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General Introduction

Hearing allows animals to communicate with each other and sense their acoustic environment with great efficiency. This technical prowess is the result of the operation of hearing organs over large dynamic ranges of sound intensities and frequencies. In particular, humans can hear sound intensities that span 6 orders of magnitude in sound-pressure levels (0 to 120 dB SPL)1 and up to 3 orders of magnitude in sound frequencies (20 Hz to 20 kHz). Some vertebrates like bats and whales (and even some exotic frogs!) can hear sounds with frequencies as high as 100 kHz, corresponding to temporal variations of the air pressure over timescales that can be as small as 10 µs. Remarkably, the threshold of hearing for the faintest sound corresponds to mechanical vibration in the inner ear comparable to that of the Brownian motion; the ear thus operates down to a physical limit set by its own thermal fluctuations. These remarkable features make hearing a very exquisite sensory system.

Hearing in vertebrates is based on the operation of mechanosensory hair cells that are located in the inner ear. Hair cells are each endowed with a bundle of a few tens to a few hundred microscopic microvilli-like protrusions called stereocilia (the 'hairs' of the hair cells) that project from the apical surface of the cells. Hair cells act as mechano-electrical transducers that convert sound-evoked vibration into electrical signals. The hair bundle operates as a mechanical antenna: mechano-electrical transduction is initiated by the deflections of the hair bundle. In auditory organs, the morphology of the hair bundles is tightly coupled to their function as frequencyselective sensors. Hair bundles at the basal region of the cochlea, which is devoted to the detection of high frequencies are shorter and composed of more stereocilia than those detecting low frequencies at the apical region.

The morphology of the hair bundle is imposed by that of the actin core of its stereocilia. The stereociliary core is made of a parallel network of heavily cross-linked actin filaments.

Incorporation of newly synthesized cytoplasmic actin into the polymerized barbed-end of the paracrystalline actin core is essential for maintaining the stereociliary structure, over the lifespan of the animal. In the mature hair cells, the stereociliary structure is remarkably stable along most of its length except ~ 0.5 µm near the tip, where actin incorporation takes place. The stereociliary tip is also where the transduction channels are located. Indeed, it has been shown in cochlear hair cells from mice that perturbing the mechano-electrical transduction (MET) machinery results in stereocilia remodelling, suggesting that the actin core could become dynamic again. Such observations led to the hypothesis that the mechanotransduction, perhaps as the result of a Ca 2+ influx, regulates the dynamics of actin polymerisation in the stereocilia and thus that there might be feedback between mechano-electrical transduction and the hair bundle morphology.

During my PhD, I further explored the hypothesis that there is feedback between the mechanoelectrical transduction and the hair bundle morphology using vestibular hair cells of the frog. My objective was to test whether the regulation of the actin dynamic in the stereocilia by mechanoelectrical transduction is employed across species and also to probe the mechanisms that may be involved in the maintenance of the hair bundle.

The manuscript is organized into four main chapters. In the first chapter, I provide a general introduction to the hair cells, starting from their anatomy and function as mechano-electrical transducers to then present the current knowledge about the role of actin dynamics on the development and maintenance of the stereociliary architecture. I provide comparative descriptions of actin dynamics and maintenance between the stereociliary structure and that of other actinbased protrusion, such as microvilli and filopodia. Finally, I then describe the available evidence indicating that mechano-electrical transduction may regulate the actin dynamic in the stereociliary core.

In the second chapter, I describe the methods used throughout the work. Using saccular hair cells of the frog Rivan 92, I perturbed the mechano-electrical transduction machinery by either blocking the transduction channels or disrupting the tip links with pharmacological drugs. By combining the scanning and transmission electron microscopy, I studied the morphology of the hair bundle and its stereociliary actin core under the control condition and after perturbing mechanotransduction. I also used mechanical stimulations of the hair bundles to characterize their stiffness under these two conditions. Finally, I studied the localization of actin nucleator formins and the effects of inhibiting formins on the morphology of the hair bundles.

In the third chapter, I describe the results obtained during my PhD study. My original contribution to this field was to demonstrate that stereocilia of the frog saccular hair bundle widen (and also shorten) as a result of pharmacological perturbation of the mechano-electrical transduction machinery and that these morphological changes to an increase of the number of actin filaments in the stereociliary core. Furthermore, I also found that formins are likely localized at the stereociliary tips of the frog saccular hair bundles, and may be involved in the stereocilia widening observed upon blocking of the transduction channels.

In the last chapter, the results will be discussed within the context of the relevant literature. A. Hair-cells: the mechano-electrical transducers

Chapter I I. Introduction

A.1 Morphology and function of hair cells across vertebrate species

Hearing in all vertebrates is based on the operation of mechanosensory hair cells in the inner ear.

The presence of hair cells in both lampreys (modern jawless fish) and modern gnathostomes (jawed vertebrates) indicates the evolutionary origin of vertebrate hair cells in a common ancestor from at least ~400 million years ago when the two lineages separated from one another [START_REF] Coffin | Evolution of Sensory Hair Cells[END_REF]). Hair cells work as sensory receptors not only for hearing but also for other sensory modalities. Hair cells are used to detect fluid flows in the fish's lateral line system for rheotaxis, prey detection and schooling, sense head in the vestibular system for balance, and detect soundevoked vibrations in the auditory organs for hearing (Fig. I-1). The lateral line is composed of sensory units called neuromasts that are located along the fish body, as shown in the fluorescence image (Middle panel). Each neuromast is a cluster of about ten hair cells with their hair bundles embedded in a jelly-like sheath called the cupula. Vestibular organs -(B) In the vestibular system of the inner ear, here from the frog, the saccular macula is used for detecting linear acceleration of the head. (Right panel) A cross-section of the saccular macula shows hair bundles embedded in the otolithic membrane. On top of the membrane are calcium carbonate (CaCO3) crystals called otoconia that act as an inertial mass when the head accelerates up and down, thereby creating shearing movements that deflect the hair bundles.

Auditory organs -The basilar papilla (in frogs and birds), the amphibian papilla (in frogs), and the mammalian cochlea are fluid-filled tubes. The mammalian cochlea is coiled into a spiral shape resembling the shell of a snail; hence the name 'cochlea' or snail shell in Latin. The tube is divided into chambers by an inner partition called the organ of Corti and supported by the basilar membrane; this is where mechanosensory hair cells are located. In auditory organs, sound-evoked vibrations generate vertical movements of the basilar membrane that supports the sensory tissue, resulting in a shearing movement between the tectorial membrane and the apical surface of the hair cells and thus in a deflection of the hair bundles. Hair cells are cylindrical cells that are each endowed with a bundle of a few tens to a few hundred apical protrusions called stereocilia that are arranged into rows of increasing height a (Fig. I-2.A-B). Each stereocilium within the hair bundle is 1 to 10 µm tall and has a diameter of a few hundred nanometres [START_REF] Tilney | Actin Filaments, Stereocilia, and Hair Cells of the Bird Cochlea I. Length, Number, Width, and Distribution of Stereocilia of Each Hair Cell Are Related to the Position of the Hair Cell on the Cochlea[END_REF]. Each stereocilium is connected to its taller neighbour by an oblique link, called the tip link, that transmits force to mechanosensitive ion channels residing near the stereociliary tip (J.O. [START_REF] Pickles | Cross-Links between Stereocilia in the Guinea Pig Organ of Corti, and Their Possible Relation to Sensory Transduction[END_REF][START_REF] Assad | Tip-Link Integrity and Mechanical Transduction in Vertebrate Hair Cells[END_REF][START_REF] Beurg | Localization of Inner Hair Cell Mechanotransducer Channels Using High-Speed Calcium Imaging[END_REF] (B-C) are from [START_REF] Tompkins | A Model for Link Pruning to Establish Correctly Polarized and Oriented Tip Links in Hair Bundles[END_REF].

The relation between the current 𝐼 that flows through the channels and the deflection 𝑋 of the hair bundle is sigmoidal (Fig. I-3.B). Remarkably, the current rises from near zero to a saturating value for a hair-bundle movement that spans only a couple hundred nanometers, a distance comparable to the diameter of a single stereocilium. The resting position of a hair bundle sits near the steepest region of the curve. Correspondingly, about 15 -50% of the transduction channels are open at rest and there is thus a continuous influx of cations even in the absence of a mechanical stimulus [START_REF] Johnson | Prestin-Driven Cochlear Amplification Is Not Limited by the Outer Hair Cell Membrane Time Constant[END_REF][START_REF] Hudspeth | Integrating the Active Process of Hair Cells with Cochlear Function[END_REF][START_REF] Martin | Mechanical Frequency Tuning by Sensory Hair Cells, the Receptors and Amplifiers of the Inner Ear[END_REF]. Although this condition imposes a metabolic load on the hair cell ("what comes in must come out"), it is necessary to ensure that even a small deflection of the bundle evokes a significant change in the opening probability of the transduction channels and thus a significant transduction current (Fig.

I-3.B)

. The open probability of the transduction channels at rest defines the operating point of the hair bundle. representation of two stereocilia interconnected by a tip link that acts as "gating spring" (D. [START_REF] Corey | Analysis of the Microphonic Potential of the Bullfrog's Sacculus[END_REF]; J. [START_REF] Howard | Compliance of the Hair Bundle Associated with Gating of Mechanoelectrical Transduction Channels in the Bullfrog's Saccular Hair Cell[END_REF]. At the lower end of the tip link is the transduction channel and at the upper end of the tip link is the myosin motor complex that tenses and modulates tension in the tip link (arrow indicates tip-link tension). A deflection of the hair bundle towards the tallest stereocilia, defined as the positive direction, lead to the openings of the mechanosensitive ion channels-the transduction channels, thus allowing for an increased cation influx, mainly K + but also Ca 2+ ions. (B) The relation between the current that flows through the transduction channels and the hair-bundle displacement is sigmoidal. For negative deflections, the transduction channels are all closed (no current), whereas, for large positive deflections, the transduction channels are all open (the current saturates). At the operating point (no deflection), a large fraction (here about 50%) of the transduction channels remain open; there is thus a significant inward current at rest (here 1 nA). Figure B is adapted from [START_REF] Johnson | Prestin-Driven Cochlear Amplification Is Not Limited by the Outer Hair Cell Membrane Time Constant[END_REF].

When the tip links are chemically disrupted, the hair bundle moves in the positive direction and the transduction channels close [START_REF] Tobin | Stiffness and Tension Gradients of the Hair Cell's Tip-Link Complex in the Mammalian Cochlea[END_REF]). These observations indicate that the transduction channels are inherently more stable in a close state and that the tip links are under tension at rest. The resting tension pulls on the tip links to partially open the transduction channels and set the operating point of the hair bundle (Fig. I-3.A and I-4). The resting tip-link tension in frog saccular hair bundles was estimated to be 57 pN for the whole bundle and 8 pN per tip link (using a single compartment chamber at 100 µM Ca 2+ ). In a recent study by [START_REF] Alonso | Fast Recovery of Disrupted Tip Links Induced by Mechanical Displacement of Hair Bundles[END_REF] using a two-compartment chamber (250 µM Ca 2+ artificial endolymph and 2 mM Ca 2+ artificial perilymph), the resting tension is found to be ~ 20 pN per tip link for oscillating hair bundles and 8 pN for quiescent hair bundles. Myosin motors located at the upper end of the tip link, perhaps

Myosin-1c or Myosin-7a, [START_REF] Holt | A Chemical-Genetic Strategy Implicates Myosin-1c in Adaptation by Hair Cells[END_REF]Stauffer et al. 2005b;[START_REF] Grati | Myosin VIIa and sans Localization at Stereocilia Upper Tip-Link Density Implicates These Usher Syndrome Proteins in Mechanotransduction[END_REF][START_REF] Li | Myosin-VIIa Is Expressed in Multiple Isoforms and Essential for Tensioning the Hair Cell Mechanotransduction Complex[END_REF], have been proposed to set the tip links under tension and set the operating point of the hair bundle (Hudspeth and Gillespie 1994b). In the cochlear hair cells, the resting tensions at the level of single tip links vary along the tonotopic axis 2 [START_REF] Tobin | Stiffness and Tension Gradients of the Hair Cell's Tip-Link Complex in the Mammalian Cochlea[END_REF]. Hair cells that respond to higher sound frequencies are endowed with higher tip-link tension. This gradient in tip-link tension gradient implies its role in mechanical tuning for frequency discrimination. Intriguingly, the relationship between the characteristic frequency and the single tip-link tension exhibits a steeper gradient in outer hair cells than in the inner hair cells [START_REF] Tobin | Stiffness and Tension Gradients of the Hair Cell's Tip-Link Complex in the Mammalian Cochlea[END_REF]. This may reflect the division of labour between the inner hair cells that propagate nervous signals to the brain and the outer hair cells that are thought to amplify the signal.

2 Tonotopic axis refers to the spatial arrangement that each sound frequency stimulates hair cells at a specific region within the cochlea. Hair cells at the base of the cochlear detect high sound frequencies whereas those at the apex of the cochlea detect low frequencies.

How does the brain know that a hair bundle has been deflected by an external stimulus?

Opening of the transduction channels depolarizes the hair cell, i.e. increases the transmembrane potential of the cell (D. P. [START_REF] Corey | Analysis of the Microphonic Potential of the Bullfrog's Sacculus[END_REF]. This leads to the release of neurotransmitter chemicals at synapses (about 10 per hair cell) between the soma of the hair cell and afferent nerve fibres and an increased firing rate of action potentials in the nerve fibres that then transmit the signal to the brain. Closure of the channels does the opposite, i.e. cell hyperpolarization, decreased release of neurotransmitters, and decreased rate of firing in afferent nerve fibres.

A.2 Architecture and mechanics of the hair bundle a. Morphological features of the hair bundle

The hair bundle is composed of a few tens to a few hundred stereocilia that are arranged in rows of increasing height, forming a staircase pattern. Next to the tallest stereocilia, there is also sometimes a kinocilium, which is a "true" cilium comprising an axonemal core, i.e. 9 circumferential doublets of microtubules and a pair of singlet microtubules at the centre. The kinocilium is present at the early stages of hair-bundle development and may play a role in defining the polarity of the hair bundle (Denman-Johnson and Forge 1999; Tona and Wu 2020).

In the mammalian and bird cochlea, the kinocilium then regresses and disappears at a later developmental stage but remains in mature vestibular organs and vestibular and auditory organs of non-mammalian species [START_REF] Tilney | Actin Filaments, Stereocilia, and Hair Cells of the Bird Cochlea III : The Development and Differentiation of Hair Cells and Stereocilia[END_REF][START_REF] Denman-Johnson | Establishment of Hair Bundle Polarity and Orientation in the Developing Vestibular System of the Mouse[END_REF]. Each bundle displays a vertical plane of mirror symmetry. The hair cell is maximally sensitive for deflections along a horizontal axis within this plane [START_REF] Shotwell | Directional Sensitivity of Individual Vertebrate Hair Cells to Controlled Deflection of Their Hair Bundles[END_REF].

Vertebrate hair bundles, regardless of their sensory systems, are all 'built' after this blueprint. thought to be the true sensors of the organ, sending information about cochlea vibrations to the brain, whereas outer hair cells are believed to serve as mechanical amplifiers of the input to the inner hair cells [START_REF] Dallos | Cochlear Amplification, Outer Hair Cells and Prestin[END_REF]. As described here, this division of labour is associated with different morphologies of the corresponding hair bundles in different modes of bundle stimulation.

Interestingly, mammals tend to hear higher sound frequencies than non-mammals (Fay and Popper 1994;1999), a property associated with hair bundles with a smaller number of rows, often down to only three and even only two in some bats (Fig. I-5.F).

Figure I-7: MORPHOLOGICAL GRADIENTS OF HAIR BUNDLES IN AUDITORY ORGANS. (A)

Scanning electron micrographs of human hair bundles at each corresponding position (in mm from the base of the cochlea). Short hair bundles at the basal region detect high sound frequencies, whereas long hair bundles at the apical region detect lower sound frequencies. The morphological gradient is steeper for outer hair cells than for inner hair cells. Scale bar 1 µm. Figure from [START_REF] Wright | Scanning Electron Microscopy of the Human Organ of Corti[END_REF]. (B) Length of the tallest stereocilia in hair bundles from inner hair cells (IHC) and outer hair cells (OHC) along the longitudinal axis of the human cochlea [START_REF] Wright | Dimensions of the Cochlear Stereocilia in Man and the Guinea Pig[END_REF].

The cochlea works as a frequency analyser: high-frequency sounds elicit vibrations near the base of the cochlea, where they are detected by the hair cells residing there, whereas lowerfrequency sounds are detected at progressively more apical regions of the organ. This frequency map is called the tonotopic map. One ubiquitous feature of auditory organs is that tonotopy is associated with morphological gradients of the hair bundle: the number of stereocilia, the stereociliary width, and the stereociliary height all vary monotonically along the length of the organs [START_REF] Tilney | Actin Filaments, Stereocilia, and Hair Cells of the Bird Cochlea I. Length, Number, Width, and Distribution of Stereocilia of Each Hair Cell Are Related to the Position of the Hair Cell on the Cochlea[END_REF]. Hair cells that detect high sound frequencies, at the basal end of the organ, are endowed with shorter hair bundles and more stereocilia than hair cells are dedicated to the detection of lower frequencies; the height and number of stereocilia in a hair bundle vary monotonically along the tonotopic axis (Fig. I-7.A). Regulation of the hair bundle size is so tight that one can locate the position of a particular hair cell by knowing only the dimensions of its hair bundle3 [START_REF] Tilney | Actin Filaments, Stereocilia, and Hair Cells of the Bird Cochlea I. Length, Number, Width, and Distribution of Stereocilia of Each Hair Cell Are Related to the Position of the Hair Cell on the Cochlea[END_REF]. The study of hair-bundle height in the human cochlea suggests that the precision with which the hair cell regulates the size of its hair bundle is within the range of a few nanometres because the difference in height between the most basal and most apical outer hair bundles, corresponding to a distance along the cochlear axis of about 3.5 cm, is only about 3-4 µm (Wright 1984) (Fig. I-7.B).

The gradient in hair-bundle height is expected to result in a passive gradient of hair-bundle stiffness along the cochlea. Indeed, the pivotal stiffness Ksp of a hair bundle ought to vary as 1/h 2 , if h is the hair bundle height where the force is applied (J. [START_REF] Howard | Stiffness of Sensory Hair Bundles in the Sacculus of the Frog[END_REF]. For a simple harmonic oscillator, for which the natural frequency ωnatural ~ √ Ksp, it would make sense that shorter hair bundles are 'built' to respond best at high frequencies, and vice versa. Indeed, mechanical gradients have been observed already in the early 1980s with hair bundles from both inner and outer hair cells from the guinea pig cochlea [START_REF] Strelioff | Stiffness of Sensory-Cell Hair Bundles in the Isolated Guinea Pig Cochlea[END_REF]. A recent study confirmed the existence of such a passive mechanical gradient with hair cells from the rat cochlea [START_REF] Tobin | Stiffness and Tension Gradients of the Hair Cell's Tip-Link Complex in the Mammalian Cochlea[END_REF]). However, frequency discrimination cannot happen via passive mechanical resonance alone, for which the hair bundle would build up a sensitive response by accumulating energy from cycle to cycle of the sound stimulus; the hair bundles are overdamped (Crawford and Fettiplace 1985a;[START_REF] Denk | Mechanical Properties of Sensory Hair Bundles Are Reflected in Their Brownian Motion Measured with a Laser Differential Interferometer[END_REF]. Still, the tight regulation of the hair-bundle size along the cochlea suggests that the morphological gradient might serve physiological region that spans a micrometre or so above the surface, the stereocilia taper, i.e. their diameter progressively decreases. A few tens of actin filaments with denser packing penetrate the cuticular plate, where they form a so-called 'rootlet' (Fig. I-8.B and I-9). As a result, when the hair bundle is deflected a stereocilium behaves like a stiff rod that pivots about its insertion point; the stereocilium does not bend (Crawford and Fettiplace 1985b). The pivotal stiffness of a stereocilium is thought to be dictated by elastic resistance to bending of actin filaments in the stereociliary rootlet over a short region near its insertion (J. [START_REF] Howard | Stiffness of Sensory Hair Bundles in the Sacculus of the Frog[END_REF][START_REF] Howard | Mechanics of Motor Proteins and the Cytoskeleton[END_REF]. In a simple description, this region can be modelled as a cylindrical beam of radius a and length l, the latter being much shorter than the length L of the whole stereocilium (L >> l). Introducing the flexural rigidity EI and radius r of a single actin filament and assuming that the actin filaments are crosslinked, the pivotal stiffness 𝜅 𝑆𝑃 of a stereocilium is then estimated as

𝜅 𝑆𝑃 = 𝑛𝐸𝐼 𝑙𝐿 2 𝑎 2 𝑟 2 , (I-1)
where n is the number of actin filaments at the insertion of each stereocilium (Fig.

I-9.F).
Within this framework, the pivotal stiffness of a stereocilium is largely determined by the number n of actin filaments at the insertion and the height of the stereocilia L. Any change in these parameters would result in a dramatic change of the hair bundle's pivotal stiffness. The pivotal stiffness Ksp was reported in the range of 200 to 650 µN•m -1 for the saccular hair bundle of the American bullfrog [START_REF] Jaramillo | Displacement-Clamp Measurement of the Forces Exerted by Gating Springs in the Hair Bundle[END_REF][START_REF] Marquis | Effects of Extracellular Ca2+ Concentration on Hair-Bundle Stiffness and Gating-Spring Integrity in Hair Cells[END_REF]) and 150 to 550 µN•m -1 for the rat cochlear hair bundles [START_REF] Tobin | Stiffness and Tension Gradients of the Hair Cell's Tip-Link Complex in the Mammalian Cochlea[END_REF]. Assuming that 𝑁 ≃ 50 stereocilia contribute equally to this measured stiffness, the estimate of the pivoting stiffness of a single stereocilium is 𝜅 𝑆𝑃 ≃ 4 -15 µN/m, corresponding to a rotational stiffness 𝜅 𝑆𝑃 𝑅 = 𝐿 2 𝜅 𝑆𝑃 ≃ 0.06 -0.35 fN•m•rad -1 if 𝐿 = 5 µm is an average length for the stereocilia in these hair bundles.

Using typical parameter values, 𝐸𝐼 = 4 10 -26 𝑁 ⋅ 𝑚 2 , 𝑎 = 50 𝑛𝑚, 𝑟 = 5 𝑛𝑚, 𝑙 = 1 µ𝑚, 𝐿 = 5 µ𝑚, and 𝑛 = 30, leads to theoretical estimates 𝜅 𝑆𝑃 ≃ 5 µ𝑁 • 𝑚 -1 and 𝜅 𝑆𝑃 𝑅 ≃ 0.12fN•m•rad -1 that are consistent with experimental estimates. Note that in the absence of crosslinking, the stereocilia would be much softer, with 𝜅 𝑆𝑃 = 𝑛𝐸𝐼/(𝑙𝐿 2 ), corresponding to stiffness that is about 100-fold smaller than that with cross-linking. The pivoting stiffness of a hair bundle is not only imposed by the stereociliary rootlets.

