow and pressure applied against the membrane (Sternberg et al., 2018) requires the Pkd2l1 channel (Böhm et al., 2016;Sternberg et al., 2018), which is confined to the apical extension (Sternberg et al., 2018). The fact that the length of microvilli tunes the amplitude of CSF-cN sensory response suggests that the mechanism underlying mechanotransduction in CSF-cNs is constrained by microvilli length. One possible explanation for such effect could be that the length of microvilli determines the number of Pkd2l1 channels located at the membrane, which sets the amplitude of CSF-cN response to spinal cord bending. Longer microvilli may furthermore enable CSF-cNs to sample changes of CSF flow associated with spinal bending over larger volumes in the central canal, and thereby amplify the mechanosensory response. The investigation of dynamic mechanisms underlying CSF-cN mechanotransduction in relation to the shape of microvilli will be the subject of future studies. In hair cells of the inner ear, a large body of work has demonstrated the critical role of the staircase organization and patterned elongation of stereocilia for hearing (Barr-Gillespie, 2015). Our results in CSF-cNs, where microvilli show no obvious organization, suggest that the lengthening of actin protrusions nonetheless finely modulates sensory function.

Further physiological investigation in other microvillated cells such as olfactory receptor neurons or solitary chemosensory cells will reveal whether our observation may be generalized.

Material & Methods

Animal care. Animal handling and protocols were carried out with the validation of the Institut du Cerveau et de la Moelle épinière in agreement with the French National Ethics Committee (Comité National de Réflexion Ethique sur l'Expérimentation Animale, Ce5/2011/056) and European Communities Council Directive (2010/63/EU). As experimentation on zebrafish larvae prior to 5 days old does not require approval of a protocol by the ethics committee, our project received the approval from the local ICM health and ethics committee. Zebrafish adults and embryos/larvae were reared and maintained in a 14/10 hour light cycle. Embryos and larvae were raised at 28.5°C until the start of experiments conducted at room temperature. When performed below 48 hpf, staging was assessed by counting somites (30 at 24 hpf) according to [START_REF] Kimmel | Stages of Embryonic Development of the Zebrafish[END_REF].

Generation of transgenic lines. Transgenic lines used in this study are listed in the Table 1. Transgenic lines generated using the Tol2 system are already described in (Djenoune et al., 2017).

Generation of mutant lines and genotyping. We used the CRISPR/Cas9mediated genome editing system to generate our espin mutant lines. The crRNA was designed using the online CRISPOR program (crispor.tefor.net/, Tefor®) [START_REF] Haeussler | Evaluation of off-target and on-target scoring algorithms and integration into the guide RNA selection tool CRISPOR[END_REF] and selected to target the sequence CCAGAACAAGACCAGCGTGG in exon 11 containing the BstXI restriction site (S2 Fig, panels A,B). crRNA and universal 67mer tracrRNA were ordered from Integrated DNA Technologies®. crRNA and tracRNA were annealed in Duplex buffer and complexed with the Cas9 protein (provided by Jean-Paul Concordet lab) prior to injections into one-cell stage wild-type eggs. The efficacy of the crRNA was assessed directly after injection at 2 dpf by performing genotyping on usually 8 pools of 5 injected embryos. The genotyping workflow consisted in 1) isolating genomic DNA by lysing embryos in proteinase K solution (10 mM Tris pH 8, 2 mM EDTA, 0.2% Triton X-100, 200 µg/mL proteinase K), 2) performing PCR to amplify the target region (FastStart mix, Roche®) using the forward primer 5'-CAAAACCCAACGACACCC-3' and reverse primer 5'-ACTTCAACTCATGTTTGGCA-3', and 3) digesting the PCR product BstXI restriction enzyme. When efficient editing was observed, siblings of the genotyped embryos were raised to sexual maturity. This F0 generation was screened to find actual transmitters of mutations by crossing them to AB wild type fish and genotyping the offspring at 2 dpf. When mutations were transmitted, siblings of the genotyped offspring were raised to F1 and adults were genotyped: a piece of fin tissue was sectioned under anesthesia (fin-clipping) using 0.02% MS-222 (Sigma-Aldrich) and the PCR product was sequenced (GATC technology) using either the forward or the reverse primer described above to determine the type of mutation. For our study, we selected a 5-bp deletion in exon 11 resulting in truncated Espin proteins lacking the conserved ABM and we named the resulting mutated allele espin icm26 (S2 Fig, panels B-D).

Time-lapse imaging. To monitor the formation of the CSF-cN apical extension, we performed live imaging of single CSF-cNs labelled with LifeAct-GFP, a marker of F-actin (Riedl et al., 2008), during early development. To obtain mosaic labelling, we injected ~1ng of the DNA construct UAS:LifeAct-GFP;cryaa:V (Djenoune et al., 2017) with Tol2 transposase RNA (~3.5ng) into Tg(pkd2l1:Gal4) (Fidelin et al., 2015) or Tg(1020:Gal4) [START_REF] Scott | Targeting neural circuitry in zebrafish using GAL4 enhancer trapping[END_REF] eggs at the one-cell stage. Imaging was initiated as soon as LifeAct-GFP-positive cells were detected in the spinal cord, usually between 20 and 22 hpf. LifeAct-positive embryos were first anaesthetized in 0.02% MS-222 (Sigma-Aldrich), then mounted laterally in 1.5% low-melting agarose in 50 mm glass bottom dishes (MatTek #P50G-1.5-14-F, USA). Since the imaging took place at early development of the fish, we made sure to set areas to image, containing at least one positive cell for LifeAct, large enough to not lose the cell over time because of developmental growth. Z-stacks spanning the entire cell depth were taken every 5 minutes during several consecutive 1 hour-long sessions using Slidebook software. Imaging was performed using Zeiss x40 or x63 water-immersion objectives on a custom spinning disk microscope (Intelligent Imaging Innovation, Denver, CO, USA) with a 488 nm laser.

Fluorescent immunohistochemistry (IHC) and imaging. We followed a similar protocol in fluorescent-positive embryos and larvae after screening. First, samples were fixed in 4% PFA at +4°C for 4h, then washed in PBS Tween 0.01%, blocked for 2-5h at room temperature in 1% DMSO, 10% NGS, 0.5% Triton X-100 PBS 1X and incubated with primary antibodies: mouse IgG1 anti-ZO-1 (1/200, Invitrogen #339100), chicken anti-GFP (1/500, Abcam #ab13970), mouse IgG1 anti-RFP (1/500, Thermo Fisher #ma5615257) or rabbit anti-RFP (1/500, Life Technologies #R10367), rabbit anti-Crb1 (1/500, kind gift from Xiangyun Wei lab), rabbit anti-Espin (50ng/µL, kind gift from James R Bartles lab), rabbit anti-Myo3b (1/500, kind gift from Christine Petit lab) in 1% DMSO, 1% NGS, 0.5% Triton X-100 PBS 1X at +4°C overnight. After washing three times for at least 10 min in PBS 0.1X Tween 0.01% (PBST), samples were incubated with the secondary antibody (usually diluted to 1/500) and DAPI (1/4000) in the dark, overnight, at +4°C. The next day, embryos or larvae were washed again in PBST for at least three times 30 min and proper staining was assessed by checking the pattern of fluorescence of DAPI control staining before proceeding to mounting. Samples were mounted using a mounting medium (Vectashield® Antifade Mounting) and imaged using an Olympus FV1000 confocal microscope equipped with a x63 oil immersion objective using the 405, 473, 543 or 567, and 633 nm laser lines.

Fluorescent in situ hybridization (FISH) and imaging. All the probes were generated by amplifying coding fragments from zebrafish 72-hpf larvae total cDNA. The resulting PCR product was extracted from gel using the QIAquick Gel extraction kit (QIAGEN, Germany) and cloned into the pCRII-Blunt-TOPO vector (Life Technologies, Carlsbad, CA, USA). Clones and orientation were verified by sequencing. For espin, the selected plasmid was linearized using NotI and the resulting product was purified and measured for DNA concentration. For myo3b, baipa2a and baiap2l1b, the product was generated by a second high-fidelity PCR using T7 forward primer, the corresponding reverse primer (see Table 3) and Phu polymerase (Phusion® High-Fidelity DNA polymerase, New England BioLabs). The transcription was performed using the Digoxigenin-labeled antisense probes were synthesized using the T7 RNA polymerase with the RNA labeling kit (Sigma-Aldrich). All probes were then purified using the mini Quick Spin RNA columns (Roche, Basel, Switzerland). In the case of myo3b, baipa2a and baiap2l1b, probes went through an additional step of hydrolysis by adding 40 mM of NaHCO3 and 60 mM Na2CO3 for 10 min at 60°C. The reaction was stopped and precipitated by adding 4 volumes of H2O, 0.33 volumes of 3 M NaOA, 0.025 volumes of glacial acetic acid and 11 volumes of cold ethanol. The primers and restriction enzymes used for every probe are listed in Table 3. Whole-mount fluorescent ISH was performed on 24-hpf embryos and 72-hpf larvae of the transgenic line Tg(pkd2l1:GCaMP5G) or Tg(pkd2l1:TagRFP) prior to fluorescent immunohistochemistry to reveal GFP or RFP respectively to specifically label CSF-cNs. For FISH, Samples were prepared by fixation in 4% PFA in PBS overnight at +4°C. At 72 hpf, larvae were treated with Proteinase K in PBST for 20 minutes at 100 µg/mL to ensure the penetration of the probes. Probes were diluted to 1/200 for hybridization overnight at +70°C. To reveal the expression of candidate genes, primary anti-digoxigenin-POD coupled antibodies (Sigma-Aldrich) were added to 1/300. Staining was realized using either TAMRA (1/100) in Tg(pkd2l1:GCaMP5G) samples or FITC (1/200) in Tg(pkd12l1:TagRFP) tyramide-fluorophore solution for 30 min. Imaging was performed on an Olympus FV1000 confocal microscope equipped with a x20 water immersion objective.

Morphological analysis of cells lacking Myo3b.

To interfere with Myo3b activity, we built a truncated version of the protein devoid of the motor domain, reasoning that it would act as dominant-negative form by titrating the interactors of the functional Myo3b (Merritt et al., 2012). The part of the cDNA encoding the 235 C-terminal amino-acids was amplified by PCR (Phusion® High-Fidelity DNA polymerase, New England BioLabs) from zebrafish 72-hpf larvae total cDNA, using primers containing attB site for Gateway cloning (fw: GGGGACAAGTTTGTACAAAAAAGCAGGCTGAATTCACCATGAATCTGATGTT GCGGGAAGTGATCG, rev: GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCGGATCCTCTGGAAGAGAT AGTGGGCGG). The stop codon was removed and a GSG sequence was added to allow efficient co-expression of T2A-eGFP [START_REF] Wang | 2A self-cleaving peptide-based multi-gene expression system in the silkworm Bombyx mori[END_REF]. The PCR product was then recombined into the pDONR221 and assembled into the final expression vector in a three-fragment gateway reaction (ThermoFisher Scientific) using p5E-10XUAS, pME-Myo3b-DN-GSG, p3E-T2A-eGFP and pDestcryaa:Venus. p3E-T2A-EGFP was subcloned from pME-HA-UPRT-T2A-EGFP (gift of Teresa Nicolson, (Erickson and Nicolson, 2015)) using att-site tagged primers (F: GGGGACAGCTTTCTTGTACAAAGTGGGGGTTAACGGCAGTGGAGAGGG, R: GGGGACAACTTTGTATAATAAAGTTGGTTACTTGTACAGCTCGTCCATG). The resulting fragment was inserted into pDONR p2rp3 in a BP recombination reaction (Thermo Fisher). The resulting plasmid was injected into one-cell eggs carrying a combination of Tg(UAS:TagRFP-CAAX;cmlc2:eGFP)icm22 and Tg(pkd2l1:Gal4)icm10. Confocal images of laterally mounted spinal cords were acquired and we performed a Z-projection of individual ventral CSF-cNs either expressing Myo3b-DN (GFP & RFP positive) or control (RFP only positive). The area of the apical extension and the cell body was assessed by drawing a polygon around the structure and measuring the area covered using Fiji.ct/ (Schindelin et al., 2012).

Detailed analysis of the CSF-cN apical extension morphology.

Highresolution images of the CSF-cN apical extension on spinal cord microtome sections were acquired following the procedure presented in our previous work (Djenoune et al., 2017). We used the stable Tg(UAS:TagRFP-CAAX;cmlc2:eGFP)icm22 and Tg(UAS:LifeAct-GFP, cryaa:V)icm28 transgenic lines crossed to Tg(pkd2l1:Gal4)icm10 to access the CSF-cN apical extension morphology. To assess the area covered by the CSF-cN apical extension in espin +/+ wild-type and espin icm26/icm26 mutant siblings, we drew polygons outlining the apical extension on z-projections using the polygon tool in Fiji.sc/ (Schindelin et al., 2012) and used the 'area' measurement.

Functional analysis of the mutants. To assess the sensory function of the CSF-cNs in mutant versus wild-type siblings, we performed the same passive tail bending assay as described in (Böhm et al., 2016). Tg(pkd2l1:GCaMP5G;pkd2l1:TagRFP)espin icm26/+ adult fish were. Embryos were screened for GCaMP5G and TagRFP fluorescence at 72 hpf after light anesthesia in 0.02% MS-222 (Sigma-Aldrich). Double positive 5-dpf larvae were embedded in 1.5% low melting point agarose and paralyzed by injecting 0.5 nL of α-Bungarotoxin (0.5mM, Tocris #11032-79-4) in the musculature above the swimming bladder. Half of the tail was freed unilaterally to give access to the glass probe. Calcium imaging was performed using a two-photon microscope (Intelligent Imaging Innovations) using a x20 water objective. Both GCaMP and RFP signals were recorded simultaneously at 5 Hz for 770 frames, allowing for 11 probe deflections to bend the tail every 70 frames, starting at 10 frames. A new version of the Matlab script used in (Böhm et al., 2016) was used to perform the analysis. Regions of interest were manually selected in Matlab by drawing the CSF-cN cell bodies in the region of deflection. In order to correct for artefactual and/or experimental movements, we registered all image time series based on a TagRFP reference frame built as the average over 50 frames in a quiet period after the first stimulation. Background noise, calculated in a region with no signal, was subtracted to every frame. Raw signal was extracted for both GCaMP and TagRFP channels and, to correct for motion artefacts, the ratio ΔR/R was calculated as (FGCaMP(t)*F0-TagRFP)/(FTagRFP(t)*F0-GCaMP) at every time point with F0 the average fluorescence of the 10 first frames. The calcium transient amplitude was calculated as the difference (ΔR/R)post-(ΔR/R)pre with (ΔR/R)post the average of the 3 frames right after stimulation and (ΔR/R)pre the average of the 10 frames before stimulation.