Horizontal lateral links interconnecting the stereocilia, as well as the oblique tip links, actually contribute a significant fraction of the hair-bundle stiffness [START_REF] Bashtanov | The Mechanical Properties of Chick (Gallus Domesticus) Sensory Hair Bundles: Relative Contributions of Structures Sensitive to Calcium Chelation and Subtilisin Treatment[END_REF]). In intact hairbundles from the bullfrogs' sacculus, the experimentally measured hair-bundle stiffness is in the range of 680 to 1,200 µN•m -1 [START_REF] Marquis | Effects of Extracellular Ca2+ Concentration on Hair-Bundle Stiffness and Gating-Spring Integrity in Hair Cells[END_REF][START_REF] Martin | Negative Hair-Bundle Stiffness Betrays a Mechanism for Mechanical Amplification by the Hair Cell[END_REF]. The contribution of tip links the total hair-bundle stiffness is about 20% on average but can go up to 50% in rat cochlea hair bundles [START_REF] Tobin | Stiffness and Tension Gradients of the Hair Cell's Tip-Link Complex in the Mammalian Cochlea[END_REF], 80% in Mongolian gerbils [START_REF] Chan | Mechanical Responses of the Organ of Corti to Acoustic and Electrical Stimulation In Vitro[END_REF], and around 50-80% in the frog saccular hair bundles [START_REF] Marquis | Effects of Extracellular Ca2+ Concentration on Hair-Bundle Stiffness and Gating-Spring Integrity in Hair Cells[END_REF]. Having the tip links contribute a large fraction of the hair-bundle stiffness is advantageous to convey the energy of the stimulus to the transduction machinery associated with the tip links [START_REF] Chan | Mechanical Responses of the Organ of Corti to Acoustic and Electrical Stimulation In Vitro[END_REF].

A.3 The mechano-electrical transduction machinery

The molecular identity of the ion channel that mediates mechanoelectrical transduction in the hair cell-the transduction channel-has been resisting identification and extensive research efforts for many years. This is in part due to the small number of hair cells in auditory organs (only a few thousand) and of transduction channels per hair cells (2-4 per tip link [START_REF] Beurg | Localization of Inner Hair Cell Mechanotransducer Channels Using High-Speed Calcium Imaging[END_REF][START_REF] Courtemanche | Mechanisms of Formin-Mediated Actin Assembly and Dynamics[END_REF], corresponding to a few hundred molecules per hair cell). However, over the past 30 years, genetic studies of deafness in mammals helped to identify several molecules implicated in mechanotransduction of hair cells (see the reviews of [START_REF] Michalski | Genetics of Auditory Mechano-Electrical Transduction[END_REF] and (W. Zheng and Holt 2021) regarding the genetic studies of the mechano-electrical transduction machinery).

The mechano-electrical transduction (MET) machinery consists of the tip link, the transduction channel itself located near the lower end of the tip link, and the myosin motor complex located at and 2/3 of the tip link, respectively (B. [START_REF] Kachar | High-Resolution Structure of Hair-Cell Tip Links[END_REF]. Because cadherin proteins are calciumdependent adhesion proteins, the tip link can be disrupted by applying calcium chelators, such as BAPTA4 , to lower the Ca 2+ concentration and disconnect protocadherin 15 from cadherin 23 (Assad, Shepherd, and Corey 1991) (Fig. I-11.B).

The tip link was initially proposed to be the 'gating spring' that pulls on the transduction channel, as introduced in the gating spring model of mechanoelectrical transduction (D. [START_REF] Corey | Analysis of the Microphonic Potential of the Bullfrog's Sacculus[END_REF]. However, molecular dynamic (MD) simulations based on structural data later indicated that the tip link is likely too rigid to be the gating spring [START_REF] Sotomayor | In Search of the Hair-Cell Gating Spring: Elastic Properties of Ankyrin and Cadherin Repeats[END_REF][START_REF] Sotomayor | Structural Determinants of Cadherin-23 Function in Hearing and Deafness[END_REF][START_REF] Pickles | An Introduction to the Physiology of Hearing[END_REF], and thus that the 'gating spring' may be composed of other elastic elements connected in series with the tip link. Nevertheless, the conclusion was recently re-evaluated based on MD simulations (Araya-Secchi, Neel, and Sotomayor 2016) and force spectroscopy of a portion and the whole tip link [START_REF] Bartsch | Elasticity of Individual Protocadherin 15 Molecules Implicates Tip Links as the Gating Springs for Hearing[END_REF][START_REF] Mulhall | Single-Molecule Force Spectroscopy Reveals the Dynamic Strength of the Hair-Cell Tip-Link Connection[END_REF].

Within a physiological tension range, a single protocadherin-15 molecule shows a low stiffness but the stiffness can go up to ~ 10 mN•m -1 at very high tension as a result of strain stiffening [START_REF] Bartsch | Elasticity of Individual Protocadherin 15 Molecules Implicates Tip Links as the Gating Springs for Hearing[END_REF]. These recent studies bring back the question regarding the identity of the tip link as the long-sought 'gating spring'. Figures from [START_REF] Assad | Tip-Link Integrity and Mechanical Transduction in Vertebrate Hair Cells[END_REF].

Disrupted tip links can regenerate. Normal transduction is mostly restored within 24 hours [START_REF] Zhao | Regeneration of Broken Tip Links and Restoration of Mechanical Transduction in Hair Cells[END_REF]. Regeneration happens first with Pcdh15-Pcdh15 links at ~12 h. Then Cdh23 replaces Pcdh15 at the upper end of the tip link at ~36 h [START_REF] Indzhykulian | Molecular Remodeling of Tip Links Underlies Mechanosensory Regeneration in Auditory Hair Cells[END_REF]. Pulling on the tip-link connection containing extracellular (EC) domains EC1-5 has recently revealed a mean lifetime of 9 s for the tip-link bound at a resting tension of 10 pN [START_REF] Mulhall | Single-Molecule Force Spectroscopy Reveals the Dynamic Strength of the Hair-Cell Tip-Link Connection[END_REF]) but the lifetime reduces to about 500 µs at the tension of 40 pN, a high-tension value that may be physiological in the cochlea [START_REF] Tobin | Stiffness and Tension Gradients of the Hair Cell's Tip-Link Complex in the Mammalian Cochlea[END_REF]. The tip-link bond seems to be much more dynamic than originally thought. Interestingly, it was also recently shown that applying a sinusoidal force to the hair bundle or pushing the bundle towards the negative direction to facilitate encounter of the tip link fragments evoked tip-link recovery within seconds after disruption [START_REF] Alonso | Fast Recovery of Disrupted Tip Links Induced by Mechanical Displacement of Hair Bundles[END_REF]). These remarkable observations suggest that mechanical stimulation may facilitate the reconstitution of functional tip links, which may help explain why normal hearing is restored after temporary hearing loss due to loud sound exposure.

b. The transduction channels

The MET channel is located at the lower end of the tip link where [START_REF] Beurg | Localization of Inner Hair Cell Mechanotransducer Channels Using High-Speed Calcium Imaging[END_REF]). TMC1/2, TMIE, LHFPL5, and CIB2 were identified as components of the transduction channel (Fig. I-12).

TMC1/2 are believed to work as pore-forming proteins [START_REF] Pan | TMC1 and TMC2 Are Components of the Mechanotransduction Channel in Hair Cells of the Mammalian Inner Ear[END_REF][START_REF] Kurima | TMC1 and TMC2 Localize at the Site of Mechanotransduction in Mammalian Inner Ear Hair Cell Stereocilia[END_REF][START_REF] Jia | TMC1 and TMC2 Proteins Are Pore-Forming Subunits of Mechanosensitive Ion Channels[END_REF]. Another transmembrane protein, TMIE is likely to be a subunit of the transduction channel and binds to LHFPL5 [START_REF] Cunningham | TMIE Defines Pore and Gating Properties of the Mechanotransduction Channel of Mammalian Cochlear Hair Cells[END_REF]. LHFPL5, which binds to the lower end of the tip link through protocadherin-15, may transmit tension in the tip link to the transduction channels [START_REF] Xiong | TMHS Is an Integral Component of the Mechanotransduction Machinery of Cochlear Hair Cells[END_REF][START_REF] Beurg | Subunit Determination of the Conductance of Hair-Cell Mechanotransducer Channels[END_REF]. CIB2 has an affinity for Ca 2+ , a prominent ionic signal in the hair cells, and was reported to bind to the MET channel [START_REF] Giese | CIB2 Interacts with TMC1 and TMC2 and Is Essential for Mechanotransduction in Auditory Hair Cells[END_REF]). Based on their homologs in Caenorhabditis elegans, CIB2 was also proposed to link the stereociliary actin core to the transduction channel through ankyrin proteins [START_REF] Tang | Ankyrin Is An Intracellular Tether for TMC Mechanotransduction Channels[END_REF]). However, direct evidence of such arrangement (TMC1/CIB2/Ankyrin) has yet to be confirmed in vertebrate hair bundles. 

TMC1/2

Transmembrane channel-like proteins 1 and 2 or TMC1/2 have been shown to be pore-forming proteins and are accepted as the main determinant of the conductive pathway for the transduction channel [START_REF] Jia | TMC1 and TMC2 Proteins Are Pore-Forming Subunits of Mechanosensitive Ion Channels[END_REF][START_REF] Pan | TMC1 and TMC2 Are Components of the Mechanotransduction Channel in Hair Cells of the Mammalian Inner Ear[END_REF]. Immunofluorescence and immunogold labelling localize the two proteins at the tip of the stereocilia shorter rows of mice hair bundles, where the mechanotransduction channels are located, but not at the tallest [START_REF] Kurima | TMC1 and TMC2 Localize at the Site of Mechanotransduction in Mammalian Inner Ear Hair Cell Stereocilia[END_REF]. Both TMC1 and TMC2 are required for mechanotransduction and both are detected at early postnatal stages in mouse hair cells. TMC2 expression reaches its peak during the first postnatal week, around the onset of the mechanotransduction, and then declines to be undetectable at P10. During this time, TMC1 expression, which starts 2 -3 days later than TMC2 expression, overcomes TMC2 expression around P6 -P7 [START_REF] Kawashima | Mechanotransduction in Mouse Inner Ear Hair Cells Requires Transmembrane Channel-like Genes[END_REF]. TMC1 expression then reaches saturation.

The developmental switch between TMC2 and TMC1 is tightly coupled to properties of mechanotransduction and expression of important actin-binding proteins [START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF]), as will be described further.

TMC1 molecules assemble as dimers [START_REF] Pan | TMC1 Forms the Pore of Mechanosensory Transduction Channels in Vertebrate Inner Ear Hair Cells[END_REF]. The transduction channels of OHCs and IHCs in the mouse cochlea show multiple conductance states in 50-pS increments [START_REF] Beurg | Variable Number of TMC1-Dependent Mechanotransducer Channels Underlie Tonotopic Conductance Gradients in the Cochlea[END_REF]. In addition, it was shown in the same study for OHCs that the number of TMC1 molecules per MET complex increases from ~ 8 at the apex to ~ 20 at the base of the cochlea.

Thus, there seems to be a varying number of channels per tip link and each MET complex is composed of multiple TMC1 molecules, with a gradient along the tonotopic axis of auditory organs for OHCs (but not for IHCs).

In mammalian hair cells, the single-channel conductance of the transduction channel was reported to be in the range of 50-300 pS [START_REF] Beurg | Variable Number of TMC1-Dependent Mechanotransducer Channels Underlie Tonotopic Conductance Gradients in the Cochlea[END_REF]2006;[START_REF] Géléoc | A Quantitative Comparison of Mechanoelectrical Transduction in Vestibular and Auditory Hair Cells of Neonatal Mice[END_REF]K. X. Kim et al. 2013;[START_REF] Pan | TMC1 Forms the Pore of Mechanosensory Transduction Channels in Vertebrate Inner Ear Hair Cells[END_REF]2013) while the single-channel conductance of purified TMC1 and TMC2 in liposomes is 40 pS and 35 pS [START_REF] Jia | TMC1 and TMC2 Proteins Are Pore-Forming Subunits of Mechanosensitive Ion Channels[END_REF], respectively. TMC1 and TMC2 also show distinct permeation properties. Hair cells expressing only TMC1 have a smaller single-channel conductance and lower Ca 2+ permeability than those expressing only TMC2 (K. X. Kim and Fettiplace 2013). The developmental switch from TMC2 to TMC1 at the onset of the mechanotransduction may result in reducing the Ca 2+ influx in the mature hair cells.

TMIE

Transmembrane inner ear expressed protein or TMIE is a transmembrane protein that was identified from deaf mice and deaf humans (DFNB6) [START_REF] Shabbir | Mutations of Human TMHS Cause Recessively Inherited Non-syndromic Hearing Loss[END_REF]. TMIE has two transmembrane domains. TMIE localizes at the stereociliary tip and is first expressed in the shorter stereocilia of mice cochlear hair cells during the first postnatal week, around the onset of the mechanotransduction [START_REF] Cunningham | TMIE Defines Pore and Gating Properties of the Mechanotransduction Channel of Mammalian Cochlear Hair Cells[END_REF].

Deletion of TMIE eliminates mechanotransduction and the loss of mechanotransduction can be rescued by expressing wild-type TMIE. Point mutations in different regions of the N-or Ccytoplasmic domains also result in disrupted mechanotransduction currents. As a result, TMIE is believed to be a subunit of the transduction channel. Further study reveals that TMC1 traffic from the cell body to the stereociliary tip is disrupted in TMIE knockout mice. While TMC1 is not transported to the stereociliary tip, TMC2 localisation in the stereocilia is only slightly affected [START_REF] Cunningham | TMIE Defines Pore and Gating Properties of the Mechanotransduction Channel of Mammalian Cochlear Hair Cells[END_REF]. Moreover, in TMIE zebrafish mutants, both TMC1 and TMC2 cannot be delivered to the stereociliary tip (Pacentine, Chatterjee, and Barr-Gillespie 2020). These observations indicate that TMIE is required for trafficking of at least TMC1 to the stereociliary tip.

LHFPL5

Lipoma HMGIC Fusion Partner-Like 5 Protein, or LHFPL5, is another transmembrane protein [START_REF] Kalay | Mutations in the Lipoma HMGIC Fusion Partner-like 5 (LHFPL5) Gene Cause Autosomal Recessive Nonsyndromic Hearing Loss[END_REF], like TMIE, that regulates TMC1 localisation to the stereociliary tip in mice cochlear hair cells. LHFPL5 belongs to a family of transmembrane proteins with four transmembrane domains. During the first postnatal week, at the onset of mechanotransduction,

LHFPL5 is expressed at the stereociliary tip in all rows and the expression level reaches a peak.

The expression level then declines by P12 and LHFPL5 localisation is restricted to only the tip of the shorter stereocilia rows [START_REF] Beurg | Localization of Inner Hair Cell Mechanotransducer Channels Using High-Speed Calcium Imaging[END_REF].

Deletion of LHFPL5 results in a severe impairment of mechano-electrical transduction (the current magnitude is reduced by 90%) and TMC1 is not trafficked to the stereociliary tip.

Interestingly, the number of tip links in Lhfpl5-null mice is also reduced significantly [START_REF] Xiong | TMHS Is an Integral Component of the Mechanotransduction Machinery of Cochlear Hair Cells[END_REF]. Consistent with the later result, biochemical assays show that LHFPL5 can physically interact with PCDH15, the tip-link protein at the lower end of the tip link [START_REF] Beurg | Subunit Determination of the Conductance of Hair-Cell Mechanotransducer Channels[END_REF][START_REF] Xiong | TMHS Is an Integral Component of the Mechanotransduction Machinery of Cochlear Hair Cells[END_REF]. Within this framework, LHFPL5 may connect the tip link to the transduction channel. However, co-immunoprecipitation assays failed to reveal a physical interaction between LHFPL5 and TMC1 [START_REF] Beurg | Subunit Determination of the Conductance of Hair-Cell Mechanotransducer Channels[END_REF].

CIB2 and Ankyrin proteins

Calcium and Integrin Binding Family Member 2, or CIB2, belongs to a family of proteins that are known to contain multiple EF-hand domains that bind Ca 2+ . Mutations in CIB2 are associated with human nonsyndromic deafness DFNB45 and Usher syndrome type 1J. A null mutation or a point mutation in CIB2 also results in profound hearing loss in mice [START_REF] Giese | CIB2 Interacts with TMC1 and TMC2 and Is Essential for Mechanotransduction in Auditory Hair Cells[END_REF][START_REF] Wang | Loss of CIB2 Causes Profound Hearing Loss and Abolishes Mechanoelectrical Transduction in Mice[END_REF][START_REF] Michel | CIB2, Defective in Isolated Deafness, Is Key for Auditory Hair Cell Mechanotransduction and Survival[END_REF]). TMC1 and TMC2 localisation at the shorter-row stereociliary tips is normal in the absence of CIB2, suggesting that CIB2 may not be involved in transporting TMC1 and TMC2 to the stereociliary tips. However, CIB2 interacts with the cytoplasmic N-terminus of TMC1 and TMC2 and this interaction disappears after a missense mutation in CIB2 [START_REF] Giese | CIB2 Interacts with TMC1 and TMC2 and Is Essential for Mechanotransduction in Auditory Hair Cells[END_REF]. Deletion of CIB2 also entirely eliminates the transduction current indicating that CIB2 is an integral part of the transduction channel. elegans is proposed to be a likely candidate of a Ca 2+ binding structure that physically links the mechanotransduction channel to the actin cytoskeleton in stereocilia although it is unclear whether the ankyrin gene is expressed in cochlear hair cells. Figure from [START_REF] Tang | Ankyrin Is An Intracellular Tether for TMC Mechanotransduction Channels[END_REF].

Ankyrin belongs to a family of proteins that serve as an attachment or scaffold between integral membrane proteins, such as ion channels and signalling receptors, to the spectrin-actin based membrane cytoskeleton. Although it is unclear whether the ankyrin gene is expressed in mammalian cochlear hair cells, UNC-44 which is the homolog of ankyrin in Caenorhabditis elegans can bind to CALM-1, the CIB homolog in C. elegans [START_REF] Tang | Ankyrin Is An Intracellular Tether for TMC Mechanotransduction Channels[END_REF]. Moreover, the UNC-44/ankyrin complex also connects to TMC-1 via CALM-1/CIB and both are required for TMC-1-mediated mechanoreception of nociceptive quadrant outer labials (OLQ) neuron in C. elegans (Fig. I-13). This TMC-1/CIB/ankyrin/spectrin/actin cytoskeleton complex provides an attractive candidate of a Ca 2+ binding structure that physically links the mechanotransduction channel to the actin cytoskeleton in stereocilia.

Remarkably, in direct relevance to my PhD work, CIB2 deficiency leads to over-elongation of shorter-row stereocilia in the mouse cochlea [START_REF] Giese | CIB2 Interacts with TMC1 and TMC2 and Is Essential for Mechanotransduction in Auditory Hair Cells[END_REF]. This observation suggests that CIB2 directly or indirectly plays a role in the regulation of the stereociliary structure.

c. The myosin complex

The myosin motor complex is located at the upper tip-link density (ULTD). Myosin-1c (MYO1C) and myosin-7a (MYO7A) were proposed as candidate motors that set the tip links under tension. MYO1C was shown to be involved in the adaptation of transduction currents in vestibular hair cells [START_REF] Holt | A Chemical-Genetic Strategy Implicates Myosin-1c in Adaptation by Hair Cells[END_REF]Stauffer et al. 2005a). MYO7A is localized at the upper insertion point of the tip link in mature cochlear hair cells [START_REF] Grati | Myosin VIIa and sans Localization at Stereocilia Upper Tip-Link Density Implicates These Usher Syndrome Proteins in Mechanotransduction[END_REF][START_REF] Li | Myosin-VIIa Is Expressed in Multiple Isoforms and Essential for Tensioning the Hair Cell Mechanotransduction Complex[END_REF] and mutation sin MYO7A case Usher syndrome type 1, characterized by combined deafness and blindness [START_REF] Boeda | Myosin VIIa, Harmonin and Cadherin 23, Three Usher I Gene Products That Cooperate to Shape the Sensory Hair Cell Bundle[END_REF]. 

B. The architecture of the actin core and actin dynamics in the stereocilia

The actin cytoskeleton is a network of semi-flexible filaments that are active polymers. The filaments can elongate or shrink depending on the surrounding environment. As a result, the network can continuously reorganize to adapt to changing conditions. The actin cytoskeleton is involved in various key cellular processes such as motility, morphogenesis, polarity, transport and cell division (see the reviews of (Laurent [START_REF] Blanchoin | Actin Dynamics, Architecture, and Mechanics in Cell Motility[END_REF]) and (Banerjee, Gardel, and Schwarz 2020) regarding the adaptive nature of the actin cytoskeleton in various biological systems). The hair bundle provides a striking example of an actin-based structure that must be tightly regulated during development and maintained at mature stages according to its function as a frequency-selective detector of periodic mechanical stimuli.

B.1 Introduction to actin polymerization and its dynamics a. Actin structure

The actin protein exists in two forms: the monomeric globular form (G-actin) and the polymerized filamentous form (F-actin). The actin monomer is a 43-kDa globular protein (Gactin) composed of 4 sub-domains that bind to the nucleotides ATP and ADP as well as to Mg 2+

ions [START_REF] Kabsch | Atomic Structure of the Actin: DNase I Complex[END_REF]). G-actin, which has a diameter of ~5-6 nm (Jonathon Howard 2001), is asymmetrical. When individual monomers assemble into a proto-filament, the subunits are orientated in the same direction in a head-to-tail manner. This gives rise to the polarity of the actin filament; the ends of the filament are structurally different. Two parallel F-actin filaments form a double-stranded helix with a 37-nm repeat and a diameter of an equivalent cylinder of about 8 nm. 

Figure I-15: STRUCTURE OF GLOBULAR (G-ACTIN) AND FILAMENTOUS ACTIN (F-ACTIN). (A)

The asymmetric topology of G-actin, with its 4 subdomains represented in different colours. Subdomains 1 and 3 form the fast-growing "barbed end" while subdomains 2 and 4 form the slow-growing "pointed end" of the actin filament. Adapted from (M. [START_REF] Kim | Using Harmonic Analysis and Optimization to Study Macromolecular Dynamics[END_REF]. 

b. Actin polymerization kinetics

The polarity of an actin filament is associated with different kinetics of polymerization and depolymerisation at both ends. At saturating concentrations of G-actin (~mM), the barbed end is the fast-growing end, whereas the pointed end is the slow-growing end. Correspondingly, the association rate of ATP-G-actin (k+) is ten times higher at the barbed end than that at the pointed end (T D [START_REF] Pollard | Rate Constants for the Reactions of ATPand ADP-Actin with the Ends of Actin Filaments[END_REF]. The association and dissociation rates that tune polymerization and depolymerisation at both ends of the actin filament are controlled by the nucleotides (Fig. I-16).