Statistics. All statistics were ran on Matlab. To accommodate for the non-normal distribution of the data, we used the two-sample Kolmogorov-Smirnov test for all our hypothesis testing. Values are mean (red line) or median (black line). In figure 4, the bottom and top edges of the box plots indicate the 25 th and the 75 th percentiles respectively and whiskers extend to the most extreme data points not considered as outliers (outliers are plotted individually). The primary goal of my PhD project was to decipher the molecular mechanisms underlying morphogenesis of microvilliated sensory cells focusing on cerebrospinal fluidcontacting neurons (CSF-cNs) in the zebrafish spinal cord. The descriptive approach I undertook enabled the identification of critical steps leading to the development of the apical extension. In parallel, I participated to the transcriptome analysis that revealed the enrichment of several actin organizers in CSF-cNs. Functional analysis allowed me to associate specific factors with morphogenesis steps. My results notably demonstrated the critical role of the actin-bundling factor Espin and its interactor Myo3b in the lengthening of the CSF-cN apical extension. Finally, I showed that shorter CSF-cN apical extensions in the espin mutant resulted in reduced responses to mechanical stimuli, thereby linking morphology and sensory function in CSF-cNs.

Altogether, my work shed light on the molecular determinants underlying the formation of a sensory organelle in CSF-cNs. Better understanding of the making of CSF-cN apical extension provided fundamental knowledge that 1/ can supply us with novel tools to manipulate the formation of the apical extension and study its role, and 2/ can be translated to other microvilliated sensory cell (MSC) types. Together with the transcriptome datasets, this work opened the path for numerous new questions. In the following chapter, I will first discuss technical caveats relative to the strategy I used, then I will address considerations about my results and future perspectives.

I. GENOME-WIDE APPROACH AND REVERSE GENETICS IN ZEBRAFISH

A. Using a FACS-based approach to analyze the transcriptome of cells of interest

In order to have unbiased access to genes expressed in our cells of interest, we undertook a FACS-based approach. We sorted specific cell populations according to fluorescent labelling and extracted total RNA to perform bulk RNA sequencing. Several points appear to be critical to obtain RNA sequencing results of good quality.

A specific and intense fluorescent labeling of the cells of interest.

One of the most critical criteria in sorting cells is to have specific and bright enough signal to distinguish fluorescent cells that are of interest from background auto-fluorescence and avoid contamination by other cell types.

With our available tools, and after testing many different conditions, we found that the efficient sorting of CSF-cNs could be achieved by using single color labeling under the control of a pkd2l1 minimal promoter combined to the UAS/Gal4 amplification system. The double transgenic Tg(pkd2l1:Gal4;UAS:GFP) 3-dpf larvae showed bright fluorescence thanks to the UAS/Gal4 amplification system, and labeled CSF-cNs.

Although pkd2l1 expression was shown to be specific to spinal CSF-cNs by in situ hybridization (Djenoune et al., 2014), the Tg(pkd2l1:Gal4;UAS:GFP) double transgenic line (Fidelin et al., 2015) does not recapitulate the same specificity with leaky expression at 24 hpf in the spinal cord and, over time, apparition of ectopic fluorescence in the hindbrain and the heart due to the amplification system. Gradually from 2 dpf onwards, the expression in the spinal cord becomes specific to CSF-cNs. We overcame these issues by carrying out the sorting at 3 dpf on systematically beheaded larvae (Fig. 10). Recently, our lab has generated a novel Tg(pkd2l1-KI:Gal4) transgenic line by intron targetingmediated knock-in using the CRISPR/Cas9 genome editing system [START_REF] Hwang | Efficient genome editing in zebrafish using a CRISPR-Cas system[END_REF][START_REF] Li | Intron targeting-mediated and endogenous gene integrity-maintaining knockin in zebrafish using the CRISPR/Cas9 system[END_REF]. Taking advantage of our new Tg(pkd2l1-KI:Gal4) knock-in line, we could overcome the technical challenges encountered in the past.

In the case of nHCs, the commonly used transgenic lines to label these cells also label the hair cells in the inner ear and, sometimes, other cell types. We took advantage of their unique location on the cell body and uptake properties to label them using a monomeric cyanine dye, YO-PRO-1 (Santos et al., 2006). Vital nuclear dyes, such as YO-PRO-1, are cell-impermeant but can pass through large non-selective channels and are reliable indicators of nHCs. This strategy had the advantages to be 1/ selective to our cells of interest, 2/ based on the simple and rapid use of dyes easy to bath apply on wildtype larvae without any prior dissection, and 3/ associated with very bright fluorescence concentrated in the nucleus. Although vital dyes such as YO-PRO-1 have been commonly used to selectively label active nHCs over the past decade, we cannot rule out that other cells could uptake the dye, for example unhealthy cells becoming permeant or sensory cells at the surface, something that we need to keep in mind in our validation and analysis of the transcriptome dataset.

The choice of the developmental stage. The transcriptome analysis of CSF-cNs was greatly motivated by the general need to describe new functional markers, especially channels and receptors, allowing the further investigation of CSF-cN biological functions.

Regarding my PhD project, my interest was focused on candidate morphogenetic factors enriched in CSF-cNs potentially involved in the formation and maintenance of the apical extension. CSF-cNs start differentiating as early as 18 hpf in the zebrafish spinal cord (Djenoune et al., 2014). To gain access to the largest set of genes of importance for CSF-cN functions, we thus performed the FAC sorting using 3-dpf larvae. At this stage, the RNA sequencing provided us with a rich dataset of ~200 genes upregulated in CSF-cNs.

In addition, we showed that some of these factors, such as the actin organizers I focused on during my PhD (see Chapter 3), were expressed as early as 24 hpf in CSF-cNs as observed by fluorescent in situ hybridization results (Fig. 11). Thus, although earlier and transient factors of differentiation may be found by performing the transcriptomic analysis at 24 hpf, my work proved to be informative about early steps in the cell development. Because our protocol yielded good RNA samples to perform RNA sequencing of CSF-cNs at 3 dpf, we adapted it to nHCs at the same stage when neuromasts of the first wave are already deposited and mature.

The choice of the reference population.

A critical aspect of the analysis of the RNA sequencing data is the choice of the reference population as it is the comparison point to assess up-or down-regulation in the cell population of interest. Because FAC sorting in red is more challenging, we only sorted cells according to the green channel and used the 'dark' population as the reference population. The reference population is therefore a mixture of cells types present in the tail. To be found as enriched in the 'green' population, the population of interest, genes have to be expressed at high levels compared the 'dark' population. Specific enrichment is often considered as a proxy for 'important'. However, essential factors for the cell development and/or functions might be shared with other cell types and/or expressed at low levels. The influence of the choice of the reference population is illustrated by sst1. In the spinal cord, sst1 is specific to CSF-cNs, but in situ hybridization revealed that it is also found at high levels in the brain (data not shown). Sorting cells after dissecting trunks was most likely critical to detect sst1 as strongly enriched in CSF-cNs. Despite the shortcomings of our approach, it was still very successful at highlighting specific/enriched factors expressed by CSF-cNs and nHCs. One could however imagine to further study specific features of these cells by comparing them to a homogenous population of sensory cells or, in the case of CSF-cNs, GABAergic neurons by using specific lines for these cell types as reference population.

The depth of RNA sequencing. Finally, the richness of the output dataset greatly depends on the depth of the RNA sequencing which is influenced by the quality of the input RNA. The more healthy and homogenous cell population after sorting, the more RNA of high quality. The more RNA of high quality, the more sequencing depth. More depth leads to more insight into rare events such as non-coding RNAs, microRNAs or long non-coding RNAs for example, which are expressed at very low levels or splicing variants resulting in different protein isoforms. Thus, the choice of the depth of the RNA sequencing is the result of a tradeoff between the ability to obtain samples with good RNA quality at high concentration and the aims of the study regarding quantification and qualification of the molecular targets. Despite following the same protocol, RNA inputs for CSF-cNs were much lower than for nHCs probably due to a more difficult access of CSF-cN cells. To enable RNA sequencing of CSF-cNs, we used a cDNA library preparation kit adapted to very low amounts of RNA. The use of this kit comes however with the main inconvenient of generating much waste for the analysis. For this reason, the CSF-cN sequencing yielded dramatically lower depth than nHCs: a higher total number of reads per sample (66 versus 40 million) led to a smaller dataset (~200 upregulated candidates versus ~2000). The constant improvement of the sequencing kits with the emergence of single cell RNA sequencing should enable a more sensitive transcriptome analysis of CSF-cNs in the near future. It would notably provide insightful information about channels and receptors potentially not detected in our first analysis due to low expression levels.

One last thing to be considered when performing bulk RNA sequencing is the potential for contamination of the population of interest by other cell types. This is true for protocols based on FACS, but also tissue dissection and immunoprecipitation. This issue is primarily addressed ahead with 1/ the choice of labeling and stage after characterization of the available tools, 2/ a comparison of gene expression levels between 'green' and 'dark' populations by qPCR for specific markers of either the cell type of interest or unwanted neighboring cells. Results from qPCR indicate possible contamination with floor plate in the case of CSF-cNs and solitary chemosensory cells in the case of nHCs.

B. Validating and making sense of the RNA sequencing dataset

Validation of the RNA sequencing dataset. Several methods can help assess the validity of transcriptome datasets resulting from RNA sequencing. As a first checkpoint, we made sure that we found the expected markers known to be specific or enriched in the cells of interest to be also up-regulated in our list. When other datasets are available, the obtained gene expression profile can be further compared to already published ones. We were able to verify the detection of most of the known genes expressed in nHCs in out transcriptome dataset. However, our transcriptome analysis of CSF-cNs was, to our knowledge, the first performed on these cells and very little was known about the genes they express. Due to the lack of antibodies for most markers in zebrafish, we turned to fluorescent in situ hybridization combined with immunohistochemistry to verify the expression of several candidate genes found as the most up-regulated in our dataset. A lab effort of validation on CSF-cN transcriptome to test the expression of 42 genes revealed ~80% accuracy. The same validation for nHC enriched populations is ongoing and should address the concern of the possible contamination by solitary chemosensory cells. In situ hybridization is a privileged but challenging technique. Due to probe penetration issues, better signal to noise ratio can be obtained in whole-mount zebrafish 24-hpf embryos compared to 3-dpf larvae. In addition, genes expressed at low levels but of interest might fall below detection threshold allowed by classical ISH protocols. To solve this issue, we are currently collaborating with the ICM histology facility to optimize the RNAscope technology (ACDBio) on whole-mount zebrafish embryos and larvae. The RNAscope technique will hopefully provide quantitative and sensitive detection of RNAs expressed at low levels as typically observed for receptors.

What does RNA sequencing data teach us?

Once the RNA sequencing analysis validated, candidates can be confidently selected from the list of up-regulated genes. Within the framework of my PhD project, my goal was to describe morphogenetic factors involved in the formation of the MSC apical extension. I selected a short list of candidates for CSF-cNs based on their known role in cell polarity and actin organization in various parallel actin bundle-based structures, such as filopodia or HC stereocilia. This strategy of selecting candidates according to previous knowledge comes with the advantage of being safer but leaves aside unknown factors that are maybe of critical relevance for the question. CSF-cNs constitute a mixed population of functionally and morphologically distinct cells, arising from two different progenitor domains (Djenoune et al., 2017). Our available tools did not enable us to distinguish the two CSF-cN subpopulations and we performed bulk RNA sequencing on all CSF-cNs. Interestingly, the transcriptome dataset has helped unraveling specific markers to differentiate the two CSF-cN subpopulations as revealed by in situ hybridization. Our results opened the way to further investigate the distinct functions of the two CSF-cN subpopulations and supplied genetic tools to target either one of these subtypes. One of the main advantages to perform transcriptome analysis resides in providing researchers with rich datasets of genes to investigate. In the study of a particular phenotype, one way to select the most promising candidate(s) is to undertake a screening approach. Rapid reverse genetic screening can be achieved in zebrafish using the CRISPR/Cas9-mediated genome editing technique that was proven to be a powerful tool to target several genes at once [START_REF] Shah | Rapid reverse genetic screening using CRISPR in zebrafish[END_REF]. Recent studies demonstrated that CRISPR could support rapid reverse genetic screening by following a multiplexed, intersectional-pooling strategy where the effects obtained for pools of several mutated genes are intersected [START_REF] Shah | Rapid reverse genetic screening using CRISPR in zebrafish[END_REF]. Often, unexpected molecular determinants can be discovered, bring new questions and fuel new theories. Both our datasets provided us with novel genes to investigate and revealed novel functions of CSF-cNs and nHCs (Fig. [START_REF] Wyart | Optogenetic dissection of a behavioural module in the vertebrate spinal cord[END_REF][START_REF] Jalalvand | Laterally projecting cerebrospinal fluid-contacting cells in the lamprey spinal cord are of two distinct types[END_REF]. Together, they supported the creation of several projects in the team to explore novel cell functions.

C. Caveats of functional analysis

RNA sequencing participates to the increasing use of reverse genetics: lists of candidate genes found up-regulated in cell populations of interest are investigated for phenotypic effects through loss of functions. Several caveats have recently emerged in the community regarding knock-out/knock-down methods used to explore gene functions.

The debate of transient versus stable loss of function.

For nearly 20 years, a widely used approach relied on antisense RNA technologies, especially morpholino antisense oligonucleotides [START_REF] Nasevicius | The zebrafish as a novel system for functional genomics and therapeutic development applications[END_REF]. The antisense techniques have proven to be successful in many cases over the last two decades and were first adopted enthusiastically. Despite successes, difficulties in interpreting morpholino-mediated knock-down results have to be acknowledged as morpholino were shown to have widespread side effects, mostly related to off-targets [START_REF] Eisen | Controlling morpholino experiments: don't stop making antisense[END_REF]. The emergence of targeted genome editing techniques during the past decade provided the community with a robust mean to efficiently mutate genes of interest and considerably boosted the reverse genetic screening field. The facile use of TALEN and CRISPR/Cas9 systems progressively supplanted transient and less specific antisense strategies. However, comparison studies of phenotypes obtained in morphants and mutants targeting the same gene revealed striking discrepancies [START_REF] Kok | Reverse genetic screening reveals poor correlation between morpholino-induced and mutant phenotypes in zebrafish[END_REF]. A majority of the mutants exhibited no or milder phenotype compared to morphants, further suggesting that we still do not fully understand the fundamental mechanisms underlying the observed phenotypes.