In cells, where ATP molecules are abundant, actin filaments are mostly assembled from ATP-G-actin since G-actin has a strong affinity for ATP. Upon incorporation into a filament, an actin subunit hydrolyses its nucleotide at a relatively fast rate of 0.3 s -1 (Laurent [START_REF] Blanchoin | Hydrolysis of ATP by Polymerized Actin Depends on the Bound Divalent Cation but Not Profilin[END_REF]. ATP-F-actin is then transformed into ADP-Pi (Pi: inorganic Phosphate) F-actin and then into ADP-F-actin. The release of Pi, which is 100 times slower than ATP hydrolysis [START_REF] Carlier | Direct Evidence for ADP-Inorganic Phosphate-F-Actin as the Major Intermediate in ATP-Actin Polymerization. Rate of Dissociation of Inorganic Phosphate from Actin Filaments[END_REF]. The assembly of actin monomers into a filament requires energy to overcome a kinetic barrier that prevents spontaneous nucleation. The critical nucleus size or the smallest oligomer that is more likely to grow into an actin filament is an actin trimer (T. D. [START_REF] Pollard | Actin and Actin-Binding Proteins. A Critical Evaluation of Mechanisms and Functions[END_REF][START_REF] Sept | Thermodynamics and Kinetics of Actin Filament Nucleation[END_REF].

c. Actin nucleation

Actin nucleation is the first step of actin polymerization. Nucleation involves the formation of an actin nucleus composed of a G-actin trimer, or a complex of three actin monomers. The cytoplasm of cells shows a high concentration of G-actin-ATP, up to about 150 µM in the cytoplasm (Laurent [START_REF] Blanchoin | Actin Dynamics, Architecture, and Mechanics in Cell Motility[END_REF][START_REF] Carlier | Direct Evidence for ADP-Inorganic Phosphate-F-Actin as the Major Intermediate in ATP-Actin Polymerization. Rate of Dissociation of Inorganic Phosphate from Actin Filaments[END_REF], as well as a high concentration of the protein profilin, as high as 100 µM. Profilin binds to the majority of G-actin present within the cell, preventing the spontaneous nucleation of filaments. This is because, when actin monomers are bound to profilin, the concentration of free actin monomers available for filament elongation is decreased, so that spontaneous nucleation becomes unlikely [START_REF] Carlsson | Actin Polymerizability Is Influenced by Profilin, a Low Molecular Weight Protein in Non-Muscle Cells[END_REF]. When profiling binds to actin monomers, the monomer can still add onto free barbed ends of an actin filament but at a slower rate compared to that of free G-actin. However, profilin affects the association and dissociation rates of G-actin to a filament by increasing the rate of nucleotide exchange by 1000-fold which replenish the pool of ATP-actin monomers [START_REF] Goldschmidt-Clermont | Mechanism of the Interaction of Human Platelet Profilin with Actin[END_REF]). In the presence of 8 µM of profilin and with an excess of ATP, the association rate at the barbed end decreases from 11.6 to 8 µM -1 .s -1 and the dissociation rate increases from 1.4 to 2 s -1 (Gutsche-Perelroizen et al. 1999). In the presence of profilin, nucleation of actin filaments requires nucleation promoting factors. An actin filament may either elongate by interacting with formins or interact with the Arp2/3 complex to promote the formation of new filaments via branching.

Once the actin subunit is incorporated into the filament, profilin is released and the barbed end becomes available for the incorporation of new monomers. In summary, profilin sequesters a pool of monomeric actin and inhibits actin polymerization in the bulk by preventing the spontaneous nucleation of actin filaments in the cell. In the presence of profilin, nucleation factors are needed to promote de novo actin assembly.

The arp 2/3 complex

The Actin-Related-Protein 2 and 3 complex or Arp2/3 complex promotes branching from a pre-existing filament by forming a nucleation seed. The Arp2/3 complex is constitutively inactive but can be activated by nucleation promoting factors (NPF) from the Wiskott-Aldrich Syndrom Protein (WASP/WAVE) family [START_REF] Machesky | Scar, a WASp-Related Protein, Activates Nucleation of Actin Filaments by the Arp2/3 Complex[END_REF][START_REF] Marchand | Interaction of WASP/Scar Proteins with Actin and Vertebrate Arp2/3 Complex[END_REF]. The nucleation of branched actin networks by the Arp2/3 complex requires the presence of nucleation-promoting factor (WASP), actin monomers and a pre-formed actin microfilament called a primer (Fig.

I-17.A

). New actin filaments appear at a 70-deg angle relative to the mother filament [START_REF] Mullins | The Interaction of Arp2/3 Complex with Actin: Nucleation, High Affinity Pointed End Capping, and Formation of Branching Networks of Filaments[END_REF] and elongate by the addition of actin monomers to the barbed end [START_REF] Machesky | Scar, a WASp-Related Protein, Activates Nucleation of Actin Filaments by the Arp2/3 Complex[END_REF][START_REF] Blanchoin | Direct Observation of Dendritic Actin Filament Networks Nucleated by Arp2/3 Complex and WASP/Scar Proteins[END_REF]. 

Formins

Formins are a large and diverse class of actin-binding proteins that are involved in the nucleation and elongation of actin filaments [START_REF] Courtemanche | Mechanisms of Formin-Mediated Actin Assembly and Dynamics[END_REF]Paul and Pollard 2009a;[START_REF] Zigmond | Formin-Induced Nucleation of Actin Filaments[END_REF]); some formins also bundle actin filaments [START_REF] Harris | Mechanistic Differences in Actin Bundling Activity of Two Mammalian Formins, FRL1 and MDia2 *[END_REF][START_REF] Michelot | A Novel Mechanism for the Formation of Actin-Filament Bundles by a Nonprocessive Formin[END_REF][START_REF] Schönichen | FHOD1 Is a Combined Actin Filament Capping and Bundling Factor That Selectively Associates with Actin Arcs and Stress Fibers[END_REF]) and bind to microtubules [START_REF] Bartolini | The Formin MDia2 Stabilizes Microtubules Independently of Its Actin Nucleation Activity[END_REF][START_REF] Chesarone | Unleashing Formins to Remodel the Actin and Microtubule Cytoskeletons[END_REF][START_REF] Gaillard | Differential Interactions of the Formins INF2, MDia1, and MDia2 with Microtubules[END_REF]. This wide range of functions indicates that formins may serve various roles in cells. Mutations in formins cause severe defects in cytokinesis, polarity, and cell and tissue morphogenesis [START_REF] Mass | Disruption of Formin-Encoding Transcripts in Two Mutant Limb Deformity Alleles[END_REF][START_REF] Jackson-Grusby | A Variant Limb Deformity Transcript Expressed in the Embryonic Mouse Limb Defines a Novel Formin[END_REF][START_REF] Castrillon | Diaphanous Is Required for Cytokinesis in Drosophila and Shares Domains of Similarity with the Products of the Limb Deformity Gene[END_REF][START_REF] Kohno | Bni1p Implicated in Cytoskeletal Control Is a Putative Target of Rho1p Small GTP Binding Protein in Saccharomyces Cerevisiae[END_REF].

The C-terminal formin homology 1 and 2 domains (FH1, and FH2) of formins are much conserved. The FH1 contains proline-rich motifs that interact with the profilin-actin complex, thereby recruiting actin monomers [START_REF] Courtemanche | Determinants of Formin Homology 1 (FH1) Domain Function in Actin Filament Elongation by Formins[END_REF][START_REF] Paul | The Role of the FH1 Domain and Profilin in Formin-Mediated Actin-Filament Elongation and Nucleation[END_REF]. The FH2 domains form dimers that can nucleate actin filaments and mediate processive elongation at filament barbed ends of the filaments [START_REF] Aydin | Gating Mechanisms during Actin Filament Elongation by Formins[END_REF][START_REF] Courtemanche | Mechanisms of Formin-Mediated Actin Assembly and Dynamics[END_REF][START_REF] Goode | Mechanism and Function of Formins in the Control of Actin Assembly[END_REF]Paul and Pollard 2009b). The combined action of FH1 and FH2 domains strongly accelerates filament growth.

Activated formins facilitate the elongation of actin filaments. They form a doughnut-shaped complex around the terminal actin subunits by orientating themselves towards the barbed end of the actin filament. The formin complex binds to the actin filament by its FH2 (formin homology 

B.2 Actin dynamics in stereocilia.

Mammalian hair cells do not regenerate, which means that the hair-bundle must architecture must be maintained throughout the life of the animals. Maintenance and repair of the stereociliary structure result from the incorporation of cytoplasmic G-actin into the paracrystalline actin core.

How dynamic is actin in stereocilia? Early studies based on transfection with -actin-GFP of neonatal rata and mouse hair cells in culture had suggested that actin in stereocilia is continuously renewed in 48-72 hr by a treadmilling mechanism, with polymerization at the tip of the stereocilia and depolarization at the base [START_REF] Schneider | Rapid Renewal of Auditory Hair Bundles[END_REF][START_REF] Rzadzinska | An Actin Molecular Treadmill and Myosins Maintain Stereocilia Functional Architecture and Self-Renewal[END_REF]). Interestingly the treadmilling rate was observed to be proportional to the stereociliary length so that stereocilia of different lengths would be renewed in the same amount of time. However, this attractive model of dynamic maintenance was contested by more recent experiments from several groups and using various approaches in adult frog saccular hair cells and neonatal mice utricular hair cells. Instead, stereocilia were found to be remarkably stable over most of their length, with actin turnover happening only within about 0.5 µm from the stereociliary tips [START_REF] Zhang | Multi-Isotope Imaging Mass Spectrometry Reveals Slow Protein Turnover in Hair-Cell Stereocilia[END_REF][START_REF] Drummond | Live-Cell Imaging of Actin Dynamics Reveals Mechanisms of Stereocilia Length Regulation in the Inner Ear[END_REF]Narayanan et al. 2015) (Fig. I-18). To reconcile these contrasting observations, it was proposed that the previously observed propagation of β-actin GFP from the tip to the base of the stereocilia [START_REF] Schneider | Rapid Renewal of Auditory Hair Bundles[END_REF][START_REF] Rzadzinska | An Actin Molecular Treadmill and Myosins Maintain Stereocilia Functional Architecture and Self-Renewal[END_REF]) might correspond to the incorporation of actin into nascent stereocilia during the development of immature hair bundles or 'stereociliogenesis' [START_REF] Drummond | Live-Cell Imaging of Actin Dynamics Reveals Mechanisms of Stereocilia Length Regulation in the Inner Ear[END_REF]. In the following sections, I will introduce the actin-binding proteins that have been involved in the development and maintenance of stereocilia, and describe the available evidence implicating mechanotransduction in the control of the hair-bundle morphology

B.3 Molecular constituents of the stereocilia

Maintenance of the stereociliary structure, like those of other actin-based protrusions, results from a complex interplay between several types of actin-binding proteins, including actin nucleators, cross-linkers, capping, severing proteins, and molecular motors (Fig. I-19). In this section, I will describe the main actin-binding proteins that have been identified in the hair bundle as well as their putative role. 

a. Actin

Stereocilia are made of both β-actin and γ-actin. These two isoforms differ by only four amino acid residues in the N-terminus region and are evolutionarily conserved from birds to mammals [START_REF] Vandekerckhove | At Least Six Different Actins Are Expressed in a Higher Mammal: An Analysis Based on the Amino Acid Sequence of the Amino-Terminal Tryptic Peptide[END_REF]. Immunofluorescence microscopy of mice cochlear hair cells revealed that β-actin and γ-actin co-localize in the stereocilia and the lateral wall (Benjamin J.

Perrin, Sonnemann, and Ervasti 2010) (Fig. I-20). In chick and guinea pig cochlear hair cells, γactin is expressed in the hair bundle, the cuticular plate, and the lateral wall, whereas β-actin localization is restricted to the hair bundle [START_REF] Höfer | Sorting of Actin Isoforms in Chicken Auditory Hair Cells[END_REF][START_REF] Furness | Differential Distribution of β-and γ-Actin in Guinea-Pig Cochlear Sensory and Supporting Cells[END_REF].

Although the molecular differences between β-actin and γ-actin are small, the two isoforms cannot compensate for each other to develop normal hearing. In mice, knockout of the β-actin gene, Actb, results in early death during embryonic development (I. A. [START_REF] Belyantseva | Gamma-Actin Is Required for Cytoskeletal Maintenance but Not Development[END_REF].

Instead, knockout of the γ-actin gene, Actg1, results in early progressive hearing loss [START_REF] Shawlot | Restricted Beta-Galactosidase Expression of a Hygromycin-LacZ Gene Targeted to the Beta-Actin Locus and Embryonic Lethality of Beta-Actin Mutant Mice[END_REF]. Furthermore, in adult mice, immunolabeling of γ-actin reveals the presence of this actin isoform in gaps of the stereociliary core resulting from sound damage (I. A. [START_REF] Belyantseva | Gamma-Actin Is Required for Cytoskeletal Maintenance but Not Development[END_REF]). These observations suggest that β-actin is required for stereocilia formation during development and that γ-actin is involved in the maintenance and repair of the stereociliary structure (Benjamin J. [START_REF] Perrin | β-Actin and γ-Actin Are Each Dispensable for Auditory Hair Cell Development But Required for Stereocilia Maintenance[END_REF]. 

b. Actin nucleators

Formins have been identified in chick or mice utricular hair bundles, although the number of molecules per stereocilium (~8) was very low and the evidence is thus not strong [START_REF] Shin | Molecular Architecture of the Chick Vestibular Hair Bundle[END_REF][START_REF] Krey | The Proteome of Mouse Vestibular Hair Bundles over Development[END_REF]. Endogenous formins have also been identified in auditory hair cells, particularly at the apical junctional complex but not in the hair bundles, except when human DIAPH1 was over-expressed in mice [START_REF] Ninoyu | The Integrity of Cochlear Hair Cells Is Established and Maintained through the Localization of Dia1 at Apical Junctional Complexes and Stereocilia[END_REF]. Although formin localization in the normal stereocilia is not clear, over-expression of formin genes results in morphological defects ( [START_REF] Schoen | Diaphanous Homolog 3 (Diap3) Overexpression Causes Progressive Hearing Loss and Inner Hair Cell Defects in a Transgenic Mouse Model of Human Deafness[END_REF]. Not only do the stereocilia get wider, the cell apical surface, upon over-expression of both DIAPH1 and Diaph3, also bulges. This observation suggests that over-expression of formins disrupt the normal maintenance of the hair bundle due to excessive nucleation of actin. However, a phenotype resulting from overexpression of exogenous formins does not provide definite evidence that formins actually play a role in normal stereocilia. In addition, mutations in the formin genes have been linked to deafness. Non-syndromic deafness DFNA1 in humans is associated with mutations of the gene DIAPH1. Moreover, mutations in the genes DIAPH3 are associated with hereditary deafness AUNA1 [START_REF] Lynch | Nonsyndromic Deafness DFNA1 Associated with Mutation of a Human Homolog of the Drosophila Gene Diaphanous[END_REF].

In mice, endogenous Dia1 is expressed during and after the differentiation of the organ of Corti, sensory epithelium and spiral ganglion neurons (SGNs), and is localized at the apical junctional complex (AJCs). The constitutively active mutant accumulates at hair cells' apical junctional complex and stereociliary tips in the DIAPH1 knock-in mice [START_REF] Ninoyu | The Integrity of Cochlear Hair Cells Is Established and Maintained through the Localization of Dia1 at Apical Junctional Complexes and Stereocilia[END_REF].

Another candidate for actin nucleation in the hair bundle comes the Arp 2/3 complex. The Arp2/3 complex and the Ena/vasodilator-stimulated phosphoprotein (VASP) family have been identified in the proteome of chick and mice utricular hair bundles [START_REF] Shin | Molecular Architecture of the Chick Vestibular Hair Bundle[END_REF][START_REF] Krey | The Proteome of Mouse Vestibular Hair Bundles over Development[END_REF]. In mice, the estimated numbers of Arp2 ( 71) and Arp 3 (51) per stereocilium to reliably conclude that these molecules are present in the hair bundle of mice. However, no morphological defect related to the Arp2/3 complex has yet been reported. Nevertheless, mutations in the actin gene (γ-actin) that result in progressive autosomal dominant nonsyndromic hearing loss (DFNA20/26) have been found to be associated with Arp2/3 complex-dependent actin regulation.

Two of the mutations, K118M and K118N are located near the putative binding site for the Arp2/3 complex [START_REF] Kruth | Two Deafness-Causing (DFNA20/26) Actin Mutations Affect Arp2/3-Dependent Actin Regulation *[END_REF].

The possible roles of actin nucleators, such as formins and the Arp2/3 complex, on stereocilia maintenance, may have been underestimated and require further investigations. mDia1 is also known to sense force and promote actin polymerization (Jégou, Carlier, and Romet-Lemonne 2013; M. [START_REF] Yu | MDia1 Senses Both Force and Torque during F-Actin Filament Polymerization[END_REF]). If mDia1 is involved in stereocilia maintenance, it may act as the mechanosensitive element that controls actin polymerization in the stereocilia.

c. Cross-linkers

Actin cross-linkers are proteins that bundle the actin filaments together. They provide stability against bending and buckling. According to equation (I-1), if the stereociliary actin core were not cross-linked, the pivotal stiffness of a single stereocilium would be much lower, by a factor(𝑎/𝑟) 2 ≃ 100, where a ≈ 50 nm is the radius of the stereociliary taper and r ≈ 5 nm is the radius of individual actin filaments (Jonathon Howard 2001). Three types of actin cross-linkers have been identified in the stereocilia: fimbrin was the first to be found [START_REF] Flock | Immunohistochemical Localization of Several Cytoskeletal Proteins in Inner Ear Sensory and Supporting Cells[END_REF], then espin (L. [START_REF] Zheng | The Deaf Jerker Mouse Has a Mutation in the Gene Encoding the Espin Actin-Bundling Proteins of Hair Cell Stereocilia and Lacks Espins[END_REF], and finally fascin [START_REF] Chou | Fascin 2b Is a Component of Stereocilia That Lengthens Actin-Based Protrusions[END_REF]. Fimbrin was later identified as a homolog of plastin (de [START_REF] Arruda | Fimbrin Is a Homologue of the Cytoplasmic Phosphoprotein Plastin and Has Domains Homologous with Calmodulin and Actin Gelation Proteins[END_REF]).

Plastin -Plastins (plastin-1 (also called fimbrin),-2,-3) are encoded by three different gene.

Plastin-1 (PLS-1) is the most abundant cross-linker in mouse vestibular hair cells [START_REF] Krey | Plastin 1 Widens Stereocilia by Transforming Actin Filament Packing from Hexagonal to Liquid[END_REF][START_REF] Arruda | Fimbrin Is a Homologue of the Cytoplasmic Phosphoprotein Plastin and Has Domains Homologous with Calmodulin and Actin Gelation Proteins[END_REF]). The spacing of actin filaments constrained by plastin-1 is ~9-12 nm [START_REF] Matsudaira | Role of Fimbrin and Villin in Determining the Interfilament Distances of Actin Bundles[END_REF][START_REF] Volkmann | An Atomic Model of Actin Filaments Cross-Linked by Fimbrin and Its Implications for Bundle Assembly and Function[END_REF]. In Pls-1 knockout mice, the animals show reduced inner ear function with progressive hearing loss. In the stereocilia of utricular hair bundles of these mutant mice, where espin is dominantly expressed, the stereocilia become shorter and thinner, and the actin spacing is reduced by ~ 1.1 nm compared to the control [START_REF] Krey | Plastin 1 Widens Stereocilia by Transforming Actin Filament Packing from Hexagonal to Liquid[END_REF]. This observation indicates that actin spacing in the stereociliary core is likely the result of an interplay between PLS-1 and espin, the latter favouring a network of tightly packed filaments (Fig. I-22).

Moreover, PLS-1 may favour stereocilia widening and elongation. [START_REF] Zheng | The Deaf Jerker Mouse Has a Mutation in the Gene Encoding the Espin Actin-Bundling Proteins of Hair Cell Stereocilia and Lacks Espins[END_REF]. In mice cochlear hair bundles, the expression levels of ESPN increase gradually during the elongation phase of stereocilia. This increase is also greater towards the cochlear apex where stereocilia are taller than at the cochlear base [START_REF] Sekerková | Roles of the Espin Actin-Bundling Proteins in the Morphogenesis and Stabilization of Hair Cell Stereocilia Revealed in CBA/CaJ Congenic Jerker Mice[END_REF]. Although ESPN constitutes only 15% of the total cross-linkers in mice hair bundles, defect or deficiency in the Espn gene produces dramatic effects on the hair-bundle morphology.

Espin

In jerker mice, where there is a missense mutation in the Espn gene, the stereocilia are bent and shortened, and later progressively disappear by P10 [START_REF] Sekerková | Roles of the Espin Actin-Bundling Proteins in the Morphogenesis and Stabilization of Hair Cell Stereocilia Revealed in CBA/CaJ Congenic Jerker Mice[END_REF].

Knockout mice lacking ESPN have thin vestibular stereocilia that lose their staircase pattern [START_REF] Ebrahim | Stereocilia-Staircase Spacing Is Influenced by Myosin III Motors and Their Cargos Espin-1 and Espin-Like[END_REF]). These observations strongly indicate that ESPIN-1 may be required for stereocilia widening and elongation.

In contrast to ESPN, the role of ESPNL in stereocilia maintenance is not obvious. Knockout mice lacking ESPNL have apparently normal stereocilia except for the loss of row-3 stereocilia (the shortest row) in OHC hair bundles. Nevertheless, it has been proposed that ESPNL may play a role in stopping stereocilia elongation, based on the observation in filopodia that co-expression of MYO3A and ESPNL produces shortened stereocilia. The length of filopodia is also inversely proportional to the concentration of ESPNL et the tips [START_REF] Ebrahim | Stereocilia-Staircase Spacing Is Influenced by Myosin III Motors and Their Cargos Espin-1 and Espin-Like[END_REF]. 

d. Capping and severing proteins

Capping proteins control actin polymerization/depolymerisation by blocking the association or dissociation of actin monomers at the barbed end of actin filaments. Severing proteins generate new barbed ends at break points of each filament, thus increasing the availability of free barbed end for polymerization and depolymerization. Several capping and severing proteins have been identified in the stereocilia. These proteins are not only required for maintaining the proper stereociliary length but also for maintaining the stereociliary width. In stereocilia, capping proteins require myosin motors for transport to the stereociliary tips.

Eps8/Myosin-15/Whirlin -Under normal conditions, MYO15A co-localizes at the stereocilia tips with whirlin (WHRN), its cargo protein (Inna A. [START_REF] Belyantseva | Myosin-XVa Is Required for Tip Localization of Whirlin and Differential Elongation of Hair-Cell Stereocilia[END_REF][START_REF] Delprat | Myosin XVa and Whirlin, Two Deafness Gene Products Required for Hair Bundle Growth, Are Located at the Stereocilia Tips and Interact Directly[END_REF].

Shaker-2 mice, which carry a mutation in the motor domain of MYO15A, have hair bundles that are abnormally short and have lost their staircase pattern. In the whirler mice, for which there is a mutation in the WHRN gene, stereocilia are shorter and wider than those of the control [START_REF] Mogensen | The Deaf Mouse Mutant Whirler Suggests a Role for Whirlin in Actin Filament Dynamics and Stereocilia Development[END_REF]. In the shaker-2 mice, the capping protein Eps8 fails to localize at the tips of the stereocilia tallest row suggesting that the MYO15A may be responsible for delivering Eps8 onto the barbed end at the stereociliary tip. In Eps8 knockout mice, the hair bundles of both the inner and outer hair cells are abnormally short (Manor et al. 2011) (Fig. I-24).