The issue of genetic compensation induced by deleterious mutations. Discrepancies between morphant and mutant phenotypes revived the concern about off-target effects of knock-down reagents. Consequently, the use of morpholino antisense oligonucleotides was first seriously reconsidered and dropped in favor of targeted gene disruption technologies. However, recent studies made the community reevaluate the systematic use of genome engineering techniques. They demonstrated that the milder effects observed for genetic mutations could be explained by genetic compensation, which does not occur in transient gene knock-downs [START_REF] Rossi | Genetic compensation induced by deleterious mutations but not gene knockdowns[END_REF]. Genetic compensation occurred by the up-regulation of one or more related genes, whose functions can compensate for the mutated one. Further investigation showed that paralogs or family members were transcriptionally up-regulated in mutants and played the role of 'adapting genes' [START_REF] El-Brolosy | Genetic compensation is triggered by mutant mRNA degradation[END_REF]. Studies based on reverse genetics need to not underestimate either the lack of specificity associated to antisense strategies or genetic robustness occurring in mutants. These issues can be overcome by running appropriate and sensitive controls and crossanalyzing phenotypic results obtained with different but complementary techniques.

The issue of functional redundancy. Gene duplication provided cells with different paralogs, hence additional means of compensation to face loss of functions. Thus, the depletion of these different paralogs exhibiting overlapping functions might be necessary to effectively observe phenotypes informative about the studied gene's function(s). In zebrafish in particular, an additional gene duplication event subsequent to the divergence of teleost fish from the rest of vertebrates increased the number of paralogs, hence the potential for genetic compensation.

II. MORPHOGENETIC FACTORS OF CSF-CNS

The transcriptome analysis of CSF-cNs revealed a number of genes of interest to investigate the molecular mechanisms underlying the development of the microvilliated apical extension. I focused my investigations on two of the most enriched actin-binding proteins: Espin (3 rd most upregulated) and Myo3b (4 th most upregulated). In this section, I will first discuss the results on functional analysis of these genes, and then the potential for other candidate genes whose study is on-going.

A. The Espin-Myo3b interaction and the lengthening of microvilli in CSF-cNs

My results demonstrated the specific expression of Espin and Myo3b proteins in CSF-cNs in the spinal cord with a strong enrichment at the microvilliated apical extension. The study of the espin mutant highlighted the importance of the actin-bundling activity of Espin to enable the proper lengthening of the microvilli formed by CSF-cNs. The expression of a dominant-negative form of Myo3b showed similar microvilli length defects associated with the loss of Espin at the apical extension. These results extend the demonstrated role of Espin in HC to CSF-cNs and the importance of its interaction with Myo3b as previously described in culture cells and in mouse HC stereocilia (Merritt et al., 2012;[START_REF] Liu | Myosin III-mediated cross-linking and stimulation of actin bundling activity of Espin[END_REF].

Which Espin isoforms are expressed in CSF-cNs?

In rodents, Espin proteins come in four major isoforms of various lengths depending on different transcriptional start sites (Chen et al., 1999). This is, to our knowledge, the first study of Espin in zebrafish in which the existence of multiple isoforms has not been demonstrated. This could be tested by first trying to distinguish between short and long Espin isoforms by testing their immunoreactivity using specific antibodies described in literature. Western blots of dissected CSF-cN-containing tissues (for example the skinned trunks of zebrafish larvae where the only Espin-positive cells would be CSF-cNs) would enable the clear differentiation between the different isoforms according to their size. The role of Espin was mainly investigated in HC stereocilia where espin mutations lead to hearing defects (Zheng et al., 2000). In rat HC stereocilia, fine kinetic analysis of Espin expression showed that different isoforms were associated with different steps of the formation of the hair bundle (Sekerková et al., 2006). Therefore, it would be interesting to investigate the possibility that different isoforms could also be associated with distinct steps of the development of the CSF-cN microvilliated apical extension. A simple approach would involve analysis of the temporal pattern of expression via western blots of dissected CSF-cN-containing tissues at different developmental stages.

Could Espin loss of function lead to more severe deficits at later stages? In deaf jerker mice, the loss of Espin function is associated with stereocilia morphogenesis defects resulting in altered length and width (Sekerková, Richter and Bartles, 2011). Thus, until the early postnatal period, HCs are still capable of developing actin protrusions, probably as a result of the first phase of actin bundling in the sequential model of parallel actin bundle formation (see Chapter 1, III.A). At the onset of hearing at P11 however, stereocilia in jerker mice start degenerating, soon followed by HCs (Zheng et al., 2000). A hypothesis to explain the dramatic stereocilia degeneration correlated with the onset of hearing is that the Ca 2+ -resistant cross-links built by Espin are necessary to stabilize the parallel actin bundles against depolymerization and mechanical insult. In the absence of Espin, CSF-cNs still form a microvilliated apical extension, but a shorter one. The effects of Espin loss in zebrafish spinal CSF-cNs resemble the phenotype described in HC stereocilia during the early postnatal period in jerker mice. During my PhD, I analyzed effects of Espin loss on CSF-cN morphology up to 6 dpf. However, we cannot exclude that more severe defects may be observed at later stages, when the Ca 2+ -resistant actin-bundling activity of Espin could be more critical. To test this hypothesis, I have conducted preliminary staining in one-month old juvenile fish to assess Espin expression and CSF-cN morphology. Unfortunately, the fluorescent labeling driven by pkd2l1 in the transgenic lines I used was mostly extinct at this stage, preventing any conclusive observation. A newly developed Pkd2l1 antibody in the lab (Sternberg et al., 2018) could now enable to observe Espin and Pkd2l1 by immunohistochemistry directly on cross sections from wild-type and espin mutant juvenile zebrafish. Alternatively, the detection of pkd2l1 mRNAs by fluorescent in situ hybridization could be combined to Espin immunohistochemistry.

What are the other actin-bundling factors expressed by CSF-cNs?

The analysis of the CSF-cN phenotype in the espin mutant showed that CSF-cNs are still capable of developing an apical extension in the absence of the Espin actin-bundling activity. This result suggests, consistently with the sequential model of the formation of parallel actin bundles, that CSF-cNs express at least one other actin-bundling factors responsible for the early step of actin filaments packing. We searched for all the known actinbundling factors in our transcriptomic dataset and found that fscn1b and pls1 were also expressed in CSF-cNs although not specifically enriched compared to the reference population. Interestingly, Pls1 (Plastin1) is the zebrafish counterpart of Fimbrin and Fscn1b (Fascin1b) an ortholog of Fscn2 in the mouse. Thus one could imagine a similar sequence of events in the CSF-cN microvilli than in the HC stereocilia with: first, the transient expression of Pls1 to enable the loose packing of actin filaments; second, the stable expression of Espin to further pack the bundle more tightly in a Ca 2+ -resistant fashion, the structure being stabilized by Fscn1b. Further investigation is needed to describe other actin-bundling factors expressed by CSF-cNs and the role they play in the development of the microvilliated apical extension. Our transcriptomic results suggest that these two factors are not specific to CSF-cNs but are largely expressed in other cells as well. The expression of our two candidates, Pls1 and Fscn1b, should thus first be verified by in situ hybridization or, ideally, by immunohistochemistry to localize the proteins in the cell. Because of the relative unspecific expression of these two factors, it is likely that knock-out or antisense technologies will result in complex phenotypes resulting from impaired function in multiple cell types. An adapted strategy would be designed in order to inactivate their function in CSF-cNs specifically.

What is the role of Myo3b?

In rodents, Myo3b was shown to interact with Espin and to enhance actin-bundling activity in stereocilia (Salles et al., 2009;Merritt et al., 2012;[START_REF] Liu | Myosin III-mediated cross-linking and stimulation of actin bundling activity of Espin[END_REF]. The transcriptomic analysis of CSF-cNs revealed that myo3b was also strongly up-regulated. As for Espin, immunostaining against Myo3b revealed a pattern of expression specific to CSF-cNs in the spinal cord where it is enriched at the apical extension. Our first approach to temper with Myo3b function consisted in using a dominant-negative form of the protein in CSF-cNs. We reasoned that the expression of Myo3b truncated of its motor domain would titrate its normal interactors away from the endogenous full-length protein. We found that it resulted in shorter apical extensions associated with reduced or absent Espin staining. These results suggest that Myo3b is also necessary for the proper addressing of Espin to the CSF-cN apical extension where its actin-bundling activity is required. In order to confirm these results, we generated a stable mutant myo3b line using the CRISPR/Cas9 technology. Preliminary data confirm the mis-addressing of Espin to the apical extension but not the microvilli shortening observed both in the espin mutant and with the dominant-negative form Myo3b-DN. Further investigation of the mutant will be necessary to validate these results but it is possible that genetic compensation (see I.C) occurs in our mutant. Notably, one could imagine that Myo3a -that is usually not expressed in CSF-cNs (data not shown) -could be up-regulated in the myo3b mutant and compensate for the loss of Myo3b protein. Performing the immunohistochemistry against Myo3a in wild-type versus mutant sibling embryos/larvae would allow verifying whether the milder phenotype observed in the mutant is the result of this compensation.

B. How do CSF-cNs initiate the formation of actin-based protrusions?

The time-lapse imaging of CSF-cNs revealed the sequence of events leading to the elaboration of the CSF-cN apical extension. The analysis of CSF-cN transcriptome was complementary in providing candidate molecular factors potentially regulating each step. In the previous section, we discussed the role of Espin and Myo3b proteins in the elongation of CSF-cN microvilli. My work was also informative regarding earlier steps in the formation of parallel actin bundle-based protrusions and opened the way to revisit the long-standing question of their initiation. Below, I will discuss what we discovered studying CSF-cNs and the implications for other microvilliated sensory cell types.

Microvilli arise from an apical ring of actin. Our time-lapse imaging analysis revealed that F-actin is organized into an apical ring of actin prior to the arising of actin protrusions. Interestingly, a similar ring structure was observed to take place prior to the formation of stereocilia in nHCs (data not shown, courtesy of Prof. Katie Kindt). The initiation of microvilli is a long standing question in the field of MSCs. Our current working hypothesis is that the ring of actin serves as a platform to recruit actin nucleators/organizers and to promote the initiation of parallel actin bundles. This idea is further supported by the fact that similar structures, referred to as focal rings, were described in a large number of cells at the base of filopodia-to-be protrusions and constitute the initiation site of filopodial parallel actin bundles (Steketee, Balazovich and Tosney, 2001).

The role of cell polarity factors in establishing the ring of actin.

Analysis of multiple immunostainings demonstrated that the ring of actin colocalizes with several markers of the CSF-cN apical junctional complexes (see Chapter 1, II.A). To explain the presence of the ring of actin at the apical side of the cell, we reasoned that polarity factors, known to be involved in the positioning of the AJCs, could take part in the formation of the ring. One of the polarity factors we found as enriched specifically in CSF-cNs is Crb1. Interestingly, we observed different patterns of expression for Crb1 in the two CSF-cN subpopulations later in differentiation (Fig. 2). This feature is unique among all the factors we investigated so far and places Crb1 as a good candidate to explain the morphological differences between the two CSF-cN subtypes (see Chapter 2, I.A and Annex). These observations reinforce the idea that polarity factors play a critical role in the establishment of the CSF-cN apical extension. To test Crb1 function in CSF-cNs, we designed specific guide RNAs to target the crb1 gene and generate a stable mutant line using the CRISPR/Cas9 genome editing technology. Heterozygous fish for the selected mutations are now ready to carry out an analysis of CSF-cN morphology in mutant versus wild-type larvae. This analysis should be performed with the concern that functional redundancy might be an issue here. Indeed, there are four paralogs of Crb1 in zebrafish and, although they were not found to be especially up-regulated in CSF-cNs, their expression by the cells might compensate for the loss of Crb1 function. Alternative strategies should thus be considered to gain access to informative phenotypes (see below, Cdc42). More generally speaking, the formation of the apical extension at the apical side by MSCs seems consistent with their sensory function. MSCs are part of cohesive, impermeable epithelial tissues forming a selective barrier with the extracellular environment. The projection of the apical extension breaks this barrier and enables MSCs to be in direct contact with the environment where they gather information. This singular position occupied by MSCs is nicely illustrated by the example of CSF-cNs. The ependymal tissue constitutes a barrier from the nervous system, a barrier only broken by CSF-cNs extending their microvilliated apical extension directly into the CSF.

Is the initiation of microvilli supported by Baiap factors?

Our transcriptome analysis of CSF-cNs yielded useful information about the up-regulated expression of two Baiap factors, Baiap2a and Baiap2l1b. In the literature, Baiap family members (also known as the IRSp53 family) are described as regulators of the formation of filopodia through their dual role in sensing/inducing membrane curvature and organizing actin cytoskeleton (Scita et al., 2008;Zhao, Pykäläinen and Lappalainen, 2011). Our in situ hybridization results confirmed the specific expression of Baiap2a and Baiap2l1b by CSF-cNs at least transiently at 24 hpf, coinciding with the onset of microvilli arising. Based on the current understanding of their biological functions and the description of their interaction with long Espin isoforms (Fig. 9) (Sekerková et al., 2003), Baiap members thus appear as good candidates to enable the protrusion of microvilli in CSF-cNs. To test this hypothesis, we generated a transgenic line where the expression of a dominant-negative form of all Baiap members (IRSp53-DN) is controlled by the pkd2l1 promoter with the UAS/Gal4 system. We will analyze CSF-cN morphology when the cells express IRSp53-DN. Alternatively, we can generate mutants using the CRISPR/Cas9 technology as previously done for other factors with the concern of compensation due to the presence of numerous Baiap paralogs. To our knowledge, my work constitutes the first description of Baiap factors being expressed in MSCs.

Cdc42, a factor to rule them all.

A common feature of polarity factors like Crb1 and membrane sensors like Baiap factors is that they are regulated by Cdc42. Cdc42 is a small Rho GTPase shown to be a key regulator of cell polarization (Margolis and Borg, 2005;Campanale, Sun and Montell, 2017) and a major promoter of filopodia formation through its interaction with IRSp53 (Krugmann et al., 2001). In addition, a downstream effector of Cdc42 is the Arp2/3 complex, an actin nucleator behind branched actin networks. Although Cdc42 did not appear as up-regulated in CSF-cNs, which is explained by its ubiquity and its post-translational regulation, we can predict that Cdc42 orchestrates the initiation of actin-based protrusions by regulating and recruiting various key organizers at the apical side of the cell. Cdc42 would support the coordination of seemingly interconnected events to enable the arising of microvilli: 1/ cell polarization and establishment of the AJCs (with Crb1), 2/ the formation of the ring of actin at these complexes, 3/ the recruitment of actin nucleators (such as the Arp2/3 complex) to Factin at the ring, 4/ the initiation of actin filaments and, finally, 5/ their protrusion supported by the generation of negative membrane curvature (via Baiap factors). In order to test the central role of Cdc42 in the generation of CSF-cN actin protrusions, it is critical to knock it out only in CSF-cNs. A dominant-negative form under the control of the pkd2l1 promoter seems to be optimal to avoid unspecific or secondary phenotypes. The generation and testing of such dominant negative form is currently on-going in the lab.