These observations suggest that Eps8/MYO15A/WHRN complex favours the elongation of stereocilia. A particular member of the Eps8 protein family, Eps8L2 has been identified in stereocilia but has less pronounced effects on the stereociliary height (David N. [START_REF] Furness | Progressive Hearing Loss and Gradual Deterioration of Sensory Hair Bundles in the Ears of Mice Lacking the Actin-Binding Protein Eps8L2[END_REF]). Eps8L2, however, is expressed more strongly at the tip of row-2 stereocilia. Both EPS8 and Eps8L2 are row identity proteins of the cochlea hair bundles that may likely play a role in controlling the stereociliary width during the widening phase of the hair-bundle development, close to the onset of mechanotransduction (~ P6-7.5) [START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF].

Signalling proteins GPSM2-GNAI -Mutations in GPSM2 is associated with sensorineural hearing loss Chudley-Mccullough syndrome in human [START_REF] Mauriac | Defective Gpsm2/Gαi3 Signalling Disrupts Stereocilia Development and Growth Cone Actin Dynamics in Chudley-McCullough Syndrome[END_REF]). The molecule GPSM2 and its binding partner GNAI are expressed at the tips of the tallest stereocilia of both IHC and OHC in the mammalian cochlea. Both proteins require MYO15A and its cargo WHRN for transport to the stereociliary tips, where they form a protein complex with EPS8 [START_REF] Mauriac | Defective Gpsm2/Gαi3 Signalling Disrupts Stereocilia Development and Growth Cone Actin Dynamics in Chudley-McCullough Syndrome[END_REF][START_REF] Tadenev | GPSM2-GNAI Specifies the Tallest Stereocilia and Defines Hair Bundle Row Identity[END_REF][START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF]. Expression patterns of both GPSM2 and GNAI are nearly identical. GNAI accumulates at the tip of row-1 stereocilia as early as P2.5, reaches a peak of expression around the onset of mechano-electrical transduction in the second postnatal week, and then expression declines from P21.5 onwards. The expression of GPSM2 and GNAI coincides with the lengthening phase of the tallest stereocilia. Knockout mice lacking GPSM2 or mice with impaired GNAI have abnormally short stereocilia that lose their staircase pattern, resembling the hair bundles of shaker-2, whirler, and EPS8 knock-out mice [START_REF] Tadenev | GPSM2-GNAI Specifies the Tallest Stereocilia and Defines Hair Bundle Row Identity[END_REF][START_REF] Belyantseva | Myosin-XVa Is Required for Tip Localization of Whirlin and Differential Elongation of Hair-Cell Stereocilia[END_REF][START_REF] Manor | Regulation of Stereocilia Length by Myosin XVa and Whirlin Depends on the Actin-Regulatory Protein Eps8[END_REF]). These observations suggest that GPSM2 and GNAI are required for stereocilia elongation and their localisation to the stereociliary tip depends on functional mechanoelectrical transduction. mice that have mutations in the Myo7A gene have unusually long and disorganized stereocilia [START_REF] Rzadzinska | MyosinVIIa Interacts with Twinfilin-2 at the Tips of Mechanosensory Stereocilia in the Inner Ear[END_REF][START_REF] Peng | Twinfilin 2 Regulates Actin Filament Lengths in Cochlear Stereocilia[END_REF]). These observations suggest that TWF2/MYO7A flavours stereocilia shortening.

Twinfilin/Capzb

TWF2 is also found to co-localize and interact with another capping protein CAPZB that regulates both the width and height of the stereocilia [START_REF] Avenarius | Heterodimeric Capping Protein Is Required for Stereocilia Length and Width Regulation[END_REF]). In the same study, both auditory and vestibular hair bundles of Capzb knockout mice had shortened and thinned stereocilia that eventually disappeared. This observation suggests that CAPZB may favour stereocilia widening and elongation, an effect opposite to that of TWF2.

Although TWF2 and CAPZB may work in antagonistic fashions (shortening vs. elongation, respectively), they are co-localized and physically interact with each other. In mammalian cochlear hair cells, TWF2/CAPZB have enriched at the tip of stereocilia shorter rows during their shortening phase (from P10 -12 onwards) [START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF]). Stereocilia may be able to shorten or elongate depending on whether TWF2 or CAPZB dominates. Adf/Cofilin-1 -The severing protein actin-depolymerizing factor (ADF, or DSTN) and actininteracting protein 1 (AIP1, or WDR1) have been identified in the stereocilia of the chick vestibule [START_REF] Shin | Molecular Architecture of the Chick Vestibular Hair Bundle[END_REF]) and the mammalian cochlea [START_REF] Narayanan | Length Regulation of Mechanosensitive Stereocilia Depends on Very Slow Actin Dynamics and Filament-Severing Proteins[END_REF]. Knock-out mice lacking

Adf gene or mice bearing a mutant allele of Aip1 gene that results in reduced expression of AIP1 protein share a similar phenotype. Some stereocilia in the shorter rows are shorter than in the control, whereas the tallest row remains normal [START_REF] Narayanan | Length Regulation of Mechanosensitive Stereocilia Depends on Very Slow Actin Dynamics and Filament-Severing Proteins[END_REF]. Because cofilin-1 (CFL1) shares 70% sequence identity with ADF, the two proteins are likely to compensate for the loss of Mice with the double knockout of both Adf and Cfl1 develop hair bundles with complex phenotypes. The IHC bundles have shorter row-1 stereocilia and thinner row-3 stereocilia compared to those of the control, whereas the OHC bundles have wider stereocilia in all rows.

Many hair cells in the double knockout mice have morphological defects in which the stereocilia fuse or disappear. Some are highly dysmorphic, where the hair cells are extruded [START_REF] Mcgrath | Actin at Stereocilia Tips Is Regulated by Mechanotransduction and ADF/Cofilin[END_REF]). These observations add to the available evidence (see below) that links the hair-bundle morphology to mechano-electrical transduction. 

SUMMARY

The table (Table I- Similar to stereocilia, protrusions like microvilli, filopodia, and dendritic spines are all made of an array of polarized and cross-linked actin filaments. The actin filaments in these protrusions are oriented so that the polymerizing-barbed ends are located at the tip of the protrusions. In contrast to the mature stereociliary structure that is stable along most of its length [START_REF] Narayanan | Length Regulation of Mechanosensitive Stereocilia Depends on Very Slow Actin Dynamics and Filament-Severing Proteins[END_REF], actin remodelling in these protrusions employs highly dynamic treadmilling: these protrusions can entirely retract or elongate within a timescale of minutes [START_REF] Gorelik | Dynamic Assembly of Surface Structures in Living Cells[END_REF][START_REF] Oertner | Calcium Regulation of Actin Dynamics in Dendritic Spines[END_REF]. In these protrusions, the actin remodelling process that initiates elongation and stabilization of crosslinked actin filaments is tightly controlled by mechanisms that involve several actin-binding proteins. Some of these proteins or their homologs are also present in the stereocilia (Fig. I-29).

C. Other actin-based protrusions

For example, maintenance of these protrusions requires actin cross-linkers, such as fascin, fimbrin, espin, Eps8, and villin to stabilize a bundle of a few tens of actin filaments within the protrusions against buckling. Stereocilia employ fimbrin, espin, and fascin as actin cross-linkers [START_REF] Flock | Immunohistochemical Localization of Several Cytoskeletal Proteins in Inner Ear Sensory and Supporting Cells[END_REF]L. Zheng et al. 2000;[START_REF] Chou | Fascin 2b Is a Component of Stereocilia That Lengthens Actin-Based Protrusions[END_REF]) but lack villin [START_REF] Flock | Immunohistochemical Localization of Several Cytoskeletal Proteins in Inner Ear Sensory and Supporting Cells[END_REF], the major actin cross-linker identified in intestinal microvilli [START_REF] Bretscher | Villin: The Major Microfilament-Associated Protein of the Intestinal Microvillus[END_REF]. Espin and fimbrin were also identified in microvilli [START_REF] Bartles | Small Espin: A Third Actin-Bundling Protein and Potential Forked Protein Ortholog in Brush Border Microvilli[END_REF][START_REF] Bretscher | Fimbrin, a New Microfilament-Associated Protein Present in Microvilli and Other Cell Surface Structures[END_REF]. The filopodia largely rely on fascin [START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF], another major actin cross-linker employed by hair cells for stereocilia maintenance [START_REF] Chou | Fascin 2b Is a Component of Stereocilia That Lengthens Actin-Based Protrusions[END_REF][START_REF] Perrin | β-Actin and Fascin-2 Cooperate to Maintain Stereocilia Length[END_REF].

Actin cross-linkers like Eps8 can also work as a capping protein [START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF]) that could be employed to control the length of the protrusions. In Eps8 knockout mice, the intestinal microvilli length is reduced [START_REF] Tocchetti | Loss of the Actin Remodeler Eps8 Causes Intestinal Defects and Improved Metabolic Status in Mice[END_REF]). As discussed above, stereocilia from outer hair cells in Eps8 knockout mice also have shorter stereocilia and the unique staircase pattern of the hair bundles is also disrupted [START_REF] Manor | Regulation of Stereocilia Length by Myosin XVa and Whirlin Depends on the Actin-Regulatory Protein Eps8[END_REF]). These observations suggest that Eps8 in these two systems may favour elongation. Intriguingly, deletion of Eps8L1, another member of the Eps8 family, leads to excessive elongation of microvilli, while overexpression produced an opposite effect [START_REF] Zwaenepoel | Ezrin Regulates Microvillus Morphogenesis by Promoting Distinct Activities of Eps8 Proteins[END_REF]). Eps8L2, which was also identified in stereocilia has a less pronounced effect on the stereociliary height (David N. [START_REF] Furness | Progressive Hearing Loss and Gradual Deterioration of Sensory Hair Bundles in the Ears of Mice Lacking the Actin-Binding Protein Eps8L2[END_REF]). These distinct effects may reflect the complexity of the interplay between the Eps8 family and other actin-binding proteins or may arise from different roles played by members of the Eps8 family themselves.

Although intestinal microvilli and mammalian cochlear hair bundles may control their lengths through the Eps8-based tip complex, another type of tip complex, based on formins, is used in filopodia and dendritic spines. This reflects the diversity of mechanisms that actin-based protrusions may employ to develop and maintain their structures.

The interplay between different actin-binding proteins described here in the microvilli, filopodia, and dendritic spines, provides one example showing how actin-based protrusion could employ different schemes to develop and maintain their structures. Many proteins identified in other actin-based protrusions share a similar function to those found in the stereocilia.

Understanding the functions of these proteins in systems like microvilli, filopodia, and dendritic spines may help to provide more insights regarding the development and maintenance of the stereociliary structure. In the hair bundle, incorporation of new actin monomers appears to happen mainly within about 0.5 µm from the stereociliary tips. Remarkably, in cochlear hair cells, the tips of stereocilia in the second row, which are endowed with transduction channels, are more dynamic than those of stereocilia of the tallest row, which are not [START_REF] Mcgrath | Stereocilia Morphogenesis and Maintenance through Regulation of Actin Stability[END_REF]. Does mechanotransduction or the proteins that contribute to the MET machinery play any role in stereocilia maintenance? Although the stereociliary structure in mature hair cells is remarkably stable, there is a growing bulk of evidence showing that perturbing the mechano-electrical transduction can result in dramatic changes of the hair-bundle morphology.

D. Control of stereocilia dimensions by mechanotransduction

In ). However, later on, the stereocilia in the shorter rows of both IHC and OHC bundles get shorter, but not those of the tallest row. This deference is remarkable remembering that only the stereocilia of the two shorter rows are thought to be endowed with transduction channels at their tips [START_REF] Beurg | Localization of Inner Hair Cell Mechanotransducer Channels Using High-Speed Calcium Imaging[END_REF]. By P22, a few stereocilia from the shortest stereociliary row have almost disappeared. Additionally, the number of tip links is also reduced in the knockout mice [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]).

These results have been interpreted as evidence that the MET machinery is essential for maintaining the stereociliary structure. However, it remained unclear whether the current flowing through the transduction channels was involved in stereocilia maintenance or whether protein deletion of components of the transduction machinery generated a remodelling of the stereocilia due to perturbation of their interactions with other proteins. Knockout of genes of the MET machinery may have produced off-target effects on the molecular constituents in the stereocilia. Disrupting the tip links or blocking the MET channels both results in a reduced influx of cations, especially Ca 2+ , which is known as a control signal of actin polymerization in other systems [START_REF] Yin | Ca2+ Control of Actin Filament Length. Effects of Macrophage Gelsolin on Actin Polymerization[END_REF]). If the Ca 2+ influx is essential for actin remodelling, intracellular chelation of calcium should also affect the morphology of stereocilia. Indeed, the stereocilia get thinner, prominently at the stereociliary tip, with intracellular Ca 2+ chelation using BAPTA [START_REF] Vélez-Ortega | Mechanotransduction Current Is Essential for Stability of the Transducing Stereocilia in Mammalian Auditory Hair Cells[END_REF]. Altogether, these observations reinforced the hypothesis that there is a feedback between actin remodelling of the stereociliary structure and mechano-electrical transduction, probably mediated by the influx of Ca 2+ .

Mechanotransduction not only seems to play an important role in hair-bundle maintenance but also hair-bundle development [START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF]). Tilney had already suggested that mechanotransduction correlates with stereocilia elongation (L. G. [START_REF] Tilney | Actin Filaments, Stereocilia, and Hair Cells of the Bird Cochlea. V. How the Staircase Pattern of Stereociliary Lengths Is Generated[END_REF]. In addition, it was shown in IHC bundles from mice that stereocilia widening coincides with the maturation of mechanotransduction (Fig All this evidence suggests that the mechano-electrical transduction and its transduction machinery are essential for the control of the hair-bundle morphology, both during the maintenance and the development. Calcium influx through the transduction channels is thought to regulate activities of actin-binding proteins that are essential for the morphology of the hair bundles.

In my Ph.D. study, I further explored feedbacks between the mechano-electrical transduction and the morphology of the hair bundles in the vestibular organ of the frogs. In this thesis, I characterized hair-bundle morphology and the ultrastructure of stereocilia after the mechanoelectrical transduction of hair cells were perturbed by either exposing the hair cells to pharmacological drugs that block the mechano-electrical transduction or calcium chelators that break tip links. I also tested the implication of actin nucleator formins in the maintenance of hairbundle morphology.

Chapter 2 or 'edible frog') [START_REF] Neveu | Suitability of European Green Frogs for Intensive Culture: Comparison between Different Phenotypes of the Esculenta Hybridogenetic Complex[END_REF]. Rivan 92 can be fed by fish food pellets instead of living insects.

II.Materials and Methods

Contents

Frogs have long been a major animal model used by neuroscientists in the field of auditory and vestibular research. Studies of American bullfrogs (Rana catesbeiana)' saccular hair cells have provided many general insights into the physiology of mechanosensory hair cells. Due to restrictions on importing alien species like American bullfrogs into France, our lab has been using locally domesticated Rivan 92 as the animal model for several years.

The sacculus or the saccular macula is the vestibular organ that detects linear acceleration of the head in a vertical plane as well as gravity and low-frequency sound [START_REF] Lewis | The Tonotopic Organization of the Bullfrog Amphibian Papilla, an Auditory Organ Lacking a Basilar Membrane[END_REF][START_REF] Yu | Seismic and Auditory Tuning Curves from Bullfrog Saccular and Amphibian Papillar Axons[END_REF]. Unlike auditory organs, there is no tonotopic organization of hair cells in the sacculus. The frog sacculus comprises a few thousand hair cells (~ 3000) on its sensory epithelium. Each hair-cell bundle has ~50 stereocilia that arranged, as in any hair bundle, into rows of increasing height, and there is also one true cilium, a kinocilium, that stands behind the tallest row. A kinocilium ends with a kinociliary bulb that attaches to the overlying gelatinous sheath of the otolithic membrane in vivo (Fig. I-6).

A.1 Dissection of the frog sacculus The frog sacculus was surgically removed from the inner ear labyrinth while bathing in the oxygenated artificial frog perilymph. The sacculus was then mounted with magnetic pins in a chamber containing artificial perilymph (sodium-rich, 4 mM [Ca 2+ ]). Then the links between the hair bundles and the otolithic membrane were digested by proteolytic incubation of the sacculus in 67 mg•L -1 subtilisin (Protease XXIV, Sigma P8038) for 20-30 min at room temperature. The otolithic membrane was then carefully removed with fine forceps after replacing the protease solution with artificial perilymph.

Contents Artificial Perilymph (concentrations in mM)

Na 2+ 110

K + 2 Ca 2+ 4 

Cl - ~122

HEPES 5

D-(+)-glucose 3

Table II-1: CONTENTS OF THE ARTIFICIAL FROG PERILYMPH.

The pH is adjusted to 7.3~7.5 with NaOH for perilymph. The osmotic strength is ~ 230 mOsmol•kg -1 . Solutions were oxygenated before experiments.

A.2 Cell culture

To study the frog sacculus over a long duration (3 -24 hr), I developed with the help of Fanny Tabarin (the Biochemistry, Molecular Biology and Cells Platform, UMR168, Institut Curie) a frog culture medium based on the mammalian cell culture medium L-15 (Leibovitz) (L5520, Sigma-Aldrich). Unlike Wolf-Quimby medium which has been used with the frog sacculus [START_REF] Wolf | Amphibian Cell Culture: Permanent Cell Line from the Bullfrog (Rana Catesbeiana)[END_REF][START_REF] Steyger | Uptake of Gentamicin by Bullfrog Saccular Hair Cells in Vitro[END_REF][START_REF] Hordichok | Closure of Supporting Cell Scar Formations Requires Dynamic Actin Mechanisms[END_REF], L-15 does not rely on the usual bicarbonate-CO2 buffering system to maintain the pH at the physiological level (7.3-7.5). Instead, L-15 contains HEPES, phosphate buffers and a high concentration of free-base amino acids as a buffering system. This gives us flexibility since the tissue can be manipulated and maintained without requiring a CO2 incubator.

L-15 provides essential amino acids and vitamins for amphibian cells. The base L-15 medium is diluted to adjust the osmotic strength of the medium to a level adequate for amphibian cells (~ 230 mOsmol•kg -1 ). Fetal bovine serum (FBS) is also supplemented to help promote the proliferation of the amphibian cells [START_REF] Freed | Chapter 2 Culture Methods for Anuran Cells[END_REF]. The non-ototoxic antibiotics ciprofloxacin is also added to prevent bacterial infections [START_REF] Steyger | Uptake of Gentamicin by Bullfrog Saccular Hair Cells in Vitro[END_REF]. The hair cells incubated in the modified L-15 culture medium at 25 °C remain healthy (i.e. show no morphological defects, exhibit spontaneous oscillations) for at least 24 hr without replacing the culture medium. 

B. Pharmacological perturbation of the mechano-electrical transduction machinery

Blocking the transduction channels -One can block the ion channels that mediate the mechano-electrical transduction using pharmacological drugs, such as benzamil or tubocurarine [START_REF] Rüsch | Block by Amiloride and Its Derivatives of Mechano-Electrical Transduction in Outer Hair Cells of Mouse Cochlear Cultures[END_REF][START_REF] Farris | Probing the Pore of the Auditory Hair Cell Mechanotransducer Channel in Turtle: Pharmacology of Mechanotransduction[END_REF]). Channel blocking is demonstrated by [START_REF] Rüsch | Block by Amiloride and Its Derivatives of Mechano-Electrical Transduction in Outer Hair Cells of Mouse Cochlear Cultures[END_REF]. Figure B is adapted from [START_REF] Farris | Probing the Pore of the Auditory Hair Cell Mechanotransducer Channel in Turtle: Pharmacology of Mechanotransduction[END_REF].

Disrupting tip links -The excised frog sacculus was incubated for 15 min in artificial perilymph with no Ca 2+ added, supplemented with 5 mM of Ca 2+ chelator, 1,2-bis(oaminophenoxy)ethane-N,N,N',N'-tetraacetic acid, BAPTA (Sigma-Aldrich) 5 . BAPTA has a halfsaturation concentration (IC50) for Ca 2+ binding of about 100 nM (or 10 -7 M) [START_REF] Tsien | New Calcium Indicators and Buffers with High Selectivity against Magnesium and Protons: Design, Synthesis, and Properties of Prototype Structures[END_REF]). After incubation, the tissues were rinsed with high calcium artificial perilymph then fixed for electron microscopy. Tip links can be disrupted by exposing the hair cells to a Ca 2+ chelator [START_REF] Assad | Tip-Link Integrity and Mechanical Transduction in Vertebrate Hair Cells[END_REF]. 

C. Mechanical stimulation of hair bundles

C.2 Stimulation with flexible fibres and stiffness measurement

The hair-cell bundles can be mechanically stimulated by using a flexible glass fibre of a known stiffness. A flexible fibre is fabricated by pulling a 1.2 mm Ø borosilicate glass capillary (TW120F-3, World Precision Instruments) perpendicular to the axis of the shaft by a micro forge.

The fibres are 0.5 -1 μm in diameter and have a length of 100 -500 μm. Sputter-coating of the fibres with gold-palladium was done to improve their optical contrast. In an experiment, a flexible fibre is attached to a piezoelectric actuator and submerged under a liquid (artificial perilymph or endolymph). An image of the fibre is then projected onto the centre of a two-quadrant photodiode A movement ∆ applied at the fibre's base results in a force applied at the bundle's top, which is then deflected by X. The force at steady state is given by F = Kf(∆ -X), where Kf is the stiffness of the fibre. To measure hair-bundle stiffness, a calibrated flexible fibre was attached to the kinociliary bulb without imposing any offsets to the position of the hair bundle. Before sending any command signals to the piezoelectric actuator, the fibre was manually moved slightly to ensure that the kinociliary bulb is properly attached before returning it to the initial position. The fibre can be treated with a lectin type IV (Concanavalin-A Sigma-Aldrich) extracted from jack-bean (Canavalia ensiformis) to improve its adhesiveness. Then, a series of command steps were sent to move the base of the fibre, and the displacement at the tip of the fibre was measured (Fig. II-6).

When the base of the fibre was displaced by Δ, this movement resulted in a force F that applied to the top of a hair-cell bundle and moved the tip of the fibre by X. At a steady-state, the force F can be calculated from F = Kf(Δ -X), where Kf is the characteristic stiffness of a fibre. The stiffness of a hair bundle (KHB) is the slope of the force-displacement relation. 

D.1 Sample preparation and imaging

The excised saccular explants were fixed for 1 hr at room temperature or 4 °C overnight by immersion in a solution containing 2.5% glutaraldehyde and a 0.1-M sodium cacodylate buffer at pH = 7.5. Glutaraldehyde crosslinks proteins as it slowly penetrates the tissue, preserving the structure of the sample. The fixed tissues were then contrasted for Scanning Electron Microscopy with osmium tetroxide/thiocarbohydrazide according to the OTOTO procedure [START_REF] Chissoe | The Use of Osmium-Thiocarbohydrazide for Structural Stabilization and Enhancement of Secondary Electron Images in Scanning Electron Microscopy of Pollen[END_REF]. Osmium tetroxide (OsO4) stains lipids, whereas the osmiophilic thiocarbohydrazide stains carbohydrates. The tissues were dehydrated by successive immersions in ethanol solutions of graded concentrations (35, 50, 70, 80, 90, and 100%) and then in hexamethyldisilazane (HMDS) [START_REF] Shively | The Use of HMDS (Hexamethyldisilazane) to Replace Critical Point Drying (CPD) in the Preparation of Tardigrades for SEM (Scanning Electron Microscope) Imaging[END_REF]. For detailed protocols on the sample preparation, see the Appendix (p. 116).

Samples were mounted on a stub and sputter-coated with gold-palladium. They were then analysed by field emission scanning electron microscopy operated at 5-7 kV (Jeol JSM6700F) at the Ultrastructural BioImaging Platform (Institut Pasteur) or variable-pressure scanning electron microscopy (Hitachi SU1510) at the Bioimaging platform of the Hearing Institute. Images were analysed using (Fiji) ImageJ software (NIH, USA).

In the experiments where I characterized the stereociliary insertions into the apical surface of the hair cell, I shaved off the hair bundles by gently rubbing an eyelash against the surface of the sensory epithelium or blowing short bursts of pressurised air from an air duster spray. The technique was first described by Tilney and Saunders [START_REF] Tilney | Actin Filaments, Stereocilia, and Hair Cells of the Bird Cochlea I. Length, Number, Width, and Distribution of Stereocilia of Each Hair Cell Are Related to the Position of the Hair Cell on the Cochlea[END_REF].

D.2 Estimating stereociliary height in scanning electron microscopy

Scanning electron micrographs are projected images in the plane of the electron beam. To estimate the stereociliary height, scanning electron micrographs are taken at two different angles (α and α + τ) by tilting the microscopic stage by τ degree, where α is the angle between the surface and the stereocilium. The projected stereociliary heights at each angle (p1 and p2) are measured and the estimated stereociliary height h is determined by solving the system of equations (Fig. 

II-7).

E. Transmission electron microscopy

I am grateful to Ilse Hurbain (Institut Curie) for teaching me sample preparation for transmission electron microscopy. I am also grateful to Ilse, Daniel Levy, and Aurelie Di cicco for teaching me transmission electron microscopy.

E.1 Sample preparation and imaging

For fixation, the excised tissues were immersed for 1 hr at room temperature or overnight at 4

°C in a solution containing 2.5% glutaraldehyde, 0.5% paraformaldehyde, and a buffer of 0.1 M sodium cacodylate at pH ~ 7.5. This solution was supplemented with 0.5 mM CaCl2 and 100 µM tannic acid. Tannic acid stained the peripheral region of actin filaments, whereas their central region appears relatively unstained; the actin filaments thus appeared as if they were negatively stained [START_REF] Lafountain | Fixation and Staining of F-Actin and Microfilaments Using Tannic Acid[END_REF]. I found that adding tannic acid greatly improved the contrast of the actin filaments, which was critical to quantify the inter-filament spacing (Fig. II-8). The fixed samples were stained with 1% osmium tetroxide (OsO4) for 1 hr and then with 0.5% uranyl acetate for 3 hr at room temperature. Both staining solutions were prepared in a 0.1-M sodium cacodylate buffer. The tissues were dehydrated by successive immersions in ethanol solutions of graded concentrations (35, 50, 70, 80, 90, and 100%) and then in 100% acetone. They were then embedded in Epoxy resin, which hardened in the oven at 60 °C for 48 hr. Ultrathin sections (~ 90 nm) were cut on a Reichert Ultracut S microtome (Leica, Milton Keynts, UK) or a Leica Ultracut UCT Ultra-microtome (Leica, Milton Keynts, UK), mounted on a pioloformtreated 0.1-mm hole copper-nickel grid (G2010-Cu, Ni, EMS, USA), counterstained by immersion in 1% aqueous uranyl acetate for 7 min and then in Reynold's Lead citrate for 1 min. For detailed protocols on the sample preparation, see the Appendix (section Transmission electron microscopy).

All transmission electron micrographs were taken at 20 kV (Tecnai Spirit) at the Cell and Tissue Imaging Platform (PICT-IBiSA), Institut Curie. Images were analysed using (Fiji) ImageJ software (NIH, USA).

E.2 Measuring actin inter-filament spacing in stereocilia

The actin inter-filament spacing can be measured from transmission electron micrographs of the transverse sections of stereocilia (Fig 

F. Immunolabelling and immunofluorescence microscopy F.1 Antibodies

To immunolabel formins in the frog saccular hair bundles, I used DIAPH1 (DIA1) polyclonal antibody (PA5-27607, Fisher Scientific) raised in rabbits against a region within amino acids 981 and 1272 (aa. 981 -1272) of human DIAPH1 at 2 µg/ml (1:500 dilution). The specificity of the antibody was tested by observing its labelling pattern in HeLa cells: the signal colocalized with the mitotic spindle, in agreement with specific labelling because DIAPH1 is known to reside there [START_REF] Kato | Localization of a mammalian homolog of diaphanous, mDia1, to the mitotic spindle in HeLa cells[END_REF]). However, there was no negative control with knockout samples. Goat anti-Rabbit IgG, Alexa Fluor 594 (A-11012, Fisher Scientific) at 10 µg/ml (1:200 dilution) and 4 µg/ml

(1:500 dilution) was used as the secondary antibody for rabbit anti-Human DIAPH1 polyclonal antibody. Actin filaments were stained with Alexa Fluor 488-conjugated phalloidin.

F.2 Sample preparation and imaging

The excised saccular explants were fixed with 3.7% glutaraldehyde in PBS for 1 hr at room temperature or 4 °C overnight. The tissues were then washed with PBS and incubated with a blocking solution made of 0.1% Triton X-100 and 1% bovine serum albumin (BSA) in PBS. Then, the tissues were stained with the primary antibody for 1 hr at room temperature or 4 °C overnight and then incubated with the secondary antibody and Alexa Fluor 488-conjugated phalloidin. The samples were mounted on a glass slide with the mounting media Fluoroshield (F6057-20ML, Sigma-Aldrich).

All confocal images were taken on an upright spinning disk confocal microscope (Roper/Zeiss) at the Cell and Tissue Imaging Platform (PICT-IBiSA), Institut Curie. Confocal z-stacks were obtained using a 100x oil immersion objective (NA = 1.46, Carl Zeiss). Images were acquired with CoolSnap HQ2 CCD camera at 440 nm (for Alexa Fluor 488-conjugated phalloidin) and 561 nm (for Alexa Fluor 568 and 594-conjugated secondary antibodies) using MetaMorph (Molecular Devices, US) and analysed using (Fiji) ImageJ software.

G. Inhibition of formins

To inhibit the activity of formins, I used a formin inhibitor SMIFH2 or 1-(3-Bromophenyl)-5-

(2-furanylmethylene)dihydro-2-thioxo-4,6(1H,5H)-pyrimidinedione (S4826-5MG, Sigma-Aldrich). This compound was found to inhibit the actin nucleation through the formin homology domain 2 (FH2) of formins [START_REF] Rizvi | Identification and Characterization of a Small Molecule Inhibitor of Formin-Mediated Actin Assembly[END_REF]. Since the FH2 is conserved in most formins, the compound SMIFH2 provide an inhibition with broad-specificity to formins. The effect of SMIFH2 on actin nucleation is also concentration-dependent. The half-maximal inhibition (IC50)

of the formin mDia1 in the actin filament assembly assay is~ 15 µM [START_REF] Rizvi | Identification and Characterization of a Small Molecule Inhibitor of Formin-Mediated Actin Assembly[END_REF], whereas the IC50 of the actin-activated ATPase of human nonmuscle myosin 2A required a higher concentration of ~50 µM [START_REF] Nishimura | The Formin Inhibitor SMIFH2 Inhibits Members of the Myosin Superfamily[END_REF]. In my experiments, I used 250 µM SMIFH2 in DMSO.

Chapter 3

III. Results
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A. MORPHOLOGICAL CHARACTERIZATION OF SACCULAR HAIR BUNDLES OF THE FROG RIVAN 92

A.1 Hair-bundle and stereocilia dimensions 

C.2 Effects of formin inhibition on hair-bundle morphology

A. Morphological characterization of saccular hair bundles of the frog Rivan 92

In the literature, morphological descriptions of frog's saccular hair bundles were done mostly using hair cells from the American bullfrog, Rana Catesbeiana [START_REF] Jacobs | Ultrastructural Correlates of Mechanoelectrical Transduction in Hair Cells of the Bullfrog's Internal Ear[END_REF][START_REF] Kachar | Structural Basis for Mechanical Transduction in the Frog Vestibular Sensory Apparatus: I. The Otolithic Membrane[END_REF]. In this study, I used instead saccular hair bundles from the frog Rivan 92, a hybrid species derived from Rana ridibunda and Rana esculenta (see Materials and Methods). Here, I will describe the architecture of the hair bundle and the ultrastructure of the stereociliary actin core in this species. Unless otherwise noted, the results below are quoted as mean ± standard deviation (SD) over an ensemble of N samples.

A.1 Hair-bundle and stereocilia dimensions a. Dimorphism of saccular hair cells based on the size of their apical surface

The saccular macula of the frog's ear is endowed with a few thousand hair cells that are distributed more or less homogeneously across the sensory epithelium. The hair bundles vary in Remarkably, as also reported in the bullfrog [START_REF] Jacobs | Ultrastructural Correlates of Mechanoelectrical Transduction in Hair Cells of the Bullfrog's Internal Ear[END_REF], the apical surface of a hair cell is typically convex along the axis of mechanosensitivity (Fig.

III-1.B).

The stereocilia may thus be pushed together by the curved cuticular plate into which they insert, resulting in elastic loading. This feature has been proposed to help the hair bundle move as a unit, promoting concerted gating of the transduction channels [START_REF] Kozlov | Coherent Motion of Stereocilia Assures the Concerted Gating of Hair-Cell Transduction Channels[END_REF].

The diameter Dapical of the cells' apical surface clearly showed a bimodal distribution that could be fitted by the sum of two Gaussian distributions (Fig. . The hair cells could thus be parsed in two populations-"small" and "large", corresponding to apical-surface diameters of 3.22 ± 0.43 µm (N = 29) and 6.03 ± 0.49 µm (N =30), respectively. A hair cell with an apical-surface diameter that fell within three standard deviations of the mean of a given population ("small" or "large") was attributed to this population. The cells whose apical-surface diameter fell in the overlapping region of the bimodal distribution were discarded from further analysis (Fig. III-2.A-B, and D). In the following, we thus considered two types of hair bundlessmall and large-based on the diameter of the apical surface of the corresponding hair cells. All morphological features were analysed for each bundle type. The beeswarm plot and the histogram of the apical-surface diameter show a bimodal distribution, corresponding to two populations of hair cells, "small" and "large". The distribution was well described by the sum of two Gaussian distributions The hair cells were attributed to a given population if their apical-surface diameter was within three standard deviations of one of the two peak diameters (large hair cells , small hair cells ). Hair cells ( ) that fell within the overlapping region of the two distributions were classified discarded from the analysis. The beeswarm plot and histograms of (E) the hair-bundle imprint diameter and (F) hair-bundle width are colour coded according to this classification. The colored lines in E and F are trend lines (polynomial fits) to the histograms for the two subpopulations of large and small hair bundles, in red and blue, respectively.

Within a given hair bundle, individual stereocilia are usually described as cylindrical rods with a diameter of a few hundred nanometres that taper towards their insertions into the apical surface [START_REF] Jacobs | Ultrastructural Correlates of Mechanoelectrical Transduction in Hair Cells of the Bullfrog's Internal Ear[END_REF]; but see also [START_REF] Garcia | Localization of Myosin-Iβ near Both Ends of Tip Links in Frog Saccular Hair Cells[END_REF]. Stereocilia within the tallest stereociliary row generally adopted a cylindrical shape (Fig. . However, here, the stereocilia of other rows in large hair bundles clearly adopted a biconical shape: they widen from the tip towards the base, reaching a maximal width before tapering toward their insertion into the cuticular plate. The effect is particularly pronounced in the stereocilia from the middle rows (Fig.

III-3.D).

For the population of large hair bundles, I found that the stereociliary width 440 ± 41 nm (N = 16 cells) in the middle row was larger than that 386 ± 41 nm (N = 17 cells) in the shortest row and that 285 ± 21 nm (N = 12 cells) in the tallest rows. In addition, the stereociliary height grew from 3.08 ± 0.38 µm (N = 17 cells) in the shortest row to 7.13 ± 0.49 µm (N = 17 cells) in the tallest row (Fig. III-3). I also analysed the height of the taper and the volume of a stereocilium, but only in the stereocilia of the shortest row because tapers were most visible in this row. There, the taper height was 933 ± 141 nm (N = 16 cells) and the stereociliary volume was 0.25 µm 3 (Fig.

III-3.C

). Note that the small hair bundles were excluded from this analysis because their stereociliary widths are small and thus difficult to characterize. hexagonal arrangement, but rather a liquid packing. Interestingly, I found that the majority of large hair bundles (69 %, N = 29 cells) adopted a square packing of their stereocilia, whereas the overwhelming majority of the small hair bundles (83 %, N = 29 cells) showed hexagonal packing (Table III.1).

These results are summarized in Table III Spacing of stereociliary insertions. The diffraction pattern in the 2D-FFT image from the scanning electron micrograph of a hair-bundle imprint does not only provide the type of stereociliary packing but also information regarding the average spacing between stereociliary insertions within the lattice (Fig. III-4.F) along and perpendicular to the axis of mechanosensitivity. The stereociliary insertion spacing Sinsertion showed a clear bimodal distribution that was strongly correlated with the two hair-bundle types (Fig. III-4.F), with Sinsertion = 246 ± 58 nm (N = 29 cells) and 489 ± 75 nm (mean ± SD, N = 23 cells) for small and large hair bundles, respectively. The saccular hair bundles of the frog Rivan 92 appear to be more compact than those of the American bullfrog, for which the stereociliary insertion spacing measured from fixed tissues was shown to 940 ± 75 nm (N = 14 cells) [START_REF] Jacobs | Ultrastructural Correlates of Mechanoelectrical Transduction in Hair Cells of the Bullfrog's Internal Ear[END_REF]), thus about twice the value reported here for large hair bundles. Because stereocilia are tightly packed at the upper part of a hair bundle, it makes sense that wider stereocilia result in a larger stereociliary insertion spacing and thus in a larger hair-bundle diameter. Of note, after parsing the data to account for the two populations ("small" and "large") of hair bundles (Fig. III-6.C-D), the correlations appeared to be weaker for the large hair bundles.

As a result, one would expect that varying the size of stereociliary insertions may affect hairbundle dimensions more dramatically for small and tight hair bundles than for large and loose hair bundles. 

A.2 Actin core of the stereocilia

In transmission electron micrographs of ultrathin (~ 90 nm) transverse sections of hair bundles, the actin filaments appeared as dark spots in the section plane (Fig. . When the actin filaments were not orientated perpendicular to the section plane, which happened most of the time, the filaments appeared instead as stripes; theses data were discarded. FFT analysis of the transmission electron micrographs showed ring-like patterns (Fig. III-7.D), indicating that the actin filaments adopted liquid packing, for which neighbouring actin filaments are randomly oriented. It is worth noting that the actin-filament packing in the stereocilia was not always uniformly liquid. FFT analysis of small regions within a stereocilium sometimes revealed hexagonal packing (Fig. III-7.C-E). The average radius of the ring-like patterns provided an average actin inter-filament spacing of 12.0 ± 0.5 nm (N = 43 stereocilia from 15 cells) (Fig.

III-7.F).

The actin inter-filament spacing reported here is 2-3 nm larger than those measured from mouse utricular (9.7 ± 0.8 nm) [START_REF] Krey | Plastin 1 Widens Stereocilia by Transforming Actin Filament Packing from Hexagonal to Liquid[END_REF] or cochlear hair cells (~ 9 -10 nm) [START_REF] Scheffer | XIRP2, an Actin-Binding Protein Essential for Inner Ear Hair-Cell Stereocilia[END_REF] using similar sample preparations. 

B. Effects of pharmacological perturbation of mechano-electrical transduction

In this section, I describe how blocking the transduction channels or disrupting the tip links affected the architecture of frog saccular hair bundles and the ultrastructure of their stereociliary actin core. The following figure (Fig. III-8) serves as a summary of the observed effects. Scanning electron micrograph of the saccular macula after incubation in perilymph containing 30 µM of the transduction-channel blocker benzamil for 1 hr. The hair-bundles adopted an onion-like shape, where taller stereocilia bent towards the middle of the hair bundle (dashed lines). Scale bar: 5 µm.

To quantify these changes, I measured the stereociliary width and height of the large hair bundles. The width was measured for the shortest, middle, and tallest rows, whereas the height was measured for the shortest and tallest rows only. The analysis demonstrates that the stereocilia widened by about 36 % in all three rows: from 386 ± 41 nm (control, N = 17 cells) to 535 ± 75 nm the stereocilia in the middle row were wider than those in the shortest and tallest row, respectively by 11% and 54%. In addition, the height of the shortest stereocilia was also reduced from 3.08 ± 0.38 µm (control, N = 17 cells) to 2.77 ± 0.27 nm (benzamil, N = 14 cells), corresponding to a relative variation of only 11%. There was no significant change in height was observed in the (non-significance) is for p-value > 0.05.

To rule out that the observed morphological effects were specific to the channel blocker benzamil, I repeated the experiment with another well-documented channel blocker [START_REF] Farris | Probing the Pore of the Auditory Hair Cell Mechanotransducer Channel in Turtle: Pharmacology of Mechanotransduction[END_REF]), tubocurarine. I observed similar effects with tubocurarine (100 µM for 1 hr) as those described above with benzamil (30 µM for 1 hr; Fig. . In these experiments, the stereociliary width of the shortest stereocilia increased by about 57 %, from 386 ± 41 nm (control, N = 17 cells) to 604 ± 61 nm (tubocurarine, N = 16 cells). The observed effect was actually larger than in our experiments with benzamil (+36%). 9 I observed that incubating hair cells in perilymph with 4 mM Ca 2+ for longer than ~3 hr had deleterious effects (i.e. morphological defects in the hair bundle and blebs at the cell apical surface). For this reason, I developed a frog culture medium (see Materials and Methods) that allowed me to study the hair-bundle morphology for longer durations.

Figure III-12: RECOVERY OF THE STEREOCILIARY WIDTH.

After a 1-hr incubation in the cell culture medium supplemented with 30 µM benzamil, the stereociliary width had increased by 59 %. After washing out the channel blocker and incubating the saccules for 5 hrs in the cell culture medium, the stereociliary width partially recovered, by 44 %. Statistical significance was tested with Student's t-test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas N.S. (non-significance) is for p-value > 0.05.

b. Disrupting tip links

Blocking the channels and disrupting the tip links both interrupt the mechanotransduction current, in particular the Ca 2+ influx, but the stereociliary tips of all but those in the tallest stereociliary row are expected to remain under tension (Fig. I-3.A) under the former condition whereas tension ought to be released in the latter. Does it make a difference for hair-bundle morphology? Tip links can be chemically disrupted by reducing the extracellular Ca 2+ concentration to sub-micromolar levels with the calcium chelators BAPTA [START_REF] Assad | Tip-Link Integrity and Mechanical Transduction in Vertebrate Hair Cells[END_REF].

Hair bundles with disrupted tip links showed stereocilia with oblate tips, as expected from the loss of tip-link tension. In these hair-bundle, I also observed clear stereocilia widening and onionlike shapes of the hair bundles ( After blocking the transduction channels for 1 hr, both the diameter of the apical surface and the hair-bundle imprint had increased (Fig. . The apical-surface diameter increased by the same relative amount for both small and large hair bundles, by +21% and +23 %, respectively. In contrast, the diameter of the hair-bundle imprints expanded much more for small hair bundles than for large hair bundles, by +39% and +26 %, respectively (Table III.4). Correspondingly, the stereociliary-insertion spacing displayed a larger relative increase for small than for large hair cells, by +37% and +12%, respectively (Table III.4). The hair-bundle imprint of the small hair bundles expanded more than the apical surface. The surface fraction occupied by the hair bundle thus increased significantly from 50 ± 7 % (N = 29 cells) under control conditions to 57 ± 6 % (N = 23 cells) after blocking the transduction channels. Interestingly, the imprint diameter increased more than expected from a homothetic expansion of the cuticular plate, for which imprint diameter would increase by the same amount as the diameter of the apical surface. Because the stereocilia are tightly packed at the hair bundle's top, the increased spacing of the stereociliary insertions may have resulted from the stereocilia pushing against each other as they got wider, forcing the stereocilia to move laterally within the cuticular plate.

Importantly, in fresh preparations examined with light microscopy, I did not find any significant change of the cell-body diameter, which was measured at 11.6 ± 1.2 µm (N = 35 cells)

under control conditions and at 11.6 ± 0.7 µm (N = 30 cells) for benzamil-treated cells. These observations indicate that upon channel blocking with benzamil, the actin-rich apical surface of the hair cell and the hair-bundle imprint expanded but the cells did not swell. 

Apical surface diameter

b. Widening of the stereociliary insertions

In addition to the increase of the hair-bundle imprint diameter, I also observed a substantial increase in the diameter of the stereociliary insertions (Fig. , by 24 % for small hair cells and 13 % for large hair cells (Table III.5). Again, small hair bundles displayed a larger effect than large hair bundles. Although the stereocilia widened and the stereociliary-insertion spacing increased after blocking the transduction channels, I found that the proportion of hair bundles with stereocilia insertions arranged within a hexagonal or a square lattice did not change significantly (Table III Although the percentage of large hair bundles showing hexagonal lattice packing of their insertions slightly increased from 17% to 21% after prolonged blocking of the transduction channels, this increase was not statistically significant (two proportion z-test at the confidence level = 90%, z = 0.57).

Stereociliary insertion diameter

However, for small hair bundles, the median of the lattice angle came closer to the ideal lattice angle of 60° for hexagonal packing and the standard deviation of the lattice angle was markedly reduced (p-values < 0.001), with a median angle of 63.3 with an inter-quartile range of 8.1 (N = 29 cells) under control conditions and a median angle of 60.1 with an interquartile range of 2.6

(N = 23 cells) for benzamil-treated cells. Widening of the stereocilia of the small hair cells thus resulted in stereociliary packing that was more precisely hexagonal. 

SUMMARY

Table III.7 summarizes the characterization of the hair-bundle imprints and the stereociliary insertions in the control and after pharmacological perturbation of the mechano-electrical transduction. (iii) Both. More actin filament and larger actin inter-filament spacing.

Hair-bundle

To test these hypotheses, I used transmission electron microscopy to examine the ultrastructure of the stereociliary actin core and, in particular, to measure the actin inter-filament spacing. I found that the filaments still displayed liquid packing and the average inter-filament spacing in the actin core of the stereocilia did not change (t-test, p-value = 0.52) after blocking the transduction channels, remaining at 12.0 ± 0.5 nm (Table II-1 and Fig. . Thus, it is most likely that the stereocilia widen because more actin filaments were added into the stereociliary core.

Control Benzamil 1 h

Actin inter-filament spacing 12.0 ± 0.5 nm (N = 43) 12.0 ± 0.6 nm (N =38), n.s. 