Does the initiation of CSF-cN microvilli follow the 'convergent elongation' model?

In the line of the hypothesis that Cdc42 is the conductor of the initiation of microvilli, the actin nucleator responsible for the formation of new actin filaments would most likely be the Arp2/3 complex. Thus, it would be interesting to check the expression and localization of the Arp2/3 complex in CSF-cNs, especially at critical stages when actin protrusions arise from the ring of actin. According to our transcriptome dataset, all components showed high expression levels in CSF-cNs, but as in the reference population. Qualitative information about the localization of the complex in CSF-cNs, can be obtained by performing immunohistochemistry. Several commercial antibodies targeted against different subunits of the complex have been used in mouse and human tissues but, to our knowledge, never tested in zebrafish. An immunohistochemistry protocol could be optimized to use these antibodies in order to detect proteins of the Arp2/3 complex in zebrafish at 24 hpf. The Arp2/3 complex is best known to underlie the generation of branched actin networks and not parallel actin bundles as seen in microvilli and filopodia. However, a fine kinetic analysis of the formation of filopodia in culture cells showed that actin filaments could form parallel bundles from a branched network following a 'convergent elongation' model (Svitkina et al., 2003) (see Chapter 1, III.A). In addition to testing the presence of the Arp2/3 complex, one could imagine a similar kinetic approach with highresolution imaging to follow the organization of F-actin at early stages of CSF-cN morphogenesis.

Eventually, the better understanding of the molecular determinants underlying the morphogenesis of the CSF-cN apical extension should provide us with novel genes to manipulate its formation and investigate its role in the sensory functions of the cell. Altogether, these observations enabled us to associate specific candidate factors with each step of the formation of the CSF-cN apical extension leading to our current working model to explain the elaboration by the cells of their sensory organelle (Fig. 21). 4) Finally, Espin mediates the elongation, widening and tight packing of the bundles. Fascin2b could potentially be involved in the stabilization of the structure. All the factors that we described to be expressed in CSF-cNs are indicated in bold dark blue and their functional analysis is on-going. The factors indicated in grey are candidates that would be interesting to investigate in CSF-cNs to unravel the molecular mechanisms of morphogenesis. In the absence of Espin in espin icm26/icm26 mutant larvae, the shorter apical extension of CSF-cNs is associated with reduced mechano-response.

III. THE ROLE OF THE APICAL EXTENSION IN THE CSF-CN SENSORY FUNCTION

My results demonstrated that CSF-cNs with shorter apical extensions, as a result of the loss of Espin function, showed reduced sensory-mediated activity in response to passive tail-bending (Böhm et al., 2016).

Does size matter?

To analyze the consequences of the loss of Espin function on the sensory function of CSF-cNs, we took advantage of a previously described assay in the lab to test the mechanosensitivity of the cells (Böhm et al., 2016). This previous work showed that CSF-cNs respond to mechanical stimuli produced by the tail bending of 4 to 5-dpf larvae. Subsequent work showed that isolated CSF-cNs are also mechanosensory in vitro (Sternberg et al., 2018). Both works demonstrated that the CSF-cN mechanoresponse is Pkd2l1-dependent. In the analysis of the espin mutant, we found that CSF-cNs still displayed a response to mechanical stimulus but largely reduced compared to wild-type siblings. We correlated this impaired, but still present, activity to the shortening of the CSF-cN apical extension observed in our mutant. Detection of Pkd2l1 protein by immunohistochemistry showed that the channel was still expressed by mutant CSF-cNs at their apical extension, rejecting the hypothesis that the diminished response is due to Pkd2l1 mis-localization away from the apical extension. As there is a correlation between the size of the apical extension and the amplitude of the mechanosensory response, our current working hypothesis is that there is a direct link between the size of the apical extension and the sensory function. The surface presented by the apical extension could condition the number of channels present at the microvilli and therefore constitute a limiting factor. Further investigation is necessary to test these hypotheses and establish the underlying mechanisms. We will collaborate with Adeline Ort Del'Immagine in the team to perform electrophysiological recordings on the Pkd2l1 channel in CSF-cNs from espin mutant embryos and control siblings. If channel properties are not affected, Adeline can investigate the mechanosensory function of mutant cells in vitro by applying direct mechanical stimulation. Another possibility is that the structure of the apical extension itself is critical to enable the detection of the mechanical stimulus to its full extent, for example by deflection of the microvilli. In this case, the shortening of CSF-cN apical extension may have implications for their mechanosensory functions but not for their chemosensory ones.

Does the espin mutation impair the CSF-cN chemosensory functions?

The assay we used to test CSF-cN function in the espin mutant only gave us access to the mechanosensory response of the cells. Work from our lab and other teams demonstrated that CSF-cNs also respond to pH and osmolarity changes (Orts-Del' Immagine et al., 2012Immagine et al., , 2016;;Böhm, 2016;Jalalvand et al., 2016). More investigation of the chemosensory response in our espin mutant is needed to further complete the study of the functional consequences of the loss of Espin through the morphological defects observed in CSF-cNs. The optimal approach would be to measure CSF-cN responses upon pH or osmolarity changes in vitro, on cultured cells from espin mutant fish versus wild-type (Böhm, 2016;Sternberg et al., 2018).

What is the role of the cilium in the sensory function? One interesting question is the role of the kinocilium in the sensory function of CSF-cNs. The primary cilium formed by CSF-cNs is motile and surrounded by the actin-based protrusion at the apical side of the cells (Böhm et al., 2016). The role of cilia in sensory function constitutes a great field of investigation in the research area of sensory systems. Several types of sensory cells display a ciliated apical extension to collect sensory stimuli (Table 1) and some MSCs bear a cilium within their microvilliated apical extension. In iHCs, the kinocilium supports the elaboration and orientation of the staircase pattern of stereocilia during development before degenerating (see Chapter 1, II.B). In zebrafish nHCs, the kinocilium is retained at the apical side of the cells and was implicated in immature mechanosensory activity (Kindt, Finch and Nicolson, 2012). So far, the putative role of the CSF-cN motile cilium has not been studied. Across experiments during our analysis of CSF-cN morphology in the espin mutant, we frequently observed one membrane protrusion standing out of the shortened apical extension, which we assumed to be the cilium. We however never used a specific cilia marker and it would thus be interesting to verify its structure and motility in the espin mutant. This verification could be achieved by performing immunohistochemistry using the anti-α-acetylated tubulin antibody or anti-GFP in fixed Tg(β-actin:arl13-GFP) transgenic animals. Eventually, to obtain a more complete picture of the sensory role of the different structures present at the apical side -microvilli and cilium -we need to build tools allowing distinguishing both. In the espin mutant, the actin-based protrusions are impacted but, a priori, not the cilium. The use of dominant negative forms or the generation of mutant lines targeting specific cilia factors, for example kinesins involved in the intraflagellar transport, should produce apical extensions bearing microvilli but no cilium.

IV. SO, HOW DO CSF-CNS COMPARE TO OTHER MICROVILLIATED SENSORY CELL TYPES?

A common cell factory to support the elaboration of a functional microvilliated sensory organelle. My work shed light on the basic principles underlying the formation of a functional sensory organelle by CSF-cNs. My results highlighted important similarities at the level of the molecular mechanisms underlying the establishment of the microvilliated sensory apical extension of CSF-cNs with the thoroughly studied HCs. Notably, my results converge to demonstrate that CSF-cNs similarly rely on the interaction between Espin and Myo3b to ensure the proper lengthening of their actinbased protrusions. Furthermore, my observations as a whole indicate that the shape of the apical extension is as critical for the CSF-cN sensory function as mechanosensory transduction in HCs. In the light of my results and our current understanding of the different MSC types, my hypothesis is that some of these basic principles are shared between MSCs constituting a common molecular factory underlying the making of a functional microvilliated apical sensory organ.

Revisiting the polymodality of MSCs with genome-wide analysis. Our genome-wide approach aiming at analyzing the transcriptome of two types of MSCs, CSF-cNs and nHCs, provided rich datasets that revealed the polymodality of the two cell types. CSF-cNs express Pkd2l1, a member of the transient receptor potential channel family, already known to be involved in various sensory modalities (Damann, Voets and Nilius, 2008). The transcriptome dataset of CSF-cNs revealed that CSF-cNs also express a great number of secreted peptides, receptors and channels involved in physiological functions as diverse as immunity, inflammation, and feeding. Interestingly, our analysis of the transcriptome of nHCs, long-known for their mechanosensory responses, confirmed expected mechanoreceptors and revealed putative novel chemosensory functions via the expression of numerous receptors for serotonin or commonly attributed to ORNs and TRCs. Functional analysis to test the response of nHCs to chemical cues are on-going in the lab, together with validation experiments to confirm the expression of the detected chemoreceptors by in situ hybridization. Detection of external chemical cues by neuromasts would provide zebrafish larvae with an additional sensor ideally located on the body to collect information from the environment. The idea that MSCs might actually carry polymodal sensory functions is further documented by the example of solitary chemosensory cells. Solitary chemosensory cells are found scattered throughout epithelial tissues and were first related to the two main chemosensory systems, taste and olfaction [START_REF] Sbarbati | The taste cell-related diffuse chemosensory system[END_REF]. Recent work nicely demonstrated that SCCs could also serve as sentinels and alarm systems by detecting bacterial compounds in the lungs and respiratory tracts in mammals [START_REF] Finger | Solitary chemoreceptor cells in the nasal cavity serve as sentinels of respiration[END_REF][START_REF] Lee | Bacterial D-amino acids suppress sinonasal innate immunity through sweet taste receptors in solitary chemosensory cells[END_REF]. Together, these results open the discussion to reconsider the generally admitted sensory functions attributed to specific MSCs.

Towards a theory where MSCs share a common polymodal ancestor. Revisiting polymodality in MSCs and discussing the existence of a shared factory to produce microvilliated sensory organelles, my hypothesis is that MSCs could have evolved from the same multifunctional ancestor cell. This common ancestor could have either been a bipolar protoneuron bearing microvilli and a primary cilium at its apical side, in which case sensory receptor cells such as HCs and TRCs would have lost the ability to grow an axon, or a cell resembling Choanoflagellates, in which case sensory neurons such as CSF-cNs and vORNs would have later acquired neuronal properties [START_REF] Arendt | The evolution of cell types in animals: Emerging principles from molecular studies[END_REF]. In both cases, each MSC would have evolved to specialize towards one preferred sensory modality but retained abilities to perform others. According to this theory, MSCs would have inherited both the factory to build a microvilliated sensory organelle and a diversity of sensory functions from their common ancestor. The MSC polymodality would be the result of subsequent functional segregation (i.e. the distribution of functions among descendant cells) in parallel to functional divergence (the modification of the retained functions) and the acquisition of novel functions [START_REF] Arendt | The evolution of cell types in animals: Emerging principles from molecular studies[END_REF]. Altogether, my results have provided critical insight into MSC polymodality and shared morphogenetic factory, favoring the theory that MSCs are evolutionarily related and provided means to address this question. The cerebrospinal fluid (CSF) is a complex solution circulating around the central nervous system (CNS). It has classically been assumed that the CSF ensures the homeostasis of the CNS 1 . Multiple studies indicate that the CSF also conveys signals affecting the development and output functions of the CNS, such as feeding, sleep, and locomotion 2-6 . These observations suggest that chemical or mechanical cues from the CSF may act on neurons in the brain and spinal cord. Cerebrospinal fluid-contacting neurons (CSF-cNs) are precisely located at the interface between the CSF and the neuronal circuits 7, 8 . In the vertebrate spinal cord, CSF-cNs reside around the central canal 9-15 and project an apical extension in contact with the CSF 8, 16-18 and have a locally-projecting axon 14, 19, 20 that contacts other spinal neurons 12, 15, 21 .

One essential step to understand spinal CSF-cN functions lies in identifying specific markers for these cells. In this regard, the polycystic kidney disease 2 like 1 (PKD2L1) channel also called TRPP3 22 , which belongs to the Transient Potential Receptor (TRP) family, appears as a robust candidate to label CSF-cNs 11, 13, 23, 24 . PKD2L1, originally identified as the sour taste receptor in the taste buds, has been found in the spinal CSF-cNs of mouse 11, 13, 25, 26 , zebrafish and macaques 13 . The opening of the PKD2L1 channel is modulated by variations in pH 27 and osmolarity 28 . Although the physiological variations of pH and osmolarity in the CSF are not well known, these observations suggest that CSF-cNs could be interoceptors modulated by chemical and/or mechanical cues from the CSF 23 .

There is evidence that spinal CSF-cNs do not constitute a homogeneous population of neurons. In particular, these cells originate from distinct progenitor domains and are specified differentially by several cascades of transcription factors 26, 29-32 . In zebrafish, CSF-cNs are subdivided into the ventral population, referred to as KA", originating from the progenitor domain p3 and a dorsal population, referred to as KA' , originating from pMN 29, 30 . In mouse, spinal CSF-cNs were recently shown to originate from the p3 and p2 progenitor domains 26 . In addition, some secreted compounds have been previously reported in a restricted number of spinal CSF-cNs, such as the somatostatin 33, 34 or serotonin 35, 36 .

The zebrafish has emerged as an ideal model organism to study the development 13, 29, 30 , the morphology and physiological roles of CSF-cNs in vivo due to its transparency at early stages 12, 15, 37 . Yet, few functional markers of CSF-cNs related to their sensory or secretory functions have been identified in this species. Here, we investigate whether the two types of spinal CSF-cNs defined by distinct developmental origins can be discriminated by morphology, projection on neuronal targets and expression of secreted compounds. Using a quantitative measure of cell shape, we show that ventral and dorsal CSF-cNs have differently shaped apical extensions as well as different axonal projections and consequently project onto distinct neuronal targets within the spinal cord. By electron microscopy (EM), we found that both populations of CSF-cNs exhibit large granular vesicles in accordance with secretory properties. We demonstrate that these two cell types express distinct modulators and peptides: while ventral CSF-cNs transiently express serotonin, dorsal CSF-cNs express the sst1.1 somatostatin paralog. We observed that the Pkd2l1 channel is not required for the differentiation of CSF-cN axonal projections, for the expression of serotonin or somatostatin. Altogether, our results show that spinal CSF-cNs constitute two distinct functional cell types that differ in apical and axonal morphology, neuronal targets within the spinal cord as well as in the transient expression of secreted compounds.

Results

CSF-cNs are neurosecretory cells with an apical extension into the central canal.

We characterized CSF-cN ultrastructure in transverse sections of the 2.5 days post fertilization (dpf) zebrafish spinal cord by transmission electron microscopy (TEM). Without specific markers, we observed cells around the central canal that bore an apical extension with microvilli (Supplemental Fig. 1). To demonstrate these cells were CSF-cNs, we transiently expressed the engineered genetically-encoded peroxidase APEX2 under the pkd2l1 promoter (see Materials and Methods, Supplemental Fig. 2). In APEX2-TagRFP + larvae, we performed diaminobenzidine (DAB) staining (see Material and Methods, and Supplemental Fig. 3). DAB was detected only within CSF-cNs in the spinal cord, making the cells appear darker (Supplemental Fig. 3b). The specific DAB staining (Figs 1 and 2) revealed that CSF-cNs were either round (Figs 1a and 2a-b) or pear-shaped (Fig. 1b). Ventral and dorsal CSF-cNs bear an apical extension with several microvilli directed toward the lumen of the central canal (Figs 1c and2c). Among actin-based microvilli, we observed, as previously described in one cell 37 , a single cilium directed toward the CSF (Fig. 1d, n = 12 ventral CSF-cNs, Fig. 2d, n = 3 dorsal CSF-cNs). This cilium bears two central microtubule singlets along the axoneme (Figs 1d and 2d-e), often seen in a kinocilium 38, 39 . In APEX2 + CSF-cNs, we observed large granular vesicles (Figs 1e and 2f), suggesting that these cells either release or uptake peptides or neuromodulators into or from the CSF. Interestingly, we observed one axo-somatic symmetric synaptic contact at the basal pole of a CSF-cN (Fig. 1f), suggesting that CSF-cNs receive inhibitory synaptic inputs. Indeed, asymmetric synapses usually contain glutamate, are non-GABA immunoreactive and are therefore considered excitatory, while symmetric synapses contain GABA and are considered inhibitory 40-42 . Altogether, our TEM data show that both populations of CSF-cNs exhibit properties of sensory and secretory cells.

CSF-cNs display different shapes of apical extensions and axonal projections.

As a quantitative analysis of CSF-cN morphology is difficult using serial EM, we turned to fluorescence for a quantitative comparison of the apical extension and the axonal projections of dorsal and ventral CSF-cNs. First, we tested whether these cells differ in the morphology of their apical extension. We investigated the shape of the CSF-cN apical extension by labeling the membrane of CSF-cNs in Tg(pkd2l1:Gal4;UAS:TagRFPCAAX;cmlc2:eGFP)icm22 larvae or F-actin itself in Tg(pkd2l1:Gal4;UAS:LifeAct-GFP;cryaa:V)icm28 larvae or larvae transiently expressing (pkd2l1:Gal4) and (UAS:LifeAct-TagRFP;cryaa:C). Using these different approaches, we found that the shape of the apical extension differs between ventral and dorsal CSF-cNs at 3 and 6 dpf (Fig. 3a,b and Material and Methods). The apical extension of dorsal CSF-cNs (Fig. 3a,b) was more extended along the border of the central canal than for ventral cells (Fig. 3a,b). The apical extension in ventral CSF-cNs was overall more compact with a small proportion displaying a more extended apical extension similar to dorsal CSF-cNs (13.3%, n = 6 out of 45 ventral CSF-cNs, Fig. 3a, empty arrow). Next, to assess whether ventral and dorsal CSF-cNs differ in their axonal projections, we injected the (pkd2l1-TagRFP) DNA construct to label single cells (Supplemental Fig. 4a) and reconstructed their axon (Fig. 3c, Supplemental Fig. 4b,c). All CSF-cN axonal projections were ventral, ipsilateral and ascending, yet they were heterogeneous along the rostrocaudal axis of the spinal cord (n = 54, Fig. 3c). We measured significant differences between the axonal projections of the two populations of CSF-cNs in terms of the area of the axonal arborization, the length of the axon, the dorso-ventral coverage within the spinal cord and the number of axonal branches (Fig. 3d). The larger axonal length, arborization and number of branches in ventral CSF-cNs compared to dorsal cells suggest these ventral cells possibly differentiate before dorsal ones. Nonetheless, the fact that the dorsal and ventral populations of CSF-cNs project on different domains along the dorso-ventral axis of the spinal cord suggests that these two populations may target different neuronal types within the ventral spinal cord.

Distinct neuronal targets for ventral and dorsal CSF-cNs within the spinal cord. Differences in the axonal projection of ventral and dorsal CSF-cNs suggest these cells may project onto distinct targets within the spinal cord. Our lab recently demonstrated that CSF-cNs project onto caudal primary (CaP) motor neurons and commissural primary ascending (CoPA) sensory interneurons within the escape circuit 43 as well as onto V0-v interneurons within the slow swimming circuit 15 . We investigated which CSF-cN type projects onto these targets using mosaic labeling in transgenic lines labeling CaP (Tg(parg mnet2 -GFP) 43, 44 ), V0-v (Tg(vglut2a:lox:DsRed:lox:GFP) 15, 45 ) or CoPA (Tg(tbx16-GFP) 43, 46 ). We observed that only ventral CSF-cNs form the stereotypical basket structure around the soma of CaP motor neurons (Fig. 4a, n = 7 out of 8 ventral CSF-cNs found projecting onto CaP and 0 out of 5 dorsal CSF-cNs). In contrast, we found only dorsal CSF-cNs contacting ventrolateral glutamatergic cells, putatively V0-v based on their location and our previous findings 15, 47-49 (Fig. 4b, n = 3 out of 3 dorsal CSF-cNs and 0 out of 5 ventral CSF-cNs). Interestingly, we observed that both ventral and dorsal CSF-cNs project onto CoPA sensory interneurons (Fig. 4c,d, n = 4 dorsal and 5 ventral CSF-cNs). Altogether, our observations demonstrate a complex connectivity pattern from CSF-cNs onto their neuronal targets in the spinal cord. While some targets receive projections from both CSF-cN types (such as CoPA sensory interneurons), others seem to only receive inputs from either ventral (CaP motor neurons) or dorsal (ventrolateral glutamatergic neurons, most likely V0-v interneurons) CSF-cNs.

Investigation of secreted compounds expressed in dorsal and ventral CSF-cNs. We tested whether ventral and dorsal CSF-cNs differentially express secreted compounds previously reported in a restricted number of CSF-cNs, namely somatostatin 14, 21, 33, 34 and serotonin 35, 36 . By taking advantage of pkd2l1 expression in CSF-cNs 13 , we used the Tg(pkd2l1:GCaMP5G)icm07 transgenic line to selectively target CSF-cNs 37 . We demonstrated the specificity of this line using fluorescent in situ hybridization (FISH) for pkd2l1 mRNA coupled to GFP immunohistochemistry (IHC) to amplify the endogenous GCaMP5G signal from 24 hours post fertilization (hpf) to 5 dpf (Supplemental Fig. 5).

In zebrafish, somatostatin immunoreactivity has previously been reported 12 , but 6 different paralogs exist (sst1.1, sst1.2, sst2, sst3, sst5 and sst6) 50, 51 . Testing the expression of all of them, we only detected expression of sst1.1 in CSF-cNs. Expression of sst1.1 was observed only in dorsal CSF-cNs (Fig. 5a,b, arrows) in the rostral part of the spinal cord, from segment 1 to 13 at 24, 48, 72 hpf and in the adult spinal cord (data not shown). Since sst1.1 had been reported as expressed transiently in motor neurons from 19 hpf until 55 hpf 52 , we showed using FISH for sst1.1 with GFP IHC in 24 hpf Tg(mnx1:GFP) embryos 53 that sst1.1 expression was excluded from motor neurons (Fig. 5c). Altogether, our results show that sst1.1 is expressed in dorsal CSF-cNs and absent in ventral ones at early stages and restricted as well to a subpopulation of CSF-cNs in the adult. Next, we tested whether zebrafish CSF-cNs were serotoninergic by performing double IHC for 5-HT and GFP on Tg(pkd2l1:GCaMP5G)icm07 embryos and larvae from 24 hpf to 72 hpf. At 24 hpf, no 5-HT immunostaining was detected in the zebrafish spinal cord (data not shown). At 48 hpf, we detected 5-HT in ventral CSF-cNs (Fig. 5d, arrowheads) in the rostral part of the spinal cord (from segment 1 to 24). This expression was restricted to a subset of ventral CSF-cNs (Fig. 5d). The proportion of 5-HT + CSF-cNs at 48 hpf decreased along the rostrocaudal axis of the spinal cord (segments 3 to 6: 88.6 ± 16.0%, 96 cells; segments 10 to 13: 73.2 ± 27.3%, 100 cells; segments 23 to 26: 31.2 ± 33.3%, 94 cells). At 3 dpf, although 5-HT was still expressed along the entire spinal cord in other cells, the staining was absent in CSF-cNs in the rostral spinal cord (Fig. 5e). In conclusion, dorsal CSF-cNs express sst1.1 while a subpopulation of ventral CSF-cNs population is transiently serotoninergic. Hence, these two populations originating from different progenitor pools differentiate into distinct cell types expressing specific secreted compounds. pkd2l1 null mutation does not impact on the differentiation of spinal CSF-cNs. We previously showed that the PKD2L1 channel is expressed in spinal CSF-cNs across multiple vertebrate species 13 and that the channel appears necessary to mediate detection of spinal bending by CSF-cNs in the larva 37 . In pkd2l1 mutants, we observed defects in locomotion that we interpreted as being caused by the lack of sensory responses in CSF-cNs 37 . To strengthen the conclusions of this previous study, we sought to precisely assess whether CSF-cNs develop properly in the pkd2l1 mutants. We found that in mutants, CSF-cNs were still GABAergic, ventral ones were still serotoninergic, that the number of CSF-cNs was not impacted, and that the morphology of their axonal projections was not different from WT (Supplemental Fig. 6). We also wanted to determine whether the functional connection between ventral CSF-cNs and CaPs 43, 54 was impacted and found that light-mediated activation of mutants CSF-cNs was still able to induce monosynaptic inhibitory postsynaptic currents in CaPs (Supplemental Fig. 7). Altogether, our results show that pkd2l1 is not required for CSF-cN differentiation.

Discussion

Spinal CSF-cNs were previously shown to originate from distinct progenitor domains characterized by distinct pools of transcription factors in the embryo 26, 29, 30 . Here we demonstrate that these two domains give rise to two cell types of CSF-cNs with probably distinct functional properties at the larval stages (Supplemental Fig. 8). First, the morphology of these two cell types differs both at the apical extension level as well as at the axonal level. Furthermore, we show that these differences in axonal projections lead to differences in neuronal targets reached in the spinal cord. Second, our ultrastructure data indicate that both ventral and dorsal CSF-cNs bear dense granules under the apical extension, suggesting possible roles in release or uptake of compounds from the CSF. We show that ventral and dorsal populations express distinct secreted factors, in particular 5-HT and sst1.1, during development. Finally we show that Pkd2l1 is not necessary for the differentiation of CSF-cNs. Altogether, our results demonstrate that the two cell types of CSF-cNs previously identified with different developmental origins segregate into distinct populations bearing specific functional properties.

Due to their peculiar apical extension contacting the CSF, it had been hypothesized that CSF-cNs may release compounds into the CSF 7, 55 . The presence of large granular vesicles (LGV) within CSF-cNs in our EM data, combined with expression of sst1.1 and 5-HT for dorsal and ventral CSF-cNs respectively, reinforces this hypothesis.

Previous works have shown that CSF-cNs are chemosensory 11, 24, 56, 57 as well as mechanosensory cells 37, 43, 58 . In zebrafish larvae, we previously showed that dorsal CSF-cNs respond to lateral bending of the spinal cord 37 while ventral CSF-cNs respond to longitudinal contractions 43 . The difference in shape of the apical extension between dorsal and ventral CSF-cNs may reflect a structural difference relevant for either their mechanosensory functions (direction of maximum sensitivity to bending of the tissue or CSF flow) or their secretory functions (with possibly larger surface area for dorsal CSF-cNs). There are indications that spinal CSF-cNs harbor different morphologies in other species as well. In rat, spinal GABAergic CSF-cNs were first classified into three subtypes according to the shape of their soma 59 . Four morphological types of CSF-cNs were then described based on the shape of their soma, their axonal projection, and on the expression of the peptide Met-Enk-Arg-Gly-Leu 60 . These indications together with our data reveal a high level of heterogeneity among spinal CSF-cNs. Future studies will investigate the role of CSF-cN structural differences in sensory and secretory functions.

Using a single cell labelling approach, we show that ventral CSF-cNs have on average a longer and broader axonal arborization and cover a higher dorso-ventral spinal cord range with more axonal branches than dorsal CSF-cNs. These differences in axonal projections suggest the two CSF-cN populations might have distinct targets within the spinal cord. We had shown that CSF-cNs form active GABAergic synapses onto glutamatergic descending V0-v interneurons 15 as well as CaP primary motor neurons and CoPA sensory interneurons 43 . Here we show that only ventral CSF-cNs form the characteristic basket-like contact onto CaP soma while we only found dorsal CSF-cNs contacting ventrolateral glutamatergic neurons, most likely V0-v interneurons 47-49 previously shown to receive inputs from CSF-cNs 15 . Interestingly CoPA sensory interneurons received innervation from both dorsal and ventral CSF-cNs. Our results suggest that targets of the slow swimming circuits receive innervation from dorsal CSF-cNs while targets of the fast swimming circuit receive innervation from ventral CSF-cNs, and sensory interneurons involved in processing feedback receive innervation from both ventral and dorsal CSF-sNs. Further investigations will be necessary to establish whether other targets of the slow and fast swimming circuits follow the same dichotomy, receiving inputs from dorsal and ventral CSF-cNs respectively.