B.4 Hair-bundle stiffness

The actin filaments that contribute to the stereocilia rootlets dictate the pivotal stiffness of the stereocilia. I wondered whether the stiffness of the hair bundle had changed as the result of stereocilia widening and of the corresponding increase of the number of actin filaments in the stereociliary core. To probe the hair-bundle stiffness, I attached a calibrated flexible fibre to the hair bundle's tip. I then applied a series of displacement steps at the fibre's base (Fig C.1 Localization of formins in the stereocilia I used a fluorescently labelled antibody raised in rabbits against a region within amino acids 981-1272 of the human formin DIAPH1. I found that the antibody labelled the supporting cells' microvilli, the hair bundle, and the kinocilia (Fig. , with a stronger fluorescence signal in the microvilli and the kinocilia than in the stereocilia (Fig. . The reason why the antibody labelled the kinocilium, especially the kinociliary bulb, is unclear. I could rule out the possibility of non-specific binding due to the secondary antibody, for I did not detect such signals in negative controls with no primary antibodies. However, we cannot exclude at this stage the unspecific labelling of the primary antibodies. To our knowledge, the kinocilium, with its axonemal structure based on microtubules, does not contain actin or actin-binding proteins.

Labelling in the kinociliary bulb made observation of the stereociliary tips of the taller stereocilia difficult. To be able to easily distinguish the labelling in the stereociliary tips from that of the kinocilium, I detached the kinocilia from the hair bundles. This was done mechanically during the dissection by pulling the otolithic membrane to which the kinociliary bulbs are attached, without prior incubation of the sensory tissue in a solution containing the protease that is normally used to digest kinociliary links. This technique proved to be very efficient as most of the hair bundles had detached or displaced kinocilia. 

C.2 Effects of formin inhibition on hair-bundle morphology

By exposing the hair bundles to the generic formin inhibitor SMIFH2 (for 1 hr at 250 µM), I aimed at testing whether reducing formin activity resulted in modifications of the hair-bundle morphology. At first glance, the hair bundles looked just like those under control conditions (Fig.

III-24.A

). However, some hair bundles, about 14% or 10 from 70 hair bundles observed, clearly 68 nm (N = 97 stereocilia from 44 cells) in the presence of the drug (Fig. . The standard deviation was, however, significantly larger after exposure to formin inhibitor (p-value < 0.05). Altogether, our observations can be reconciled if the widening of the stereocilia upon blocking of the transduction channels had resulted from nucleation of new actin filaments and incorporation in the actin core of the stereocilia via a formin-dependent pathway. Within this simple framework, the activity of formin would be enhanced by a reduction of the Ca 2+ influx through the transduction channels, which is expected to happen both when the channels are blocked or when the tip links are disrupted. Under control conditions, formin activity would be low, so that formin inhibition would not result in dramatic remodelling of the stereocilia (Fig. . However, as also observed in other species [START_REF] Vélez-Ortega | Mechanotransduction Current Is Essential for Stability of the Transducing Stereocilia in Mammalian Auditory Hair Cells[END_REF][START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF], blocking the transduction channels or disrupting the tip links results in remodelling of the stereocilia-here mostly stereociliary widening, demonstrating that actin dynamics is turned on by such perturbation, possibly via the increased activity of formins.

Chapter 4 IV. Discussion and Conclusions

In this thesis, using hair cells in an excised preparation of the saccule from the inner ear of adult frogs, I studied the effects of blocking the transduction channels and, to a lesser extent, of disrupting the tip links on the morphology of the hair bundle. Adding to the available evidence in mouse and rat cochlear hair cells [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][START_REF] Vélez-Ortega | Mechanotransduction Current Is Essential for Stability of the Transducing Stereocilia in Mammalian Auditory Hair Cells[END_REF][START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF], my observations confirm the existence of a feedback mechanism between the morphology of the hair bundle and mechanoelectrical transduction by the hair bundle. Yet, as discussed below, hair bundles in adult frogs responded differently to perturbations of mechanotransduction than hair bundles in neonatal mice or rats, providing new insight into this feedback mechanism.

Only one hour after exposing the hair cells to a drug blocking the transduction channels or after disrupting the tip links, I observed dramatic remodelling of the hair bundle. The stereocilia became substantially wider and only slightly shorter. As a result, the volume of the stereocilia increased and the hair bundle occupied a larger space at the apical surface of the hair cell. Stereocilia widening was associated with increased spacing of the stereociliary insertions, which also increased in diameter. Interestingly, the effect was not confined to the hair bundle only. I also observed that the actin-rich apical surface of the hair cell-corresponding to the cuticular plateexpanded, whereas the cell body did not.

Using transmission electron microscopy to characterize the ultrastructure of the actin core of the stereocilia, I found that spacing between neighbouring actin filaments within the parallel network remained the same as the stereocilia got wider. This key observation led to the conclusion that stereocilia widening must have resulted from the incorporation of additional actin filaments in the stereociliary core rather than from an increase of the inter-filament spacing. As a result of the observed morphological changes, the stiffness of the hair bundles nearly doubled. Although direct evidence is lacking (we looked at the actin ultrastructural organization in the stereociliary shafts only), stiffening is likely to have resulted from an increased number of actin filaments contributing to the stereociliary rootlets, as suggested by the increased diameter of the stereociliary insertions.

In addition, we gathered evidence implicating actin nucleators belonging to the formin family in the process that led to the remodelling of the stereocilia-stereociliary widening-upon blocking of the transduction channels. First, immunolabelling of actin nucleators belonging to the formin family showed localization at the tips of the stereocilia and in the numerous microvilli of the supporting cells. Because labelling was also observed in kinocilia, which to our knowledge do not contain actin filaments, and because we could not perform a control experiment with a formin knockout frog, we cannot strictly exclude (at least some) non-specific binding of the antibody.

Any conclusion from our immunolabelling data must thus be taken with some caution. However, several members of the formin family have been shown to bind to microtubules [START_REF] Zhou | Formin-1 Protein Associates with Microtubules through a Peptide Domain Encoded by Exon-2[END_REF][START_REF] Rosales-Nieves | Coordination of Microtubule and Microfilament Dynamics by Drosophila Rho1, Spire and Cappuccino[END_REF][START_REF] Bartolini | The Formin MDia2 Stabilizes Microtubules Independently of Its Actin Nucleation Activity[END_REF][START_REF] Young | INF1 Is a Novel Microtubule-Associated Formin[END_REF]. There is also evidence that formins may regulate microtubule-dependent processes such as meiotic spindle alignment and chromosome congression at mitosis [START_REF] Bartolini | The Formin MDia2 Stabilizes Microtubules Independently of Its Actin Nucleation Activity[END_REF][START_REF] Leader | Formin-2, Polyploidy, Hypofertility and Positioning of the Meiotic Spindle in Mouse Oocytes[END_REF]S. Yasuda et al. 2004). Formin binding was shown to stabilize microtubules by preventing depolymerisation and also to foster microtubule bundling, at least in vitro [START_REF] Bartolini | The Formin MDia2 Stabilizes Microtubules Independently of Its Actin Nucleation Activity[END_REF].

Thus, localizing immunolabeling of formins in kinocilia of hair bundles might not be so surprising after all. In addition, in my work, inhibiting formin activity led to two additional observations that give credit to the implication of formins in regulating actin dynamics in the hair bundle.

First, exposing the hair cells to a formin inhibitor resulted in stereocilia with thinner tips and wavy tapers. However, these effects were clear in a small fraction of the hair bundles only, whereas most of the hair bundles remained seemingly unaffected. This behaviour may indicate that formin activity is quiescent in most but not all hair bundles under control conditions, so that inhibiting activity only marginally affects the hair-bundle morphology. This inference is consistent with the available evidence from other species, for instance in American bullfrog saccular hair bundles and mouse utricular hair bundles [START_REF] Zhang | Multi-Isotope Imaging Mass Spectrometry Reveals Slow Protein Turnover in Hair-Cell Stereocilia[END_REF], indicating that the actin core of the stereocilia is stable under control conditions. Second, and quite remarkably, blocking the transduction channels in the presence of the formin inhibitor did not affect the hairbundle morphology, in striking contrast with our observations in the absence of the inhibitor.

Blocking the channels and inhibiting formins thus had antagonistic effects. If widening happened as a result of actin nucleation by formins, then it would make sense that inhibiting formins would have an antagonistic effect (lower formin activity and thus reduce actin nucleation) to blocking the channels (incorporation of new actin filaments in the stereociliary core by increasing formin activity). By introducing formins as a possible player in the complex machinery that controls and maintains the morphology of the hair bundle, this work opens a novel avenue for future research.

Altogether, our observations implicate formins in the pathway that ensures maintenance of stereocilia. Within this framework, formins are expected to be quiescent under control conditions but their activity ought to increase when the transduction channels are blocked by a channel blocker or close upon of tip-link disruption, likely by reducing the Ca 2+ influx through the transduction channels is interrupted [START_REF] Vélez-Ortega | Mechanotransduction Current Is Essential for Stability of the Transducing Stereocilia in Mammalian Auditory Hair Cells[END_REF].

The following discussion is organized into two sections. First, I discuss what I learned about the morphology of the hair bundle and the ultrastructure of its actin core under control conditions in relation to published data with hair bundles from the American bullfrog. Second, I further discuss the effects of blocking the transduction channels or disrupting the tip links on the morphology of the hair bundle, speculating on possible control mechanisms of actin dynamics in the hair bundle.

2002; [START_REF] Edmonds | Calretinin Modifies Presynaptic Calcium Signaling in Frog Saccular Hair Cells[END_REF][START_REF] Yamoah | Plasma Membrane Ca2+-ATPase Extrudes Ca2+from Hair Cell Stereocilia[END_REF]. In particular, the distribution of the plasma membrane Ca 2+ ATPase (PMCA), the transmembrane protein in charge of actively pumping Ca 2+ ions from inside the hair bundle to the extracellular medium, is more homogeneously distributed along the height of the hair bundle of large CCHCs than small CFHCs, where PMCA are more localized near the tips and just above the taper region [START_REF] Yamoah | Plasma Membrane Ca2+-ATPase Extrudes Ca2+from Hair Cell Stereocilia[END_REF]. Although there is no quantification for the density of PMCA for each hair-cell type11 , having more Ca 2+ pumping would lower the intracellular Ca 2+ concentration. Based on our observations, a lower intracellular Ca 2+ concentration would be expected to result in wider stereocilia. (A-E) adapted from [START_REF] Chabbert | Heterogeneity of Hair Cells in the Bullfrog Sacculus[END_REF]. Figures (F-G) adapted from [START_REF] Yamoah | Plasma Membrane Ca2+-ATPase Extrudes Ca2+from Hair Cell Stereocilia[END_REF].

Square and hexagonal stereociliary packing:

In the frog Rivan 92, I observed two types of stereociliary packing at the stereociliary insertions: square and hexagonal. There was also a strong correlation between the hair-bundle type and the stereociliary packing, with small (probably CFHCs) and large (probably CCHCs) hair bundles showing hexagonal and square packing, respectively. To my knowledge, only hexagonal packing was reported in American bullfrogs or other animals. For instance, the stereociliary insertions of chick cochlear hair bundles were reported to show only hexagonal packing [START_REF] Tilney | Actin Filaments, Stereocilia, and Hair Cells of the Bird Cochlea I. Length, Number, Width, and Distribution of Stereocilia of Each Hair Cell Are Related to the Position of the Hair Cell on the Cochlea[END_REF]. Because hexagonal packing emerges naturally when forcing parallel cylindrical rods together, the insertions of smaller hair bundles may have been distributed on a hexagonal lattice because their thin (and more cylindrical?) stereocilia are tightly packed. With thin and tightly packed stereocilia, the convexity of the cuticular plate may not be high enough to exert a mechanical constraint on the stereocilia, and push their base away from one another. However, even if the wider stereocilia of large hair bundles are more loosely packed, the reason why their insertions adopt square packing is unclear. Perhaps, with square packing, where the number of nearest neighbours is smaller (4 neighbours instead of 6 in hexagonal packing), the loosely packed hair bundles may require fewer inter-stereociliary links at the ankle regions. The implication of the types of insertion packing for hair-bundle mechanics would deserve further investigation.

Liquid packing of actin filaments in the stereociliary core:

To my knowledge, no systematic description of the stereociliary actin core has been made in American bullfrogs. However, liquid packing of actin filaments has been observed in stereocilia of other species, such as in mouse inner hair cells [START_REF] Mogensen | The Deaf Mouse Mutant Whirler Suggests a Role for Whirlin in Actin Filament Dynamics and Stereocilia Development[END_REF], in mouse utricular hair cells [START_REF] Krey | Plastin 1 Widens Stereocilia by Transforming Actin Filament Packing from Hexagonal to Liquid[END_REF], and in lizard cochlea hair cells (L G [START_REF] Tilney | The Organization of Actin Filaments in the Stereocilia of Cochlear Hair Cells[END_REF]. In contrast, chick cochlea and utricles exhibit hexagonal packing of actin filaments in their stereocilia. Liquid packing observed here in the stereociliary core of the frogs Rivan 92 or elsewhere in other species has been proposed to be advantageous [START_REF] Krey | Plastin 1 Widens Stereocilia by Transforming Actin Filament Packing from Hexagonal to Liquid[END_REF]. First, liquid packing is expected to reduce by about 20% the maximal number of cross-linkers to interconnect the filaments compared to hexagonal packing (DeRosier and Tilney 1984) (Fig. IV-2). In addition, forming a paracrystal with hexagonal packing is expected to twist the filaments, imposing internal mechanical stress that may result in more fragility in response to vibrations of the hair bundle (R. [START_REF] Yasuda | Direct Measurement of the Torsional Rigidity of Single Actin Filaments[END_REF]. This is because adjacent filaments are not optimally positioned to be bridged by a cross-linker, which then must be twisted to allow a (rigid) crosslink to form [START_REF] Derosier | The Form and Function of Actin[END_REF][START_REF] Claessens | Helical Twist Controls the Thickness of F-Actin Bundles[END_REF]. Interestingly, hexagonal packing is observed in Pls1 knockout mice, for which ESPN-a short and thus rigid molecule-provides the main crosslinker [START_REF] Krey | Plastin 1 Widens Stereocilia by Transforming Actin Filament Packing from Hexagonal to Liquid[END_REF].

B. Stereocilia widening and shortening upon perturbation of the mechano-electrical transduction machinery

Based on previous observations with mammalian (mouse) hair bundles (see Fig. blocked, tip-link tension is expected to remain and even to increase [START_REF] Hacohen | Regulation of Tension on Hair-Cell Transduction Channels: Displacement and Calcium Dependence[END_REF]Hudspeth and Gillespie 1994a;[START_REF] Tobin | Stiffness and Tension Gradients of the Hair Cell's Tip-Link Complex in the Mammalian Cochlea[END_REF], pulling on the membrane of the stereociliary tips, whereas there is obviously no tension in the tip links after tip link disruption. Tension at the stereociliary tips, where G-actin incorporation to the F-actin core most likely happened, may have favoured actin polymerization. Interestingly, in line with our observations indicating that formins might be involved (Section III.C in the Results, p. 99 -105), applying a pulling force to the mammalian formin mDia1 was shown to increase the elongation rate of actin filaments by about two-fold12 , demonstrating that formins can be mechanosensitive [START_REF] Jégou | Formin MDia1 Senses and Generates Mechanical Forces on Actin Filaments[END_REF]M. Yu et al. 2017). Perhaps, the tension in the tip links is necessary to fully activate formin-based actin polymerization upon blocking the transduction channels.

Blocking the transduction channels in cochlear hair bundles from mice about one week of age has been reported to result first in thinning of the stereociliary tips within the first few hours after application of the channel blocker, leading to shortening of the stereocilia in the short and middle rows of the hair bundle (which harbour transduction channels), but not of the tallest row (which do not), after about 24 hrs of cell culture [START_REF] Vélez-Ortega | Mechanotransduction Current Is Essential for Stability of the Transducing Stereocilia in Mammalian Auditory Hair Cells[END_REF]). On the basis of these observations and others, it was proposed that Ca 2+ entry through the transduction channels regulates elongation of the stereocilia and that functional channels are necessary to ensure the In a simple scenario, blocking the transduction channels in frog hair bundles would result in increased tension at the stereociliary tips, enhancing the activity of formins there and resulting in an increased rate of actin elongation [START_REF] Jégou | Formin MDia1 Senses and Generates Mechanical Forces on Actin Filaments[END_REF]. Because the processivity of the formin is reduced by several orders of magnitudes upon application of piconewton tensile forces, one would also expect polymerization of shorter filaments [START_REF] Cao | Modulation of Formin Processivity by Profilin and Mechanical Tension[END_REF]). However, one should bear in mind that stereocilia in the tallest row also widen although there is no tension applied at their tips. In addition, widening is also observed, upon disrupting the tip links, albeit with a smaller magnitude, which releases tension in the tip links [START_REF] Jaramillo | Displacement-Clamp Measurement of the Forces Exerted by Gating Springs in the Hair Bundle[END_REF][START_REF] Tobin | Stiffness and Tension Gradients of the Hair Cell's Tip-Link Complex in the Mammalian Cochlea[END_REF]). Thus, tip-link tension may play an important role but is not sufficient, by itself to explain the data. As already demonstrated in mammalian hair bundles [START_REF] Vélez-Ortega | Mechanotransduction Current Is Essential for Stability of the Transducing Stereocilia in Mammalian Auditory Hair Cells[END_REF][START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF], it is likely that the Ca 2+ influx through the transduction channels is key.

What could be the possible target of Ca 2+ ions entering the stereocilia through the transduction channels? Although to our knowledge, the activity of formins does not directly depend on Ca 2+ , formin-dependent assembly of a perinuclear actin rim in NIH3T3 cell, has been shown to be triggered by an increase in the intracellular Ca 2+ concentration, [START_REF] Shao | Mechanical Stimulation Induces Formin-Dependent Assembly of a Perinuclear Actin Rim[END_REF]. However, this effect is opposite to that required in our experiments, where incorporation of new actin filaments results from a decrease of the Ca 2+ influx through the transduction channels. The severing protein Interestingly, the same study revealed that the loss of both ADF and CFL1 (double knockout) leads to the widening of row-3 stereocilia in inner hair cells and of stereocilia in all rows in outer hair cells. This surprising phenotype qualitatively resembles that observed upon blocking the Ca 2+ influx in saccular hair bundles from adult frogs, which would make sense if cofilin were deactivated at low Ca 2+ levels (in frog) to mimic the effect of a knockout (in mouse). Of note, actin filaments fully decorated by ADF/cofilin undergo depolymerisation from both ends even in the presence of capping proteins and actin monomers [START_REF] Wioland | ADF/Cofilin Accelerates Actin Dynamics by Severing Filaments and Promoting Their Depolymerization at Both Ends[END_REF]. Reducing the levels of these proteins may thus, counterintuitively, lead to the presence of more actin filaments. as the motor pulling on the tip links (Hudspeth and Gillespie 1994a). The motor's activity is thought to be regulated by Ca 2+ via the calmodulin-binding IQ domains of the motor's neck: Ca 2+ binding to calmodulin is expected to release calmodulin from myosin, increasing the flexibility of the neck and reducing active force production by the motor. Conversely, blocking the Ca 2+ influx through the transduction channels would increase the activity of the motors and in turn tip-link tension. As mentioned earlier, an increased tension at the stereociliary tips would be expected to affect the dynamics of formin-based actin polymerization. In addition, myosin 15 (MYO15A) is a major component of a protein complex at the stereociliary tips of mammalian cochlear hair bundles that is associated with the development and maintenance of the hair bundle (Section B.3 in Introduction,. The activity of MYO15A is reduced at increased calcium concentrations [START_REF] Krementsov | Myosin V : Regulation by Calcium, Calmodulin, and the Tail Domain[END_REF], again via binding to calmodulin associated with the IQ domains in the neck of the motor. The observation that short and long isoforms of MYO15A localize predominantly in stereocilia of row 1 (not transducing -low Ca 2+ ) and row 2 (transducing -high Ca 2+ ), respectively, may be indicative of different Ca 2+ sensitivities [START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF]. Reducing the Ca 2+ influx through the transduction channels is likely to modify the interplay between nucleating, capping, severing and crosslinking of actin filaments by affecting protein transport to the stereociliary tips, even in the case where tip-links are disrupted.

In mutant shaker 2 mice, which are endowed with a defective form of MYO15A, the capping protein ESP8 and severing proteins ADF/CFL1 fail to localize at the stereociliary tips [START_REF] Mcgrath | Actin at Stereocilia Tips Is Regulated by Mechanotransduction and ADF/Cofilin[END_REF]. It remains to be seen, however, whether MYO15A is also at work in saccular hair bundles from frogs.

Identifying the mechanisms required to specify and maintain the length, width and shape of a single actin-based protrusion, as well as their collective organization in rows of graded height within a hair bundle, still constitutes an outstanding problem (Barr-Gillespie 2015).

Understanding why blocking the transduction channels in hair bundles from adult frogs results predominantly in stereocilia widening, whereas the same experiments in hair bundles from young rats or mice, predominantly result in stereocilia shortening would certainly constitute a significant step toward this goal. Our finding of a formin-dependent mechanism in frogs sheds light on the importance of actin nucleators in this process. Future experiments ought to determine how formins modulate the localization and activity of other actin-binding proteins in the frog, as well as whether mammalian hair cells also use similar actin nucleators in the complex process of stereocilia maintenance.

Perspectives: In this work, I have introduced formins as a possible player in stereocilia maintenance. However, proteomic analysis of frog hair-bundle proteins ought to confirm the presence of formins in the stereocilia of frog saccular hair bundles. In addition, testing whether some tip-complex and row identity proteins that have been identified in mammalian hair bundles, such as ESP8, WHRN, MYO15A, and CAPZ/TWF2, are also present in frog saccular hair bundles would greatly improve our general understanding of stereocilia maintenance. Conversely, it would be desirable to test for the presence of formins and the effects of their inhibition in mammalian cochlear hair bundles. Finally, the differential effects on stereocilia widening that I observed upon blocking the transduction channels (tension at the stereociliary tips) and disrupting the tip links (no tension) may implicate a possible role of tip-link tension. A more direct study of tip-link tension on hair-bundle morphology, possibly using magnetic tweezers to pull on magnetic beads attached to the stereociliary tips or the recently developed acoustic force spectroscopy [START_REF] Sitters | Acoustic Force Spectroscopy[END_REF], would help to elucidate the role of tip-link tension in stereocilia maintenance. 

B. Scanning electron microscopy: sample preparation

  and function of hair cells across vertebrate species A.2 Architecture and mechanics of the hair bundle a.

Figure I- 1 :

 1 Figure I-1: HAIR CELLS ACROSS VERTEBRATES SPECIES. Diverse modalities of mechanosensation are based on sensory hair cells. Hair cells take their name from a specialized organelle projecting from their apical surface and composed of microscopic 'hairs': the hair

  (C) The auditory hair cells from the chick basilar papilla. (Right panel) A cross-section of the chick basilar papilla shows hair cells with varying heights. (D) The auditory hair cells from the mammalian cochlea. (Right panel) A crosssection of the mammalian cochlea shows three outer hair cells (OHC) and a single inner hair cell (IHC).

  ) (Fig. I-2.C). A deflection of the hair bundle results in shearing between adjacent stereocilia, which modulates tension in the tip links and in turn the open probability of the transduction channels. Channel opening elicits an increased influx of cations, mainly K + ions but also Ca 2+ ions, corresponding to the transduction current (Fig. I-3.A).