Multiple markers have been found in subsets of CSF-cNs across vertebrate species: somatostatin 12, 14, 21, 33, 34 , dopamine 61-64 and serotonin 35, 36, 65 . The expression of most markers was reported in a restricted fraction of CSF-cNs. Here we tested whether some of these markers showed restricted expression patterns among CSF-cNs. We found that ventral CSF-cNs were at 48 hpf transiently serotoninergic as previously described in other species 35, 36, 65 in accordance with findings from Montgomery et al. 66 , in zebrafish. In addition, we demonstrated that, even at 48 hpf, not all ventral CSF-cNs expressed 5-HT. This suggests that there may be different subtypes of ventral CSF-cNs based on 5-HT expression. Moreover, Montgomery et al. 66 , also showed that the rate-limiting enzyme involved in 5-HT synthesis tryptophan hydroxylase 1 a (tph1a) 67, 68 is expressed in the ventral spinal cord at 24 and 48 hpf suggesting that ventral CSF-cNs could constitute a transient source of serotonin at early stages. One possible explanation for the disappearance of 5-HT in ventral CSF-cNs at later stages could be the emergence of descending fibers from 5-HT + neurons originating from the brainstem raphe nuclei from 48 hpf onwards 67 . 5-HT from descending fibers has been previously shown in mammals to suppress the monoaminergic expression of CSF-cNs 69-71 . The physiological relevance of the transient 5-HT expression among this ventral population of CSF-cNs remains to be elucidated.

Regarding the origin of somatostatin in zebrafish CSF-cNs, we found that among the six SST paralogs, sst1.1 was the only one expressed. We demonstrated that the expression of this gene is specific and restricted to the dorsal population of CSF-cNs, identifying for the first time a specific marker of dorsal CSF-cNs. We also demonstrated that this peptide is excluded from motor neurons contrary to what previous studies suggested 52 . The physiological relevance of sst1.1 expression by dorsal CSF-cNs is not known. In mammals and lamprey, it has been shown that somatostatin can reduce locomotor frequency 58, 72, 73 . The release of SST by dorsal CSF-cNs could impact the frequency of locomotor events along with the release of neuropeptides of the UII family, urp1 and urp2 by ventral CSF-cNs only 74 as previously suggested by the presence in coho salmon of a UII-like immunoreactive ventral population of CSF-cNs and a distinct somatostatinergic one 75 . Taken together, our results confirm that ventral and dorsal CSF-cNs express distinct peptides and neuromodulators. The transient nature of the expression of 5-HT suggest that it could have developmental roles to be further investigated.

Material and Methods

Animal care. Zebrafish (Danio rerio) adults and larvae were maintained and raised on a 14/10 hour light cycle. Fish lines used in this study are referenced in Table 1. Water was regulated at 28.5 °C, conductivity at 500 µS and pH at 7.4. All embryos and larvae under 6 dpf were anesthetized in 0.02% tricaine methane sulfonate (MS 222) (Sandoz, Levallois-Perret, France) and euthanized in 0.2% MS 222 prior to fixation. Experimental and animal protocols were approved by the Institut du Cerveau et de la Moelle Épinière in agreement with the French National Ethics Committee (Comité National de Réflexion Éthique sur l'Éxpérimentation Animale; 
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Figure 1 .

 1 Figure 1. Morphological and functional properties of four microvilliated sensory cells (adapted from different sources) In the 'Microvilliated apical extension' section, l = length, and w = width.

Figure 2 .

 2 Figure 2. Elements of mechanotransduction in hair cells(adapted from(Michalski and Petit, 2015; Zhao and Müller, 2015)) A, Current model of the tip-link complex involved in mechanotransduction. The tip link is constituted of homodimers of CDH23 and PCD15 and is anchored to the neighbour stereocilium membrane through the ternary complex formed by harmonin, Myosin-VIIa (MyoVIIa) and SANS. Although the molecular nature of the mechanotransduction channel remains elusive, TMC1 and TMC2 are strong candidates. The channel is thought to interact with the PCDH15 homodimer, hence the basal end of the tip link, through LHFPL5 and TMIE. B, Illustration of the mechanotransduction induced in hair cells. Due to vibrations generated by incoming sound waves along the basilar membrane, shearing movement occurs between the basilar membrane and the tectorial membrane and stereocilia are displaced. Tension applies to tip links which opens mechanotransduction channels. This sequence of events results in the entry of K + from the K + -rich endolymph surrounding stereocilia.

Figure 3 .

 3 Figure 3. The sophisticated organization of the ear (adapted from different sources) A, Incoming sound waves are channeled through the external ear to reach the tympanum attached to the ossicles of the middle ear. Airborne vibrations are transmitted through the ossicles to the inner ear where they are transformed into electrical signals by specialized sensory receptor cells, the hair cells. B, Transversal section of the cochlea, the fluid-filled hearing end-organ. The cochlea is a continuous duct divided into three compartments where lies the sensory organ responsible for hearing, the Organ of Corti. C, The Organ of Corti lies on the basilar membrane that conducts vibrations throughout the entire cochlea: the membrane resonates at a particular location in the cochlea depending on the vibration frequency. The Organ of Corti contains two types of receptor sensory cells: outer and inner hair cells. Hair cells extend stereocilia at their apical surface; the shearing movement between the basilar membrane and the tectorial membrane induced by incoming vibrations results in the deflection of the hair cells' bundles. Inner and outer hair cells are innervated by afferent fibers (not shown for outer hair cells), spiral sensory neurons, that transmit the signals to the CNS.

Figure 4 .

 4 Figure 4. Apico-basal polarity and apical junctional complexes in epithelial cells A, Mutually exclusive complexes control the establishment of cell apico-basal polarity and functionally different domains (adapted from (St Johnston and Sanson, 2011)) B, Adherens junctions are responsible for cell-cell adhesion and cohesion of the tissue. They rely on homophilic interactions between cadherins. Cadherins physically interact with cortical actin filaments through the catenin complex formed by p120-catenin (green) -associated with cadherin, β-catenin (dark blue) -scaffold protein, and α-catenin (light blue) -attached to F-actin (adapted from (Ratheesh and Yap, 2012)) C, Tight junctions are responsible for the selective permeability of the tissue. They mainly rely on claudins, membrane proteins forming paracellular barriers and pores. Claudins are indirectly associated to the actin cytoskeleton through members of the ZO family such as ZO-1 (dark blue) (adapted from (Günzel and Yu, 2013))

Figure 5 .

 5 Figure 5. The paracrine model of cell-cell signaling in taste buds (adapted from (Chaudhari and Roper, 2010)) Taste receptor cells, or Type II cells, detect sweet, bitter and umami through heterodimeric GPCRs (T1Rsand T2Rs), generate graded receptor potential and release ATP. Both ATP and graded receptor potential are detected by and activate afferent fibers. Presynaptic cells, or Type III cells, respond to sour taste stimuli and, in a paracrine manner, to ATP released by Type II cells. Type III cells provide negative feedback onto Type II cells by secreting GABA and 5-HT. 5-HT has multiple targets within the taste bud; in addition to inhibit Type II cells, it directly excites afferent fibers. Glial-like cells, or Type I cells, are proposed to detect salt and help buffering neurotransmitters within the taste bud.

Figure 6 .

 6 Figure 6. Actin cytoskeleton and its actin-binding proteins (adapted from(Alberts et al., 2014)) Actin is present in two forms: actin subunits, also called actin monomers or G-actin, and actin filaments, also called F-actin. To polymerize into a filament, several actin subunits need to assemble through a process called nucleation. The assembly of a nucleus is modulated by several actin nucleators such as formins and the Arp2/3 complex. Once formed, the actin filament reaches a steady state where actin subunits undergo a net flux through the polymer that maintains a constant length: this process is called treadmilling. Several actin-binding proteins regulate nucleation, polymerization and depolymerization. Examples of each type are depicted here.

Figure 7 .

 7 Figure 7. Formation and structure of parallel actin bundle modules to establish microvilli (adapted from (DeRosier and Tilney, 2000)) Microvilli are thin membrane protrusions supported by actin cytoskeleton organized in parallel actin bundles. The formation of parallel actin bundles takes place in two steps: (1) the initiation of actin protrusions at specific membrane sites by actin nucleation factors and (2) the elongation and cross-linking of these actin filaments through the sequential activity of at least two different actin-bundling factors.

Figure 8 .

 8 Figure 8. Espin is expressed in all microvilliated sensory cell types present at 3 days post-fertilization in zebrafish (unpublished data) A, Immunohistochemistry using the rabbit polyclonal antibody against all Espin isoforms (Bartles, Wierda and Zheng, 1996) was performed on whole-mount zebrafish 3 days post-fertilization larvae. Scale bar, 100 µm. Espin is enriched at the apical extension of olfactory receptor neurons in the olfactory pit (B), hair cells in the inner ear (C), hair cells of neuromasts (D) and CSF-cNs (E). Arrows point towards few apical extensions in each example. Scale bars, 10 µm.

Figure 9 .

 9 Figure 9. Espin isoforms and their relative functional domains (adapted from(Sekerková et al., 2006)) Stick-figure diagrams representative of the four Espin isoforms. The four isoforms share a conserved actinbundling module (ABM) and a conserved WH2 domain responsible for the potent Ca 2+ -resistant bundling activity and parallel actin bundle elongation of Espins. The length of their N-terminal part varies according to different transcription start sites and includes several other functional modules. The proline-rich peptides (PR1, PR2) enable Espins to bind profilins and the presence of the N-terminal PR1 especially enables them to bind SH3-containing proteins such as IRSp53. The longest isoforms 1 and 2 include an additional F-actin-binding site (ABS). And the isoform 1 displays a region with 10 ankyrin-like repeats (ALR), a module capable of binding the tail-homology domain I of myosin-III paralogs A and B. Isoforms of the type 3 are especially found in microvilliated sensory cells(Sekerková et al., 2004).

Figure 10 .

 10 Figure10. FACS-based approach to perform the transcriptome analysis of CSF-cNs A, 3 days post fertilization Tg(pkd2l1:Gal;UAS:GFP) larva fixed and immunostained against GFP. Prior to mechanical dissociation and sorting, larvae were beheaded following the plane indicated by the dashed line. Scale bar, 500 µm. B, Illustrative FACS plots showing the characteristic autofluorescent 'tail' where most cells follow a 1:1 green:red scatter. Dark sibling larvae were used as a negative control to draw the gates (left panel). In the GFP-positive samples, a small fraction of green-shifted cells (between 0.3 and 0.5%) fall into the GFP+ gate (right panel). C, Total RNA was extracted from GFP-("dark") and GFP+ ("green") fractions. Enrichment in the green

Figure 11 .

 11 Figure 11. Validation of the CSF-cN transcriptome dataset by fluorescent in situ hybridization Fluorescent in situ hybridization was performed at 24 hpf in Tg(pkd2l1:TagRFP) (or Tg(pkd2l1:GCaMP5G) in the case of espin) embryos followed by immunostaining against RFP (or GFP) to detect CSF-cNs in the spinal cord. Scale bars, 10 µm. Various actin organizers -baiap2a (A), baiap2l1b (B), myo3b (C), espin (D) -as well as cilia-related genes -dcdc2b (E), foxj1a (F), foxj1b (G), katnal2 (H), kif19 (I), tppp3 (J) -are found enriched at 24 hpf reflecting the importance of both actin and microtubule cytoskeletons for CSF-cNs.

Figure 12 .

 12 Figure12. The polymodality of CSF-cNs further revealed by their transcriptome analysis A, Main functions carried by the up-regulated transcripts found in our dataset that revealed novel CSF-cN genes involved in immunity, secretion, chemo-and mechano-sensory functions and morphogenesis. B, Up-regulated actin-binding proteins in CSF-cNs found in our transcriptome analysis.

Figure 13 .

 13 Figure 13. FACS/RNAseq approach adapted to the transcriptome analysis of nHCs A, Illustrative images of the specific YO-PRO-1 labelling in nHCs at 3 dpf. A1, YO-PRO-1 staining (4 µm, 30 min) in a 3-dpf old AB larva is specific to nHCs of both anterior and posterior branches of the lateral line. Dotted lines outline the fish body. Scale bar, 500 µm. A2, Illustrative image of the YO-PRO-1 staining performed in Tg(myo6b:LifeAct-TagRFP;cryaa:C) 3-dpf larvae (this line was generated in the context of my PhD project). Factin is marked in HCs by LifeAct-TagRFP (magenta) under the control of the myo6b promoter. YO-PRO-1 (cyan) only labels HC nuclei and not surrounding cells in the neuromast. Scale bar, 10 µm. B, Illustrative FACS plots showing the characteristic autofluorescent 'tail' where most cells follow a 1:1 green:red scatter. Unstained sibling larvae were used as a negative control to draw the gates (left panel).

Fig 1 .

 1 Fig 1. CSF-cNs go through three critical steps to form their apical extension. Illustrative z-projections from time-lapse acquisitions (top panels, lateral view with rostral to the left) and schematics (bottom panels) showing the three stages CSF-cNs go through during the formation of their apical extension. CSF-cN soma become round and short actin protrusions (Stage 2) arise from the ring of actin (Stage 1, arrowhead) concomitantly with a subapical constriction (Stage 2 and 3, chevrons). Gradually, actin-based protrusions lengthen to form the apical extension (Stage 3, arrow) characteristic of differentiated CSF-cNs. Data collected over 13 time-lapse sessions for 15 ventral and 6 dorso-lateral cells. The number of cells imaged transitioning from one stage to the next is indicated in the bottom legend. Scale bar, 10 µm.

  1, Stage 1). Then, while CSF-cN soma become round, short protrusions progressively arise from the actin ring (Fig 1, Stage 2). Finally, CSF-cNs acquire the typical pear-like shape with elongating actin-based protrusions (Fig 1, Stage 3). The same sequence of events was observed in several cells from the two populations (ventral and dorsal, Fig 1) and confirmed on fixed tissues after immunostaining at different time points during development in double trangenic animal expressing LifeAct under the control of the pkd2l1 promoter at 24, 48 and 72 hpf (Fig 2, and data not shown).

  , arrowheads). The three markers Cdh2 (Fig 2A), ZO-1 (Fig 2B) and Crb1 (Fig 2C) were detected in CSF-cNs at the apical side, at the vicinity of the ring of actin. These results confirm that F-actin is enriched at the level of the AJCs in CSF-cNs at 24 hpf.

Fig 2 .

 2 Fig 2. The ring of actin co-localizes with the CSF-cN apical junctional complexes. (A-C) Illustrative z-projections from lateral views of the spinal cord in 24-hpf embryos showing the co-localization of the ring of actin (LifeAct, arrowheads) with different markers of the apical junction complexes: Cdh2 for adherens junctions (A), ZO-1 for tight junctions (B) and Crb1 for the apical domain (C). (A) Double immunostaining for GFP and RFP in triple transgenic Tg(pkd2l1:Gal4;UAS:LifeAct-GFP;cryaa:V;cdh2:cdh2-RFP) embryos. (B,C) Double immunostaining for GFP and ZO-1 (B), or Crb1 (C) in Tg(pkd2l1:Gal4;UAS:LifeAct-GFP;cryaa:V)

Fig 3 ,

 3 and data not shown) in the spinal cord: baiap2a (Fig 3A1), baiap2l1b (Fig 3A2), myo3b (Fig 3A3) and espin (Fig 3A4). The same analysis was carried out in 72-hpf larvae: while baiap2a (Fig 3B1) and baiap2l1b (Fig 3B2) RNA was not clearly detected in CSF-cNs, both myo3b (Fig 3B3) and espin (Fig 3B4) still showed strong and specific expression. The expression and subcellular location of Espin protein was also confirmed by immunohistochemistry with a specific polyclonal antibody (Fig 5A)

Fig 3 .