Figure I- 2 :

 2 Figure I-2: HAIR CELL AND ITS HAIR BUNDLE. (A) Schematic representation of a typical hair cell within a sensory epithelium (here from the frog saccule). The hair cell is surrounded by supporting cells that are endowed with short actin-based protrusions called microvilli on their apical surface. On top of each hair cell is a hair bundle, a tuft of specialized elongated microvilli called stereocilia that arrange themselves into rows of increasing height. Next to the tallest stereocilia is the kinocilium, a microtubule-based protrusion composed of an array of 9 microtubule doublets surrounding a central microtubule pair (9 + 2 axoneme). The electrical signal from a hair cell is transmitted to the brain along the afferent nerve fibres while efferent nerve fibres bring signals from the central nervous system to the hair cell. Figure from Martin, P., Manley, G.A. (2020) Auditory processing by the cochlea (Principles of Neural Science 6 th Edition). (B) This electron micrograph shows the arrangement of the stereocilia in rows of graded height, resembling a staircase. Mechano-electrical transduction results from deflections of the hair bundle along a horizontal axis within the vertical plane of mirror symmetry of the bundle. (C) Tip links (arrows) that interconnect the tip of the shorter stereocilia to their taller neighbours. The links transmit force to mechanosensitive ion channels residing near the stereociliary tip. Figures

Figure

  Figure I-3: MECHANO-ELECTRICAL TRANSDUCTION BY A HAIR CELL. (A) Schematic

Figure I- 4 :

 4 Figure I-4: TENSION IN THE TIP LINKS. Chemical disruption of the tip links with EDTA iontophoresis betrays tension in the tip links of the rat cochlea hair bundles. (A) The command signal for iontophoresis as a function of time. The vertical dashed line indicates when the calcium chelator EDTA is applied. (B) Hair-bundle position as a function of time. Tip-link disruption evokes a positive offset of the hair-bundle position. (C) Current flowing through the transduction channels as a function of time. After the tip links break, the inward current goes to zero (horizontal dashed line, due to channel closure upon tip-link disruption. Note that the onset of EDTA iontophoresis, the bundle first moves in the negative direction and the channels open, resulting in an increased inward current; this is because the tension in the tip links first increases at the Ca 2+ concentration drops before the concentration is so low that the tip links break. Figure from the thesis manuscript of Mélanie Tobin (2017).

Figure I- 5 :

 5 Figure I-5: HAIR-BUNDLE MORPHOLOGY. (A)The neuromast from the fish's lateral line system is a cluster of mechanosensory hair cells centrally located inside the cavity. Each hair cell is endowed with a long kinocilium (▲) and several shorter stereocilia (∆). Figure by A. Forge. (B) A frog saccular hair bundle with a few tens of stereocilia; bundle is used for detecting linear accelerations of the frog's head. I studied this type of hair bundle during my PhD. Figures by B.Kachar. (C) A chick cochlear hair bundle with a few tens of stereocilia, from the low-frequency region of the organ. Figure by P. Barr-Gillespie and K. Spinelli. (D-E) In the mammalian cochlea, here from the rat, hair cells come in two flavours: inner hair cells (D) and outer hair cells (E). Both types of hair bundles show three prominent rows of stereocilia. In outer hair cells, the hair bundle has a characteristic V-shape, whereas those of inner hair cells are planar. (F) A bat cochlear hair bundle of an inner hair cell in the high-frequency region. The bundle shows only two rows of stereocilia, the minimum configuration required for mechanotransduction. Figures D-F by C. Hackney and D. Furness from (Fettiplace and Kim 2014).

Figure I- 6 :

 6 Figure I-6: FROG SACCULAR HAIR-BUNDLE. Light micrograph of a vertical section of the sensory epithelium of the bullfrog sacculus. The gelatinous sheath layer (GL) forms large cavities above the hair cells (HC). Each hair cell is surrounded by supporting cells and the top of the kinocilia (black arrows) are attached to the overlying gelatinous sheath layer of the otolithic membrane. Figure from (Bechara Kachar, Parakkal, and Fex 1990).

  purposes involving frequency discrimination by hair cells. b. Organization of actin filaments in the core of stereocilia A stereocilium is made of a parallel network of a few hundred heavily cross-linked actin filaments that stretch from a few nanometres below the stereociliary tip to a dense disorganized network of actin filaments called the cuticular plate underneath the apical surface of the hair cell (Fig. I-8.A-B). There are two types of actin filament packing in the stereociliary core: liquid and hexagon. the liquid packing of actin filaments has been observed in mouse inner hair cells (Mogensen, Rzadzinska, and Steel 2007), in mouse utricular hair cells (Krey et al. 2016), and lizard cochlea hair cells (L G Tilney, Derosier, and Mulroy 1980) whereas chick cochlea and utricles exhibit hexagonal packing (L G Tilney, Derosier, and Mulroy 1980). In the shaft region of a stereocilium, adjacent actin filaments are spaced by about 10 nm (L G Tilney, Derosier, and Mulroy 1980) (Fig. I-18.C-D). Near their insertion into the apical surface of the hair cells, in a

Figure I- 8 :

 8 Figure I-8: ORGANIZATION OF ACTIN FILAMENTS IN THE CORE OF STEREOCILIA. (A) Each actin-filled stereocilium is connected by an oblique proteinaceous tip link (arrow heads) that gates mechanosensitive ion channels located at the stereociliary tip near the lower end of the tip link. Transmission electron micrograph by A. J. Hudspeth from (Pascal Martin 2007). (B) Each stereocilium is made of a parallel network of actin filaments. From the stereociliary taper, some of the filaments form a rootlet that inserts into the cuticular plate. The densely-packed stereociliary rootlet (arrow head) can be seen in a vertical section along the stereociliary height. Scale bar 250 nm. (C) The transverse section of the stereociliary core above its taper reveals cross-sections of actin filaments. Scale bar 60 nm. (D) The 2D Fourier transform of the image shown in (C) shows a ring-like pattern indicating that the actin filaments in the stereociliary core are organized according to a liquid packing with an inter-filament spacing of ~10 nm. Scale bar 10 nm -1 . Figures B-C from (Mogensen, Rzadzinska, and Steel 2007).

Figure I- 9 :

 9 Figure I-9: THE STEREOCILIARY ROOTLETS. (A) A transmission-electron micrograph of a vertical section of a rat OHC bundle reveals the stereociliary rootlets. They appear as dark regions extending from around the taper region of the stereocilia into the cuticular plate beneath the hair cell's apical surface. Scale bar 200 nm. Figure adapted from (David N. Furness et al. 2008). (B) Schematic representation of the rootlet structure of a single stereocilium. The stereociliary rootlet consists of a few tens of densely packed actin filaments inserted into the cuticular plate. Figure adapted from (Pacentine, Chatterjee, and Barr-Gillespie 2020). Transmission-electron micrographs of the transverse sections of stereocilia from guinea pig cochlea (C) at the taper region and (D) at the stereociliary insertions. (C) Near the stereociliary insertion, actin filaments appear as dots that are more tightly packed in the rootlet (arrow head) than within the peripheral region. Scale bar (A-B) 100 nm. Figures adapted from[START_REF] Itoh | Preservation and Visualization of Actin-Containing Filaments in the Apical Zone of Cochlear Sensory Cells[END_REF]. (E) Scanning-electron micrograph of the apical surface of a frog saccular hair cell after the hair bundle was broken at its base by pushing against it with an eyelash or by blowing pressurized air. The stereociliary imprints reveal the stereociliary rootlets at the site of insertions. (F) Schematic representation of a single stereocilium that behaves like a cantilevered beam with a flexible base where a displacement X is imposed at the tip of the beam. The inset shows the stereociliary rootlet of a single stereocilium at the site of insertion. Figure adapted from (J. Howard and Ashmore 1986).

  the upper end of the tip link. Conventional Transmission Electron Microscopy reveals that both ends of the tip link connect to dark osmophilic regions called the upper tip-link density (UTLD) and the lower tip-link density (LTLD) (Figure I-8.A).

Figure I- 10 :

 10 Figure I-10: MECHANOTRANSDUCTION MACHINERY OF THE HAIR CELLS. (A) A high-resolution image of the tip link using freeze-etch electron microscopy reveals its right-handed helical structure. The tip link is about 5 nm in diameter and 180 nm in length and is made of the heterophilic association of dimers of unconventional calcium-dependent adhesion proteins, one dimer of protocadherin-15 and one dimer of cadherin-23. Scale bar 50 nm. Figure from (B. Kachar et al. 2000). (B) Schematic representation of the mechano-electrical transduction (MET) machinery. The MET machinery comprises the tip link connected in series with the transduction channel itself and the myosin motor complex, located at the lower and upper end of the tip link, respectively. Figure from (James O. Pickles 2012).

Figure I- 11 :

 11 Figure I-11: TIP LINKS. (A) Schematic representation of the molecular constituents of the tip link. The tip link is made of two parallel protofilaments forming cis-homodimers of protocadherin-15 at the lower portion of the tip link and cadherin-23 at the upper portion. The opposing extracellular (EC) repeats of protocadherin-15 and cadherin-23 interact through a 'molecular handshake', forming a trans interaction at the last two-terminal domain (EC1-EC2) of the cis-homodimers. (B) Surface representation of protocadherin-15 (in purple and pink) and cadherin-23 (in blue and cyan) at the site of the molecular handshake. Figures B-C adapted from (Sotomayor et al. 2012). (C) Tip links are sensitive to chemical disruption by tetracarboxylic calcium chelators, such as BAPTA. Assad et al. demonstrated that tip links and mechanotransduction can be chemically disrupted by replacing a high Ca 2+ standard perilymph (Right panel) with a 5 mM BAPTA solution for 10 s (Left panel). Scale bar 500 nm. Figures from[START_REF] Assad | Tip-Link Integrity and Mechanical Transduction in Vertebrate Hair Cells[END_REF].

Figure I- 12 :

 12 Figure I-12: MOLECULAR CONSTITUENTS OF THE MECHANO-ELECTRICAL TRANSDUCTION (MET) CHANNEL. Figure from Martin, P., Manley, G.A. (2020) Auditory processing by the cochlea (Principles of Neural Science 6 th Edition).

Figure I- 13 :

 13 Figure I-13: TMC-1/CIB/ANKYRIN/SPECTRIN/ACTIN COMPLEX IN THE MECHANOSENSORY NEURONS OF C. ELEGANS.The protein complex composed of TMC-1/CIB/ankyrin/spectrin/actin cytoskeleton found in C. elegans is proposed to be a likely candidate of a Ca 2+ binding structure that physically links the mechanotransduction channel to the actin cytoskeleton in stereocilia although it is unclear whether the ankyrin gene is expressed in cochlear hair cells. Figure from[START_REF] Tang | Ankyrin Is An Intracellular Tether for TMC Mechanotransduction Channels[END_REF]).

  develop normally (Fig. I-14.A). Mutant IHC hair bundles show a reduced resting open probability of their transduction channels and a slowed onset of transduction currents (Fig. I-14.B-C). These results provide some (but not definitive) support for MYO7A as a candidate for the myosin motor that tensions the tip links in cochlear hair cells[START_REF] Li | Myosin-VIIa Is Expressed in Multiple Isoforms and Essential for Tensioning the Hair Cell Mechanotransduction Complex[END_REF], although measurements of tip-link tension in the mutant mice are lacking to reinforce this conclusion.

Figure I- 14 :

 14 Figure I-14: LOCALIZATION OF MYO7A AND EFFECTS OF DELETING AN ISOFORM OF MYO7A ON THE MET CURRENT IN COCHLEAR HAIR CELLS. (A) Immunofluorescence labelling localizes MYO7A at the upper end of the tip links in the IHC stereocilia of wild-type (WT) mice. Immunoreactivity of Myo7a is strongly reduced and more diffusive in mutant mice where a specific isoform of Myo7a (Myo7a-ΔC) is deleted. Scale bar 1 µm. (B) Normalized I-X curves (I/Imax vs Displacement) reveal a significant rightward shift of the normalized I-X curves from that of the wild-type mice (in black) to that of the mutant Myo7a-ΔC mice (in red). The rightward shift indicates a reduced resting open probability (Po) in (C).Figure adapted from (Li et al. 2020).

  Sub-domains 1 and 3 of a monomer are called the plus (+) or barbed end and sub-domains 2 and 4 constitute the minus (-) or pointed end. The addition of an actin monomer to a filament extends the overall length by 2.7 nm (Jonathon Howard 2001; Phillips 2013) (Fig. I-15.A-C). The assembly of an actin filament induces a conformational change in the actin subunit: G-actin has a twisted conformation whereas F-actin has a flat conformation, obtained by a rotation of 20 degrees of subdomains 1-2 with respect to subdomains 3-4 (Fig. I-15.D-E). The flat conformation is essential for the stability of helical F-actin[START_REF] Oda | The Nature of the Globular-to Fibrous-Actin Transition[END_REF]).

  Figure I-15: STRUCTURE OF GLOBULAR (G-ACTIN) AND FILAMENTOUS ACTIN (F-ACTIN). (A)The asymmetric topology of G-actin, with its 4 subdomains represented in different colours. Subdomains 1 and 3 form the fast-growing "barbed end" while subdomains 2 and 4 form the slow-growing "pointed end" of the actin filament. Adapted from (M.[START_REF] Kim | Using Harmonic Analysis and Optimization to Study Macromolecular Dynamics[END_REF]. (B) The polymerization of monomers in filament results in a double helix of two proto-filaments, with a 37-nm repeat and a diameter of about 8 nm. (C) Electron micrograph of the negatively stained actin filament. Figures B-C adapted from (Alberts 2008). (D) Front view. The structures of the subunits in F-actin (cyan) and the G-actin (yellow) forms are superimposed, which subdomains 1 and 2 aligned in the two forms. Subdomains 3 and 4 are rotated by ~20 degrees with respect to subdomains 1 and 2 about the rotational axis indicated by the red line in the direction indicated by the red arrow. (E) Side view from the left-hand side of subdomains 3 and 4 in (D). Figures (D-E) adapted from[START_REF] Oda | The Nature of the Globular-to Fibrous-Actin Transition[END_REF]).

Figure I- 16 :

 16 Figure I-16: ACTIN POLYMERIZATION. Association/dissociation rates of actin. G-actin is bound to ATP (respectively ADP) represented by the letter T (D). The association rates have units of µM -1 .s -1 . Dissociation rates have units of s -1 . At each end, the ratio of the dissociation and association rates gives Cc, the critical concentration beyond which a filament elongates and below which a filament retracts. Figure adapted from (Thomas D. Pollard and Borisy 2003).

Figure I- 17 :

 17 Figure I-17: ACTIN NUCLEATION BY THE ARP2/3 COMPLEX AND FORMIN. (A) Nucleation of branched actin networks by the Arp2/3 complex requires the presence of a nucleation-promoting factor WASP, actin monomers, and an actin microfilament called a primer. (B) Formin proteins work as dimers and use two domains to stimulate the assembly of linear actin filaments. The formin homology 2 (FH2) domain nucleates actin filaments and the formin homology 1 (FH1) domain delivers profilin-actin complexes to the filament's barbed end. Figures A-B adapted from (Ireton 2013).

2

  ) domains, removing capping protein from the end of the filament and preventing re-capping to allow continuing growth of filaments or cross-linked bundles. Each formin monomer binds and captures G-actin monomers bound to profilin. These monomers of ATP-G-actin are then added to the growing actin filament (Fig. I-17.B).

Figure I- 18 :

 18 Figure I-18: ACTIN DYNAMICS IN THE STEREOCILIARY CORE. (A) The actin core of cochlear hair bundles is remarkably stable. Incorporation of new cytoplasmic actin into the polymerizing barbed ends happens only about half a micron near the stereociliary tips, where the transduction channels are located. Figure from (McGrath, Roy, and Perrin 2017). (B) The neonatal utricular macula in culture mice hair cells expressed b-actin-GFP. A bleaching profile (circle) of the b-actin-GFP indicates that actin turnover at the shaft region is stable (day 1day 7). (C) The bleaching line is remarkable stable and moves by a very small amount after 7 days. Figure (B-C) from (Zhang et al. 2012).

Figure I- 19 :

 19 Figure I-19: SCHEMATIC REPRESENTATION OF IMPORTANT ACTIN BINDING PROTEINS AT THE STEREOCILIARY TIP OF MAMMALIAN COCHLEAR HAIR BUNDLES. Note that the proteins at the tips of the two rows are different, defining "row-identity proteins".

Figure I- 20 :

 20 Figure I-20: CO-LOCALIZATION OF γ-ACTIN AND β-ACTIN IN COCHLEAR HAIR CELLS. Immunofluorescence microscopy reveals the localization of γ-actin and β-actin in the stereocilia, cuticular plate and lateral wall of outer hair cells. The γ -actin is more abundant in the lateral wall than the -actin. Scale bar 5 µm. Figure from (Benjamin J. Perrin, Sonnemann, and Ervasti 2010).

  Fig. I-21 Overexpression of DIAPH1 also results in morphological defects in inner hair cells where the hair bundles have fewer stereocilia and the remaining stereocilia get wider and longer, probably due to fusions of adjacent stereocilia (Fig. I-21.A). A similar effect was also observed upon overexpression of wild-type Diaph3, the murine homolog of human DIAPH3, in mice (Fig. I-21.B)

Figure I- 21 :

 21 Figure I-21: EFFECTS OF OVEREXPRESSING FORMINS ON THE STEREOCILIARY STRUCTURE. Morphological defects of the hair cells as the result of overexpressing formins (A) overexpression of human DIAPH1 and (B) overexpression of mice Diaph3 in mice. (C) Using an anti-mDia1 antibody, the immunoreactivity of formins is observed at the stereociliary tips (arrow heads) after knock-in overexpression of human DIAPH1 in mouse cochlear inner hair cells. In the wild type, the labelling is prominent in the apical functional complex only. Figure (A and C) from (Ninoyu et al. 2020). Figure B from (Schoen, Burmeister, and Lesperance 2013) (B-C).

Figure

  Figure I-22: INTERPLAY BETWEEN PLASTIN-1 AND ESPN FOR ACTIN-FILAMENT PACKING IN STEREOCILIA. (A-D) Transmission electron micrographs of a transverse section of stereocilia and 2D Fourier transform images of the corresponding micrographs from wildtype (WT).(E-H) Same as in (A-D) but for plastic-1 knockout mice (Pls1 -/-). Transverse sections of the WT (I) and Pls1 -/-(J) reveal that the stereociliary core of the mutant mice may have a reduced number of actin filaments with denser packing. Quantification of the number and inter-filament spacing of actin filaments indicate that the knockout mice indeed have denser (K) and fewer actin filaments (L). (M) Schematic representation of actin-filament packing in different scenarios. In the presence of plastin-1, wild-type stereocilia adopt a more liquid packing, while in the absence of plastin-1 the stereocilia adopt a tight hexagonal packing due to constraints imposed by espin, another major actin cross-linker in the stereocilia. Figures from[START_REF] Krey | Plastin 1 Widens Stereocilia by Transforming Actin Filament Packing from Hexagonal to Liquid[END_REF]).

Figure I- 23

 23 Figure I-23: LOCALISATION OF FASCIN-2 AND ITS ROLE ON STEREOCILIA MAINTENANCE. (A) In wildtype mice with B6 background, immunofluorescence microscopy shows the expression of Fscn-2 along the stereociliary height in both IHC (top panel) and OHC (bottom panel). The immunoreactivity also shows colocalization of Fscn-2 with γ-actin. Scale bar 5 µm. (B) Effects of a missense mutation in the Fscn-2 (Fscn2 R109H ) gene on the stereociliary height. Quantification of OHC stereociliary height indicates that Fscn2 R109H mice initially develop hair bundles with a more uniform stereociliary height at 3 weeks after birth. 16 weeks after birth, the stereociliary length is more variable and stereocilia are on average shorter by ~ 200 nm in the row 3 stereocilia. Figures from (B. J. Perrin et al. 2013).

Figure I- 24

 24 Figure I-24: ROLES OF EPS8 AND ITS TRANSPORTER MYOSIN-15 IN STEREOCILIA MAINTENANCE. (A)Scanning electron micrographs of hair bundles in wild type (WT), Esp8 knockout mice, and in shaker-2 mice where there is a mutation in the motor domain of myosin-15. Both mutant mice show hair bundles with abnormally short stereocilia that have lost their unique staircase pattern. (B) Immunofluorescence labelling localizes myosin-15a and Esp8 at the stereociliary tip of wild type cochlear hair bundles (left panel), while, in the shaker-2 mice, the capping protein Esp8 is absent from the stereociliary tips of the vestibular hair bundles even though its transporter Myosin-15a appeared at the stereociliary tips. Scale bar 5 µm. Figures adapted from[START_REF] Manor | Regulation of Stereocilia Length by Myosin XVa and Whirlin Depends on the Actin-Regulatory Protein Eps8[END_REF]).

  -Twinfilin-2 (TWF2), has a dual role as capping and severing protein. It localizes at the tips of stereocilia shorter rows (Fig. I-25.A-B). It has been proposed that myosin-7a (MYO7A) delivers the capping protein to the stereociliary tips. However, other roles, such as anchoring TWF2 to the tip or increasing the activity of TWF2, are also possible (Rzadzinska et al. 2009). Moreover, if MYO7A tenses the tip links (Li et al. 2020), mutations of MYO7A in shaker-1 mice may affect the open probability of the transduction channels (and in turn the magnitude of the Ca 2+ influx) and localization of TWF2 at the stereociliary tip, which happens 4-5 days after the MET onset (Krey et al. 2020). Overexpression of Twf2 results in abnormally short stereocilia (Fig. I-25.C-D) while shaker-1

Figure I- 25

 25 Figure I-25: LOCALIZATION OF TWINFILIN-2 AND ITS ROLE ON STEREOCILIA MAINTENANCE. Immunofluorescence labelling of twinfilin-2 in adult (post-natal day 56) mice in both IHC (A) and OHC (B) hair bundles. (C) Overexpression of twinfilin-2 results in significantly shorter tallest-row stereocilia (left) compared to the un-transfected neighbour where there is no twinfilin-2-EGFP signal (right). (D) Quantification of the stereociliary height of the tallest stereocilia indicated shortening by almost 13% in twinfilin-2 transfected bundles. Scale bar (A-C) 5 µm. Figures from (Peng et al. 2009).

  one of them. Both proteins are functionally and structurally similar to each other. They both sever actin filaments and allow for the new barbed ends they have produced to undergo actin assembly or disassembly depending on the conditions of the cells. A recent study by McGrath et al. 2021 showed that ADF/CFL1 localizes at the tip of row 2 stereocilia (Fig. I-26.A-B). Accordingly, the transducing row-2 stereocilia harbour more available barbed ends of actin filaments at their tips than the non-transducing row-1 stereocilia. Note a smart technical trick: the number of available barbed ends at the stereociliary tips can be estimated from the fluorescence intensity of rhodamine-labelled actin that incorporates there. The localization of ADF/CFL1 at the stereociliary tips relies on the myosin transporter MYO15a and its associated protein EPS8. Shaker-2 mice, which has a mutation in the motor domain of the Myosin-15a, and the Eps8 null mice (Esp8 -/-) fail to deliver ADF/CFL1 onto the stereociliary tip. The immunoreactivity of ADF/cofilin-1 appears to be more diffusive and distributed to other stereocilia rows instead of being restricted to the tips of row 2 stereocilia as in the control (Fig. I-26.A-B). Correspondingly, in the Eps8 null mice, the available barbed ends are also redistributed to the tallest stereocilia rows, as indicated by the increase of rhodamine-actin signal in the tallest stereocilia (Fig. I-26.C-D). Interestingly, in direct relevance to my PhD work, pharmacological blocking of the transduction channels also results in similar redistribution of available barbed ends (Fig. I-34).