 3 Fig 3. CSF-cNs express a set of morphogenetic factors previously found in hair cells. Expression of candidate factors known to be involved in the formation of actin protrusions -baiap2a, baiap2l1b, myo3b and espinassessed by fluorescent in situ hybridization (FISH) at 24 hpf (A1-4) and 72 hpf (B1-4). Expression in CSF-cNs was validated by combining FISH to immunohistochemistry (IHC) for RFP or GFP in Tg(pkd2l1:TagRFP) (A1-3, B1-3) or Tg(pkd2l1:GCaMP5G) (A4, B4) transgenic embryos respectively. In 24-hpf animals, baipa2a (A1), baiap2l1b (A2), myo3b (A3) and espin (A4) were enriched in CSF-cNs. In 72-hpf larvae, expression of baiap2a (B1) and baiap2l1b (B2) was not clearly detected while myo3b (B3) and espin (B4) remained enriched in CSF-cNs. Scale bars, 10 µm.

  Mosaic expression of this form enabled us to compare cells with reduced Myo3b function and control cells within the same animal (Fig 4A). At 72 hpf, the expression of Myo3b-DN in CSF-cNs resulted in strongly reduced Espin apical staining and smaller apical extensions (Fig 4A). We quantified this size effect by comparing the area covered by apical extensions of ventral CSF-cNs expressing Myo3b-DN or not. We found that cells lacking Myo3b function exhibit smaller apical extensions (reduction of 25% on average, Fig 4B). These results suggest, consistently with what has been previously described in hair cells, that Myo3b in CSF-cNs is required for the proper addressing of Espin to the actin-based protrusions and is critical for the correct lengthening of the apical extension.

Fig 4 .

 4 Fig 4. Myo3b is required for Espin addressing to the apical extension and microvilli lengthening. (A) Illustrative confocal z-projections of spinal cord in Tg(pkd2l1:Gal4;UAS:TagRFP-CAAX;cmlc2:GFP) 72-hpf larvae showing mosaic expression of the dominant-negative form of Myo3b (Myo3b-DN) under the control of the pkd2l1 promoter. Multiple immunostaining reveals Espin (cyan) in TagRFP-CAAX-labelled CSF-cNs (magenta) expressing Myo3b-DN (yellow, arrowheads), or not (arrow). When CSF-cNs express Myo3b-DN, Espin staining was severely reduced (observed in 9 cells out of 9) and the apical extension appeared smaller. Scale bar, 5 µm. (B) Quantification of the apical extension area in ventral cells expressing Myo3b-DN normalized to the cell body area compared to non-expressing neighboring cells (control) in 72hpf larvae. Cells expressing Myo3b-DN form a significantly smaller apical extension (N = 9 versus 11 in 5 different fish, 25% of reduction on average) (two sample Kolmogorov-Smirnov test, * means that p < 0.05).

  Fig 5A, and data not shown) using a polyclonal rabbit antibody against Espin isoforms (S2 Fig, panel D) (Bartles, Wierda and Zheng, 1996). Consistent with our FISH results (Fig 3B4), Espin labelling in 72-hpf wild-type larvae showed a strong and specific enrichment at the level of the apical extension of all CSF-cNs (Fig 5A, top panel) that was lost in espin icm26/icm26 mutant siblings (Fig 5A, bottom panel) confirming that the induced mutation results in the complete loss of Espin protein in these cells.

Fig 5 .

 5 Fig 5. In absence of Espin, CSF-cNs form smaller apical extensions and show reduced response to passive tail bending. (A) Immunohistochemistry for Espin showing the loss of Espin immunoreactivity in espin icm26/icm26 72-hpf Tg(pkd2l1:Gal4;UAS:TagRFP-CAAX;cmlc2:eGFP) larvae compared to wild-type siblings. In wild-type larvae, Espin is enriched at the CSF-cN apical extension. Scale bar, 10 µm. (B) High resolution z-projections from transversal sections showing ventral (V) and dorso-lateral (DL) TagRFP-CAAX-positive CSF-cNs at 72 hpf illustrating the smaller apical extension in espin icm26/icm26 (right panel) compared to control espin +/+ siblings (left panel). The central canal is outlined (dotted lines) according to ZO-1 staining (not shown). Scale bars, 5 µm. (C) Quantification of the area covered by the CSF-cN apical extension at 72 hpf in ventral and dorsolateral cells in espin icm26/icm26 mutant larvae (blue) versus wild-type siblings (dark grey) (n = 30 and 28 ventral cells and n = 13 and 17 dorso-lateral cells in N = 2 mutant and 3 wild-type larvae respectively). In both CSF-cN subtypes, the apical extension in cells missing Espin were smaller (two-sample Kolmogorov-Smirnov test, *** means p < 0.001, ** means p < 0.01). (D) The same

S2Figure.

  Espin locus organization and generation of the espin icm26 mutant. (A) Location and genomic structure of the unique espin locus in zebrafish on chromosome 8. The conserved actin-bundling module is encoded by exons 11 to 13. (B) Top, genomic region targeted by the sgRNA in exon 11 (sequence in bold), right upstream of the coding sequence for the actin-bundling module (amino-acid sequence indicated in blue). The target region contains a BstXI digestion site, upstream of the PAM, which is disabled when editing occurs and enables a 2-step genotyping with a PCR followed by BstXI digestion. Bottom, sequence of the espin icm26 allele generated showing the 5-bp deletion (green dots) generated by the CRISPR-Cas9 system.In espin icm26 , the coded amino-acid sequence of the actin-bundling module is disturbed from the first codon (amino-acid sequence in green). (C) Illustrative gel revealing the result of the 2-step genotyping for the 3 different genetic conditions: wild-type (+/+), heterozygote (+/-) or mutant (-/-). The PCR product is 350-bp long and is entirely digested into 170-and 180-bp bands by BstXI. In the presence of the icm26 mutation, the loss of the BstXI site on one (+/-) or two (-/-) alleles results in the conservation of the intact 350-bp band. (D) Schematics showing the predicted mutant truncated Espin protein obtained with the espin icm26 5-bp deletion. The actin-bundling module is entirely disabled (white box). Green boxes: ankyrin-like repeats; violet boxes: prolinerich regions; red box: WH2 domain; blue box: actin-bundling module.

Figure 21 .

 21 Figure 21. Mechanistic model of the formation of the microvilliated apical extension by CSF-cNsWe propose a sequential model to explain the formation of the microvilliated apical extension in CSF-cNs.(1) At the beginning of CSF-cN differentiation, the activity of polarity factors results in the establishment of several membrane domains. Crb1 is involved in the determination of the apical domain and the positioning of the junctional domain. Together with Cdc42, they participate to the formation of the apical junctional complexes (AJCs), adherens junctions and tight junctions, with the ring of actin. (2) Actin nucleation factors such as the Arp2/3 complex are recruited to the AJCs and the ring of actin possibly via Cdc42. Through the activity of the Arp2/3 complex, branched actin filaments are initiated from the initial network of F-actin constituted by the ring of actin. Recruitment of actin and membrane protruding are facilitated by the dual role of Baiap factors. (3) Branched actin filaments elongate and converge to form parallel actin bundles according to the 'convergent elongation' model. Bundles are short and loosely packed through the activity of an actin-bundling factor, maybe Villin. (4) Finally, Espin mediates the elongation, widening and tight packing of the bundles. Fascin2b could potentially be involved in the stabilization of the structure. All the factors that we described to be expressed in CSF-cNs are indicated in bold dark blue and their functional analysis is on-going. The factors indicated in grey are candidates that would be interesting to investigate in CSF-cNs to unravel the molecular mechanisms of morphogenesis. In the absence of Espin in espin icm26/icm26 mutant larvae, the shorter apical extension of CSF-cNs is associated with reduced mechano-response.
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Figure 1 .

 1 Figure 1. Ventral CSF-cNs exhibit an apical extension composed of microvilli and a kinocilium in the spinal cord. (a) Transverse section of the spinal cord showing restricted deposition of DAB in a ventral CSF-cN. (b) Overall view of a DAB + ventral CSF-cN contacting the central canal (cc) and surrounded by ependymal cells. (c) Ventral CSF-cNs project at the apical pole an extension toward the central canal bearing several microvilli (arrowheads). (d) Within this extension is located a cilium (arrows) with two central microtubule along the axoneme (double arrowhead), suggesting a motile cilium. Large granular vesicles (LGV) are observed in the cytoplasm (e, dotted arrows) and axo-somatic synaptic contacts in the basal pole (f, ASC). Note the symmetry of the synaptic contact (black arrow) is reminiscent of an inhibitory synapse. Note the presence of LGV in the axon (f, dotted arrows). Scale bar = 10 µm (a), 2 µm (b), 1 µm (c), 500 nm (d,e) and 400 nm (f).

Figure 2 .

 2 Figure 2. Dorsal spinal CSF-cNs also exhibit ultrastructural properties of sensory neurons. (a) Transverse section of the spinal cord showing restricted deposition of DAB in a dorsal CSF-cN. (b) Overall view of a DAB + dorsal CSF-cN contacting the central canal (cc). (c,d) Dorsal CSF-cNs bear at the apical pole multiple microvilli (arrowheads). (d,e) In the apical pole is located a cilium (arrow) with two central microtubule singlets along the axoneme (double arrowhead), reminiscent of a motile cilium. (f) Dorsal CSF-cN also exhibit LGV distributed in the cytoplasm (dotted arrows). Scale bar = 10 µm (a), 2 µm (b), 1 µm (c,f) and 500 nm (d,e).

Figure 3 .

 3 Figure 3. Morphological analysis of CSF-cNs reveals heterogeneous shapes of apical extension and axonal projections. (a) Transverse sections showing ventral and dorsal TagRFP-CAAX + CSF-cNs (magenta) at 3 dpf reflecting the diversity of morphologies of the apical extension. The apical extension of all dorsal CSF-cNs spreads along the central canal border (arrow) while most ventral CSF-cNs (86.7%) form compact extensions (arrowhead). The small remaining subpopulation of ventral CSF-cNs exhibits the typical spread of dorsal apical extensions (arrow with empty head; Phalloidin staining, green). (b) Schematics of the analysis of the apical extension performed on each cell and statistical analysis comparing the size of the apical extension between ventral and dorsal CSF-cNs at 3 dpf (n = 45 versus 21) and 6 dpf (n = 14 versus 10). The apical extension of dorsal CSF-cNs extends more than for ventral CSF-cNs (two-sample t-tests, p < 5 • 10 -7 ) and this difference persists at later stages (6 dpf, p < 0.002). (c) The reconstruction from dorsal (light shade) and ventral (dark shade) CSF-cNs from different segments (Seg) illustrates the diversity of axonal morphologies CSF-cNs between the two types along the spinal cord (n = 11 for each type). Vertical black bars represent the dorso-ventral limits of the spinal cord. Cells are positioned according to their dorso-ventral (D-V) position with dorsal edge set to 1 and ventral to 0. (d) Comparison of ventral and dorsal CSF-cNs for axonal arborization area, total axon length, number of branches and axonal arborization dorso-ventral range (n = 39 and 15 cells respectively). Ventral CSF-cNs have a wider axonal arborization (p < 0.003), a longer axon (p = 0.0014), reach more ventral domains of the spinal cord (p < 9 • 10 -4 ), and cover a larger dorso-ventral (D-V) range (p < 2 • 10 -4 ) with more axonal branches (p < 0.02). Two-sample t-tests were performed to compare the two populations. Scale bar = 10 µm (a) and 20 µm (c).

Figure 4 .

 4 Figure 4. Ventral and dorsal CSF-cNs project onto distinct neuronal populations. (a-d) Z projection stacks showing contact from ventral and dorsal CSF-cNs onto different spinal targets. (a) Lateral view of a ventral CSF-cN (magenta, arrow) contacting 2 CaP motor neurons (identified based on their location within the segment) labelled in green in the Tg(parg mnet2 -GFP) transgenic line (a1,a2, double headed arrows). (b) Dorsal CSF-cN (green, arrowhead) contacting a putative V0-v interneuron (magenta, based on its dorso-ventral and lateral location) in the Tg(vglut2a:DsRed) transgenic line. (c,d) Ventral (c, arrow) and dorsal (d, arrowhead) CSF-cNs (magenta) contact CoPA sensory interneurons (green) labelled in the Tg(tbx16-GFP) transgenic line. Boxes with close-ups highlight contacts between the CSF-cN and its target. Scale bar = 20 µm (a-d) and 5 µm (a1-d1).

Figure 5 .

 5 Figure 5. Secreted factors distinguish dorsal and ventral CSF-cNs: while dorsal express the somatostatin paralog sst1.1, ventral CSF-cNs express 5-HT. (a-c) Lateral views of the spinal cord show that sst1.1 expression is restricted to dorsal CSF-cNs (arrows, FISH for sst1.1 (magenta) coupled to GFP IHC (green) on Tg(pkd2l1:GCaMP5G)) (a,b) and Tg(mnx1:GFP) (c) embryos and larvae at 24 hpf (a,c) and 48 hpf (b). (c) Transverse sections show that sst1.1 (magenta) is not expressed in motor neurons (green) as previously suggested (Devos et al. 52 ). (d,e) IHC for 5-HT (magenta) and GFP (green) on Tg(pkd2l1:GCaMP5G) transgenic larvae at 48 hpf (d) and 72 hpf (e). (d) At 48 hpf, most ventral CSF-cNs express 5-HT (arrowhead, compared to negative cells shown with empty arrowhead). Note that dorsal CSF-cNs (arrows) are not labelled by 5-HT. (e) At 72 hpf, ventral CSF-cNs are not serotoninergic anymore in the rostral part of the spinal cord. Horizontal lines represent the limits of the spinal cord and slash dashed lines represent somite boundaries. Small dotted ellipses represent the limit of the central canal. Scale bars = 20 µm.

  

  

  

Table 1 .

 1 Transgenic lines used in this study.

	Allele name	Transgenic	Labelling	Reference
	s1020tEt	Tg(1020:Gal4)	Motorneurons, CSF-cNs	(Scott et al., 2007)
	Zf518Tg	Tg(cdh2:cdh2-RFP, crybb1:eCFP)	Cdh2	(Revenu et al., 2014)
	icm07	Tg(pkd2l1:GCaMP5G)	CSF-cNs	(Böhm et al., 2016)
	icm10	Tg(pkd2l1:Gal4)	CSF-cNs	(Fidelin et al., 2015)
	icm17	Tg(pkd2l1:TagRFP)	CSF-cNs	(Böhm et al., 2016)
	icm22	Tg(UAS:TagRFP-CAAX;cmlc2:eGFP)	Non applicable	(Djenoune et al., 2017)
	icm28	Tg(UAS:LifeAct-GFP;cryaa:V)	Non applicable	(Djenoune et al., 2017)
	Gene	Primers (		

from 5' to 3') Product size (bp) Restriction enzyme Riboprobe hydrolysis?

  

	espin	fw: AAGATCTACCGCTTCCTCCACC rev: CCAGCTTGGTTTCATCATAGCCT	825	NotI	no
		fw:			
	myo3b	TGTTTGATAAAGGATTTTGAGACTCGTC rev:	3155	No (use rev primer)	yes
		ATATTATATGTACAGCACATTCCGTAGC			
		fw:			
	baiap2a	GATAACAAACCACGAGCAGCAAAACAC rev:	2265	No (use rev primer)	yes
		AGATAATACATGAGGGATTCACAAAACG			
		fw:			
	baipa2l1b	GAGTTATTGTGGAGTAAATCGACTGAAC rev:	1937	No (use rev primer)	yes
		ACAACCTTAAAACAAGCTGAATAATCCG			

Table 2 .

 2 Primers and restriction enzymes used to generate the FISH probes in this study.

Table 1 .

 1 Transgenic lines used in our study.

			Original
	Transgenic/mutant	Labelling in the spinal cord	publication
	Tg(pkd2l1:GCaMP5G)icm07	CSF-cNs	37
	Tg(pkd2l1:GCaMP5G)icm07;pkd2l1 icm02	CSF-cNs	37
	Tg(mnx1:GFP)	Motor neurons	53
	Tg(pkd2l1:Gal4)icm10	CSF-cNs	15
	Tg(UAS:TagRFP-CAAX;cmlc2:eGFP)icm22	Non applicable	This study
	Tg(UAS:LifeAct-GFP;cryaa:V)icm28	Non applicable	This study
	Tg(parg mnet2 -GFP)	Motor neurons	44
	Tg(tbx16-GFP)	C oPAs	46
	Tg(vglut2a:lox:DsRed:lox:GFP)	Glutamatergic interneurons	45
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Ce5/2011/056) and European regulations.Genotype protocol for the pkd2l1 icm02 mutants was described in ref. 37 (Böhm et al. 2016).

Generation of transgenic lines.

In order to generate the Tg(UAS:TagRFP-CAAX;cm lc2:eGFP)icm22 line, the TagRFP-CAAX sequence was amplified using a TagRFP-forward (5′-CCCGGGATCCACATGGTGTCTAAGGGCGAAG-3′) and reverse primer ( 5′-GA TC GC GG CC GC TC AG GA GA GC AC AC AC TT GC AG CT CA TG CA GC CG GG GC CA CT CT CA TC AG GAGGGTTCA GCTTATTAAGTTTGTGCCC-3′) and inserted into the pME-MCS vector 76 via BamHI/NotI restriction digestion. The resulting pME-TagRFP-CAAX vector was recombined via a Gateway reaction (MultiSite Gateway Three-Fragment Vector Construction Kit) with p5E-4nrUAS 77 , p3E-pA and pDest-Tol2; cmlc2:eGFP 76 resulting in (p4nrUAS:TagRFP-CAAX-pA-Tol2;cmcl2:eGFP). Using a similar approach, the pME_LifeAct-GFP plasmid was generated from the plasmid pCS2_LifeAct-GFP (kind gift from Nicolas David) using the SP6 promoter sequencing primer (5′-ATTTAGGTGACACTATAG-3′) and inserted into the pME_MCS vector via a BamHI/NotI restriction digestion. The final three-way gateway reaction used the pME_LifeAct-GFP, pDest_cryaa:V and p5′E_polyA plasmids to generate the (UAS:LifeAct-GFP;cryaa:V) construct. Microinjection of these plasmids was performed with Tol2 mRNA (25 ng/µl) following standard protocols. Transgenic founder fish Tg(UAS:TagRFP-CAAX;cmlc2 :eGFP)icm22 where screened based on GFP expression in the heart. These two lines were also screened based on transactivation of their respective transgene when crossed with various Gal4 lines.

Plasmid design. In order to investigate the CSF-cNs ultrastructure, we took advantage of the engineered peroxidase APEX2 78 . We generated a three-fragment Gateway recombining reaction (Invitrogen, Carlsbad, CA, USA) to design the (UAS:APEX2-TagRFP) construct. This plasmid was injected into single-cell stage Tg(pkd2l1:Gal4)icm10 embryos at 60 ng/µl or co-injected with the (pkd2l1:Gal4)icm10 construct into Tg(pkd2l1:GaMP5G)icm07 singe-cell stage embryo. To generate the (UAS:LifeAct-TagRFP;cryaa:C) DNA construct, we extracted the coding sequence of the tagged protein LifeAct-TagRFP from the plasmid (mTagRFP-T-LifeAct-7) (Addgene #54586, kind gift from Michael Davidson) by PCR using a forward (5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTAGATCTCTGCCACCATGGGCGTGGCCGACTTGATC-3') and a reverse (5'-GGGGACCACTTTGTACAAGAAAGCTGGGTACTAGTTTACTTGTACAGCTCGTCCATGCC -3') primer. LifeAct-TagRFP was then inserted into the plasmid pDONR221 by a BP reaction to produce the pME_ LifeAct-TagRFP plasmid and a three-way gateway reaction was performed using pME_LifeAct-TagRFP, pDest_ cryaa:C, p5′E_10XUAS and p3′E_polyA plasmids to produce the (UAS:LifeAct-TagRFP;cryaa:C) construct.

Electron microscopy. To label CSF-cNs for electron microscopy, we followed the procedure described in refs 37, 78 and Supplemental Figs 2 and 3. 2.5 dpf larvae selected for TagRFP expression in CSF-cNs were primarily anaesthetized in 0.02% tricaine methane sulfonate (MS 222) then euthanized in 0.2% tricaine prior to fixation in 2% glutaraldehyde in 100 mM sodium cacodylate buffer pH 7.4 to which 2 mM of CaCl 2 was added for 45 min. Whole embryos were then rinsed in the same buffer 5 × 2 min each. Functional aldehyde excess was blocked by treating embryos for 5 min with 20 mM glycine in the sodium cacodylate buffer. Other rinses in buffer (5 × 2 min) were then carried out. The APEX2 peroxidase was further revealed in diaminobenzidine (DAB, 0.5 mg/ml) to which 10 mM hydrogen peroxide (30%) was added (see Lam et al.), in 100 mM cacodylate buffer. After 5 min, the reaction was stopped by rinsing embryos twice in cold buffer before post fixation in 2% osmium tetroxide (OsO 4 ) in the same buffer for 45 min. Embryos were then rinsed in cold distilled water, stained in 2% uranyl acetate in distilled water overnight in a cold chamber. Animals were returned to room temperature, rinsed in distilled water, then dehydrated in a graded series of ethanol, cleared in acetone, and embedded in epoxy resin (EMBed812, Electron Microscopy Science, France). Embryos were oriented coronally in resin molds cured at 60 °C for 48 hr. Whole embryos were imaged using a Leica DMRB microscope to assess the presence of DAB positive CSF-cNs and determine their location within the animals. Embryos were first cut in 1 µm semi-thin sections with an ultramicrotome (Ultracut E, Leica). Sections were picked up every µm, stained with toluidine blue. Semi-thin sectioning was performed until the first level of DAB + CSF-cN cell appears. Then, serial ultra-thin sections (~70 nm thick) were collected onto copper grids (about 8 sections per grid). 12 ventral CSF-cNs, and 3 dorsal CSF-cNs were analyzed. They were contrasted in urany-less solution (Delta Microscopies, France) for 1-2 min, rinsed in distilled water, dried for at least 1 hr. Observations were made with an Hitachi HT 7700 electron microscope operating at 70 kV. Electron micrographs from DAB + CSF-cNs were taken at low (×6200), medium (×22,000) and high (×53,000) magnifications, using an integrated AMT XR41-B camera (2048 × 2048 pixels). In all the images displayed, dorsal is up and rostral is left.

Analysis of the apical dendritic extension of CSF-cNs.

To image the apical dendritic extension at a high resolution, we used different labeling strategies relying on transverse sections of the spinal cord. At 3 dpf, we used the stable Tg(pkd2l1:Gal4;UAS:TagRFP-CAAX;cmlc2:eGFP) transgenic line with membrane TagRFP and the transient expression of (pkd2l1:Gal4) 15 and (UAS:LifeAct-TagRFP;cryaa:C) DNA constructs injected into Tg(pkd2l1:GCaMP5)icm07 eggs at the one cell stage to label F-actin with LifeAct 79 . At 6 dpf, we took advantage of the stable Tg(pkd2l1:Gal4;UAS:LifeAct-GFP;cryaa:V)icm28 line. 3 and 6 dpf larvae were screened for expression in CSF-cNs and fixed using 4% paraformaldehyde (PFA) during 4 hours at 4 °C and immunostained as described below. We sliced 50 µm-thick transverse sections on larvae mounted in 3% low melting point agarose using a vibratome (HM 650 V Microtome, Thermo Scientific). For each cell, Z stacks (step size 0.25 µm) were acquired to image the entire apical extension and maximum projection was performed in Fiji 80 . The shape of the apical extension (S) was calculated as the ratio of the width (W, basal extension along the central canal) over the height (H, vertical extension within the central canal). W and H were extracted by drawing a polygon around the apical extension using the polygon tool in Fiji and estimated by the parallel and perpendicular axis, respectively, of the best fitting ellipse (Fig. 4b).

Single cell labeling.

To assess whether pkd2l1 mutation led to a disruption of CSF-cN axonal refinement, we injected at 25 ng/µl the (pkd2l1-TagRFP) construct generated with a three-fragment Gateway recombineering reaction into single-cell stage embryos from pkd2l1 icm02/+ incrosses (see ref. [START_REF] Fidelin | State-Dependent Modulation of Locomotion by GABAergic Spinal Sensory Neurons[END_REF]. 3 dpf larvae selected for single CSF-cN expression were fixed with 4% PFA for 3 hours and immunostained following standard procedures. Genotyping of the larvae was performed after immunostaining. To assess the connectivity of ventral and dorsal CSF-cNs, the same procedure was followed when the (pkd2l1-TagRFP) construct has been injected in the Tg(par g mnet2 -GFP) 44 and Tg(tbx16-GFP) 46 lines and the (pkd2l1:Gal4) with (UAS:synaptophysin-GFP) 81 constructs in the Tg(vglut2a.lox-DsRed-lox-GFP)line 45 . Some of these animals have been imaged live.

Analysis of the axonal arborization of isolated CSF-cNs. To label and trace individual CSF-cNs, we followed the same procedure as described in ref. [START_REF] Fidelin | State-Dependent Modulation of Locomotion by GABAergic Spinal Sensory Neurons[END_REF]in Supplemental Information and in Supplemental Fig. 4. Fluorescent in situ (FISH). The pkd2l1 ISH probe was generated as previously described 13 . The sst1.1 plas- mid originates from the Argenton lab, Padova, Italy 52, 82 . pkd2l1 and sst1.1 plasmids were respectively linearized with NotI and SalI. Digoxigenin (DIG)-and fluorescein (Fluo)-labeled probes were synthesized using SP6 RNA polymerase with the RNA Labeling Kit (Roche Applied Science, Basel, Switzerland) to generate both pkd2l1 and sst1.1 antisense probes. All probes were purified using the mini Quick Spin RNA Column (Roche, Basel, Switzerland). Whole-mount ISH were performed as previously described 13, 83 on embryos or larvae fixed in 4% PFA in phosphate buffered saline (PBS) overnight at 4 °C.

Immunohistochemistry (IHC).

Procedures for IHC were described in Supplemental Information.

FISH coupled to IHC. Procedures were described in ref. [START_REF] Djenoune | Investigation of spinal cerebrospinal fluid-contacting neurons expressing PKD2L1: evidence for a conserved system from fish to primates[END_REF]. Briefly, pkd2l1 and sst1.1 FISH were performed prior to IHC of green fluorescent protein (GFP): embryos and larvae were washed and immunostained with the chicken anti-GFP antibody (1:500 dilution, Abcam ab13970, Cambridge, UK) overnight at 4 °C, and then incubated with the corresponding Alexa-conjugated secondary antibodies IgG (1:500, Invitrogen A11039, Carlsbad, CA, USA) combined with DAPI (2.5 µg/mL, Invitrogen D3571, Carlsbad, CA, USA).

Cell counting.

To compare the density of markers investigated, we systematically imaged three regions along the rostrocaudal axis of the fish: segments 3-6 (referred as rostral), 10-13 (referred as middle and displayed in all Figures) and 23-26 (referred as caudal).

Imaging. Images were acquired using an Olympus FV1000 confocal microscope equipped with a 20 and 40x water and 60X oil immersion objectives using the 405, 473 and 543 nm laser lines or using an upright microscope (Examiner Z1, Zeiss) equipped with a spinning disk head (CSU-X1, Yokogawa) and a modular laser light source (LasterStack, 3i Intelligent Imaging Innovations). To determine the overlap of GFP in the Tg(pkd2l1:GCaMP5G)icm07 transgenic embryos and larvae with pkd2l1, sst1.1 FISH or GABA and 5-HT IHC, fish were mounted laterally in 1, 5% agarose covered of Vectashield Mounting Medium (Vectorlabs, CA, USA). To analyze apical extensions, slices were transferred into Vectashield mounting medium as well (Vectorlab, CA, USA).

Electrophysiology and optogenetic stimulation. Procedures for optogenetic stimulation of CSF-cNs and electrophysiological recordings of CaP motor neurons are described in Supplemental Information and Supplemental Fig. 7.

Statistics.

We used Student's t-tests for the morphological comparison of ventral versus dorsal CSF-cNs in WT and pkd2l1 icm02/icm02 mutants and two-way ANOVAs to test the interaction between the genotypes and the cells investigated. The level of significance was p < 0.05 for all datasets. p values are represented as the following: (*)p < 0.05; (***)p < 0.001; (****)p < 0.0001.
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