Figure

  Figure I-26: LOCALIZATION OF ADF/CFL1 AND AVAILABLE BARBED-ENDS FROM RHODAMINE-ACTIN INCORPORATION IN MYO15 SH2/SH2 AND EPS8 -/-MUTANTS. (A) Misplaced localization of capping and severing proteins ADF/CFL1 from row 2 stereocilia (row 1 being the tallest stereocilia row) to all rows of IHC bundles in shaker-2 (sh2) Myo sh2/sh2 mice that have a mutation in the motor domain of MYO15. Hair bundles of the mutant mice also lose the staircase pattern and stereocilia in all rows become equally short. (B) Similar misplaced localization of ADF/CFL1 and morphological defects as in (A) are also observed in Eps8 -/-mutant mice. (C) Rhodamine-actin intensity, which indicates the availability of free polymerizing-barbed ends and the incorporation of new actin subunits into the stereocilia, is more evenly distributed among stereocilia rows in the mutant Eps8 -/-mice. (D) Quantification of the rhodamine-actin intensity demonstrated that the availability of free actin barbed ends was reduced in row 2 stereocilia and distributed to row 1 stereocilia in Eps8 - /-. Scale bar (A-C) 1 µm. Figure from (McGrath et al. 2021).

  1) summarize the actin-binding proteins found in stereocilia and their hypothetical functions in stereocilia maintenance. The figure (Fig. I-27) indicates the timeline of expression of these actin-binding proteins.

Figure I- 27

 27 Figure I-27: EXPRESSION TIMELINE OF ACTIN-BINDING PROTEINS IN MAMMALIAN HAIR BUNDLES. Summarized from[START_REF] Peng | Integrating the Biophysical and Molecular Mechanisms of Auditory Hair Cell Mechanotransduction[END_REF][START_REF] Krey | Plastin 1 Widens Stereocilia by Transforming Actin Filament Packing from Hexagonal to Liquid[END_REF] 2020).

Figure

  Figure I-28: ACTIN-BASED PROTRUSIONS. (A) Intestinal microvilli are numerous actin-based apical protrusions (1-2 µm in height) that project from the epithelial cells lining the surface of the intestinal tract. These microvilli increase the surface area and efficiency of nutrient absorption of the epithelial cells. Scale bar 1.25 µm. (B) Filopodia are actin-based cellular processes that extend by about a few hundred nanometers beyond thin-sheath membrane protrusions called lamellipodia, which are located at the leading edge of a motile cell. Cells employ filopodia as antennae for probing the surrounding environment. (C) Neurons show several spike-shaped processes that extend from the cell body called dendrites (white arrow heads). (D) Dendritic spines are bulb-like protrusions that form on the dendrites. At the head of a spine is a site where excitatory synapses take place. Figures from (Lippman and Dunaevsky 2005). Scale bar 20 µm for (C) and 2.7 µm for (D).

Figure I- 29 :

 29 Figure I-29: MOLECULAR CONSTITUENTS OF ACTIN-BASED PROTRUSIONS. (A) Microvilli (1-2 µm in length) comprised straight actin filaments bundled by various actin cross-linkers. (B) Filopodia (10 µm in length), like microvilli, are made of straight actin filaments that are predominantly bundled by fascin. (C) Dendritic spines found in neurons share similar underlying structures with microvilli and filopodia but they also have branched actin filaments mediated by the Arp2/3 complex. The branching of actin filaments produces a bulb-like shape in the dendritic spines. Figure adapted from (Ljubojevic, Henderson, and Zurzolo 2021).

Figure I- 30 :

 30 Figure I-30: STEREOCILIA SHORTENING AS A RESULT OF GENETIC DELETION OF TIP LINK PROTEINS.In conditional knockout mice, Ush1g fl/fl Myo15-cre +/-, the tip-link proteins SANS and cadherin-23 are post-natally deleted. The hair bundles of the mutant mice initially develop normally compared to the control Ush1g fl/fl mice (red) and then the stereocilia in the shorter rows (row 2 and 3), but not in the tallest row (row1), shorten or even completely disappear. Note that only stereocilia if the shorter rows are expected to be equipped with transduction channels are their tips; loss of the tip links must have resulted in the loss of a Ca 2+ influx through these channels. Figure from[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]).

  the pioneering work of Caberlotto et al. 2011, the authors developed conditional knockout mice to delete the Usher 1G protein SANS, a putative scaffold protein at the upper tip-link density, as well as the tip-link protein cadherin-23, after normal development of the hair bundle. In Ush1g fl/fl Myo15-cre +/-mice, which are defective for the protein SANS, stereocilia develop normally until about one week after birth (Fig. I-30

Figure

  Figure I-31: STEREOCILIA SHORTENING AS A RESULT OF CHEMICAL DISRUPTION OF TIP LINKS. (A) Scanning electron micrographs of the OHC bundles. Upon chemical disruption of tip links by exposure to a solution with 5 mM BAPTA, the transducing shorter row stereocilia recede. Actin remodelling is reversible and recovered within 1 -6 hr after washing out the calcium chelators. (B) Quantification of the stereociliary height indicates that both shorter rows 2 & 3 (where row 1 being the tallest stereocilia row) shorten within 15 min after application of BAPTA and later recovered. Figures from (Vélez-Ortega et al. 2017).

Figure I- 32 :

 32 Figure I-32: STEREOCILIA SHORTENING AS A RESULT OF BLOCKING THE MET CHANNELS. (A) Scanning Electron micrographs of the OHC rows 1, 2 and 3, where row 1 is the tallest stereocilia row. Upon pharmacological blocking of the MET channels (with 30 µM benzamil), stereocilia in row 2 recede. (B) Quantification of the stereociliary height in OHC indicates that after 24 h of blocking MET channels, the transducing stereocilia in the shorter rows get shorter relative to those in the tallest stereocilia row 1. Figures from (Vélez-Ortega et al. 2017).

  . I-33.A-B). Genetic knockouts of genes encoding subunits of the transduction channel (TMC1 and TMC2, or TMIE) or pharmacological blocking of the transduction channels produce bundles of stereocilia that develop with more uniform diameters in between rows (thinner rows 1-2, thicker row 3) and a shallower staircase pattern. Remarkably, these morphological defects are associated with the redistribution of rowidentity proteins (Fig. I-33.C) (Krey et al. 2020). Recently, it was shown that blocking the transduction channels (at P6) also leads to a redistribution of the severing proteins ADF/CFL1 from row 2 to row 1, of the row identity protein EPS8 from row 1 to row 2, and of a reduction of the availability of the free polymerizing barbed-end at the stereociliary tips of row 2 (McGrath et al. 2021) (Fig. I-34). It is proposed that the availability of free polymerizing barbed-end relies on severing proteins ADF/CFL1 that are enriched in row 2 stereocilia. However, how these effects might explain morphological changes of the hair bundle remains unclear.In one study[START_REF] Krey | Mechanotransduction-Dependent Control of Stereocilia Dimensions and Row Identity in Inner Hair Cells[END_REF], blocking transduction channels mostly affected the stereociliary width (wider row 3 and thinner row 2 stereocilia), whereas the main effect reported in the earlier study[START_REF] Vélez-Ortega | Mechanotransduction Current Is Essential for Stability of the Transducing Stereocilia in Mammalian Auditory Hair Cells[END_REF]) was that the transducing rows get shorter (Fig..However, the former study was performed using relatively immature hair cells from the apical cochlear region at P4.5, whereas the latter was performed with more mature hair cells from midcochlear regions, at P4 -P6. The pattern of expressions of actin-binding proteins is quite different at these two developmental changes (Fig. I-33.A), possibly explaining why the two studies led to different observations.

Figure I- 33 :

 33 Figure I-33: ROW IDENTITY PROTEINS AND MECHANOTRANSDUCTION. (A) Expression patterns of row identity proteins in relation to the maturation of mechanotransduction. (B) Change of the stereociliary width in row 1 and row 2 after birth. The onset of the widening phase starts roughly at about the same time as the mechanotransduction. (C) A hypothetical model of an IHC bundle with different resting intracellular Ca 2+ concentrations in row 1 and row 2 due to differential tensions in the tip links and comparison with an OHC bundle in (D).Figure from (Krey et al. 2020).

Figure I- 34

 34 Figure I-34: EFFECTS OF PHARMACOLOGICAL BLOCKING OF THE MECHANO-ELECTRICAL TRANSDUCTION CHANNELS ON AVAILABLE BARBED ENDS. (A) Immunofluorescent labelling of rhodamine-actin indicates actin incorporation at the free barbed ends of actin filament at the stereociliary tip. In the control (upper panel), the rhodamine-actin signal is more restricted to the tip of the row 2 stereocilia (row 1 being the tallest stereocilia row. Upon pharmacological blocking of MET channels (lower panel) with 100 µM tubocurarine, the rhodamine-actin signal was distributed to other rows indicating that there were free barbed ends. (B) Eps8, which is the row identity protein of the row 2 stereocilia, was also distributed to other stereocilia row upon blocking the MET channels. Quantification of the free barbed ends as a ratio between row 2 & row 1 (C) and EPS8 labelling as a ratio between row 1:2 (D). Scale bar (A-B) 5 µm. Figure from (McGrath et al. 2021).
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  Experimental preparation of the sensory tissuesEthical Statement -The frogs are sheltered in an approved animal facility (certification C75-05-16) that ensures the animals' health and well-being. The experimental project consists of an ex-vivo analysis of inner ear tissues of wild type frogs and thus does not need a ministerial project authorization. Only certified people having followed the regulation training in animal experimentation performed the sacrifice of the animals.

Figure II- 1 :

 1 Figure II-1: FROG RIVAN 92 AND THE FROG INNER EAR. (A)The animal model was the frog Rivan 92, a hybrid variety from two frog species; Pelophylax ridibunda (formerly known as Rana ridibunda) and Rana esculenta (or 'green frog', known for its delicacy in the French cuisine) (B) The frog inner ear resides in a bone cavity of the skull, the otic capsule (in a circle). In my PhD, I studied the vestibular hair cells from the sacculus, the organ for detecting linear acceleration of the frog's head.

Figure II- 2 :

 2 Figure II-2: PREPARATION OF THE FROG SACCULUS. (A) The frog inner ear (arrow) is partially exposed by shaving off the upper surface of the pro-otic bone and (B) shown after being removed from the otic capsule, the white mass corresponds to otoconia on top of the saccular macula. The VIIIth cranial nerves can be seen (asterisk *). (C) The frog sacculus or saccular macula is oriented with the saccular nerve on the left (asterisk *). The sensory epithelium, where the hair cells reside, is located at the middle of the macula (arrow) under the semitransparent otolithic membrane. Small crystalline particles of Calcium carbonate (CaCO₃), or the otoconia, deposited on the otolithic membrane can be seen as white spots. 60x magnification. (D) Scanning electron micrograph (SEM) of a frog saccular macula with the otolithic membrane intact (arrow). Scale bar 400 µm. (E) Scanning electron micrograph of the sensory epithelium of the sacculus after the otolithic membrane has been removed. Numerous saccular hair bundles (~ 3,000) can be seen protruding from the surface of the sensory epithelium.

  measuring the transduction current of a hair cells upon the application of the pharmacological drugs. Stimulating a hair bundle under the control conditions elicits an inward transduction current (up to a few hundreds of picoampere) but in the presence of channel blockers, the transduction current is diminished (Fig. II-3.A). The drugs are thought to work as open channel blockers, meaning that they plug the channels' pores. Some of these drugs, e.g. benzamil (Fig. II-3.B), may still work as a permeant blockers because the transduction current does not entirely vanish even at high concentration of the drugs.During my PhD, I incubated for 1 hr the excised sensory tissue in artificial perilymph supplemented with benzamil, a derivative of amiloride, at a concentration of 30 µM or tubocurarine at a concentration of 100 µM) (Sigma Aldrich). For a longer experiment (incubation time 1 -48 h), I used instead the culture medium described before. The concentration used was based on the dose-response curves to block more than 90% of the MET current[START_REF] Rüsch | Block by Amiloride and Its Derivatives of Mechano-Electrical Transduction in Outer Hair Cells of Mouse Cochlear Cultures[END_REF][START_REF] Farris | Probing the Pore of the Auditory Hair Cell Mechanotransducer Channel in Turtle: Pharmacology of Mechanotransduction[END_REF]) (Fig.II-3.B and C). After the incubation, the tissues were rinsed then fixed for electron microscopy or for physiological studies.

Figure

  Figure II-3: BLOCKING THE TRANSDUCTION CHANNELS. (A)The transduction current measured while stimulating a hair bundle is diminished upon application of a pharmacological drug, amiloride[START_REF] Rüsch | Block by Amiloride and Its Derivatives of Mechano-Electrical Transduction in Outer Hair Cells of Mouse Cochlear Cultures[END_REF]. Dose-response curves of transduction channel blocking by benzamil, the derivative of amiloride, in (B) and tubocurarine in (C). The concentration used in this thesis (30 µM for benzamil and 100 µM

C. 1

 1 Experimental setupMechanical stimulation experiments were under an upright microscope (Olympus BX51WI) with a 60x immersion objective (N.A. = 0.9) in series with a 1.25x relay lens. A CCD camera (IDS µEye CP) is connected to the microscope to allow for observations of the preparation during the experiments on a computer screen. An experimental chamber is clamped on a stage in which XY translation and rotation in the full 360 ° can be done. An image of a hair bundle or a flexible fibre is normally projected onto a two-quadrant photodiode with a magnification of 1000x to measure displacement in the nanometre range. The microscope and the setup mentioned here are installed on an anti-vibration table. Signals generated and acquired during an experiment are under the control of an in-house user interface program written for LabView software (version 2011, National Instruments). Command signals sending to piezoelectric actuators of a flexible fibre were produced by a 16-bit interface card (PCI-6733, National Instruments), while acquisitions of signals from the photodiode were done by another 16-bit interface card (PCI-6250, National Instruments). All generated and acquired signals can be conditioned with an 8-pole Bessel anti-aliasing low-pass filter below the Nyquist frequency, a cut-off frequency at half of the sampling rate. The sampling rate for all the signals is set to 2.5 kHz.

  to measure displacements at a nanometre range (Fig.II-4). The stiffness Kf and drag coefficient ζf of fibre can then be extracted from a spectral analysis of the fibre's Brownian motions by fitting with a Lorentzian function (Fig. II-5). The stiffness and drag coefficient of fibres used in this study is in the range of 200 -400 µN•m -1 and 200 -250 nN•s•m -1 .

Figure II- 4 :

 4 Figure II-4: MANIPULATION OF A FLEXIBLE FIBRE. The fibre's tip is attached to the kinociliary bulb of the hair bundle (right).A movement ∆ applied at the fibre's base results in a force applied at the bundle's top, which is then deflected by X. The force at steady state is given by F = Kf(∆ -X), where Kf is the stiffness of the fibre. Figure adapted from the thesis of JY. Tinevez (2006).

  Figure II-4: MANIPULATION OF A FLEXIBLE FIBRE. The fibre's tip is attached to the kinociliary bulb of the hair bundle (right).A movement ∆ applied at the fibre's base results in a force applied at the bundle's top, which is then deflected by X. The force at steady state is given by F = Kf(∆ -X), where Kf is the stiffness of the fibre. Figure adapted from the thesis of JY. Tinevez (2006).
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  Figure II-5: SPECTRAL DENSITIES OF THE FLEXIBLE FIBER. Spectral density of the tip (black) and the base (grey) of a flexible fibre freely fluctuating in water. The fibre's stiffness is Kf = 176 µN • m -1 and the fibre's drag is ξf = 57 nN • s • m -1 . (Red) The fit of the fibre's spectrum with a Lorentzian function.

Figure

  Figure II-6: MECHANICAL STIMULATION OF THE HAIR BUNDLE. (A) Command displacement at the base of the calibrated flexible fibre. (B) Hair-bundle position measured the tip of the flexible fibre. (C) The forcedisplacement (F-X) relationship of mechanical stimulation of a hair bundle. The slope is corresponding to the stiffness of a hair bundle. In this example, the stiffness of a hair bundle is 0.48 mN/m.

  Figure II-7: SCHEMATIC REPRESENTATION OF THE ESTIMATION OF STEREOCILIARY HEIGHT H IN SCANNING ELECTRON MICROSCOPY BY THE METHOD OF TRIANGULATION.The scanning electron micrographs are taken at two different angles (α and α+τ) by tilting the microscope stage by τ degree, where α is the angle between the surface and the stereocilium. The projected stereociliary heights at each angle (p1 and p2) are measured and the estimated stereociliary height h is determined by solving the system of equations (II-3).

Figure II- 8 :

 8 Figure II-8: IMPROVING THE CONTRAST OF ACTIN FILAMENTS. Transmission electron micrographs of the transverse sections of stereocilia with (A) tannic acid and (B) without tannic acid added during the fixation. Inset figures are magnified from the corresponding area in dashed squares. Scale bar 200 nm.

  . II-9.A-B) in the Fourier space by using the fast-Fourier transform (FFT) tool in the image processing software (Fiji) ImageJ. The 2D-FFT produces a ringlink pattern that indicates that actin filaments in the stereociliary core adopt a liquid packing where neighbouring actin filaments are located in random orientations. The average radius of the ringlike patterns nevertheless indicates the average actin inter-filament spacing (Fig. II-9.C-D).

Figure II- 9 :

 9 Figure II-9: MEASURING ACTIN INTER-FILAMENT SPACING IN STEREOCILIA. (A) Transverse section of a stereocilium from transmission electron microscopy. Scale bar 60 nm. (B) The intensity profile along the yellow line in (A) shows valleys of intensity where actin filaments are. The distance between the valleys is ~ 10 nm. (C) The 2D fast-Fourier transform of (A) shows a ring-like pattern where the ring's radius is the average actin inter-filament spacing. Scale bar 0.1 nm -1 . (D) The intensity profile along the yellow line in (C) shows peaks corresponding to the inter-filament spacing of ~ 10 nm. Figures A and C from[START_REF] Mogensen | The Deaf Mouse Mutant Whirler Suggests a Role for Whirlin in Actin Filament Dynamics and Stereocilia Development[END_REF].

  -bundle imprints and stereociliary insertions a. Expansion of the cells' apical surface and the hair-bundle imprints b. Widening of the stereociliary insertions B.3 Actin core of the stereocilia. B.4 Hair-bundle stiffness C. PROBING THE ROLE OF FORMINS FOR ACTIN POLYMERIZATION IN STEREOCILIA C.1 Localization of formins in the stereocilia

  size and shape (Fig. III-1.A), and like the hair bundle themselves, the size of the hair-bundle imprints and the cells' apical surface also varies (Fig. III-1.B). In the central region of the macula 6 , a typical hair bundle is composed of 33 ± 9 stereocilia (N = 70 cells) arranged into 5-9 stereociliary rows of increasing height, and a single kinocilium. The distal end of the kinocilium shows a bulbous structure-the kinociliary bulb, which is connected to the overlying otolithic membrane in vivo (Fig. III-1.A).

Figure III- 1 :

 1 Figure III-1: FROG SACCULAR HAIR BUNDLES AND HAIR-BUNDLE IMPRINTS. Sensory epithelium of the saccular macula (A) before and (B) after the hair bundles have been removed. (A) A view from the side of the hair bundles shows stereocilia that form rows of increasing height. The stereocilia in the middle rows tend to be wider at the taper region than those of the shorter and the taller rows. The shorter stereocilia are connected to their taller neighbour by the thin oblique tip links (inset, see arrowheads) that gate the transduction channels. Scale bar (inset) 400 nm. The stereociliary tips showed tenting, possibly due to tension in the tip links. (B) The apical surface of each hair cell is left with the imprint of the corresponding hair bundle. The hair cells are surrounded by supporting cells decorated by numerous and short microvilli. The apical surface of the hair cells is convex along the axis of mirror symmetry of the hair bundle (i.e. the axis of mechanosensitivity; see dashed line). This curvature may help push the stereocilia together and facilitate the cohesiveness of the bundle. The inset image shows a transmission electron micrograph of a hair bundle and its convex apical surface. Scale bar (inset) 2 µm. Scale bar (A-B) 5 µm.

Figure III- 2 :

 2 Figure III-2: DIMENSIONS OF THE HAIR-CELL APICAL SURFACE AND THE HAIR BUNDLE. (A)The hair-bundle imprint is oriented so that the kinocilium is on the right (see arrow). Scale bar: 2.5 µm. (B) Schematic representation of the hair cell's apical surface. Both the apical surface diameter Dapical and the hairbundle imprint diameter Dimprint were averaged from what was measured along two perpendicular axes, as indicated in the diagram. (C) A scanning electron micrograph of a hair bundle that was completely detached from the hair cell but that remained cohesive and lied flat on the cell's apical surface. The hair-bundle width was measured at the top of the taper region of the stereocilia, where it is maximal (white horizontal interval). (D) The beeswarm plot and the histogram of the apical-surface diameter show a bimodal distribution, corresponding to two populations of hair cells, "small" and "large". The distribution was well described by the sum of two Gaussian distributions The hair cells were attributed to a given population if their apical-surface diameter was within three standard deviations of one of the two peak diameters (large hair cells , small hair cells ). Hair cells ( ) that fell within the overlapping region of the two distributions were classified discarded from the analysis. The beeswarm plot and histograms of (E) the hair-bundle imprint diameter and (F) hair-bundle width are colour coded according to this classification. The colored lines in E and F are trend lines (polynomial fits) to the histograms for the two subpopulations of large and small hair bundles, in red and blue, respectively.

Figure III- 3 :

 3 Figure III-3: STEREOCILIARY DIMENSIONS. (A) The maximal stereociliary width measured at the top of the taper region of the shortest, middle, and tallest rows. (B) The stereociliary height of the shortest and the tallest rows. The measurement was done in large hair bundles, only. Statistical significance was tested with Student's ttest, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas N.S. (non-significance) is for p-value > 0.05. (C) The average shape of the shortest stereocilia. A single stereocilium can be described as a truncated bicone 7 . To estimate the volume of a stereocilium, I measured additional geometric parameters in scanning electron micrographs of the hair bundle: the stereociliary width at the tip (Wtip) and the insertion (Winsertion), and also the height of the taper region (Htaper). In the plots shown in (A-C), the circles represent the medians and the error bars represent the 1 st and the 3 rd quartiles. (D) A scanning electron micrograph of a frog saccular hair bundle that was completely detached from the hair cell but remained cohesive and lied flat on the cell's apical surface. The hair bundle shows a typical non-monotonic variation of the stereociliary width where the middle row is the largest.

Figure III- 4 :

 4 Figure III-4: STEREOCILIARY INSERTION PACKING. Hair-bundle imprints reveal stereociliary insertion packing that can be classified into 2 types: (A) square and (B) hexagonal, based on the corresponding 2D-FFT images (C and D). The lattice angle 𝜃 𝐿 and the stereociliary spacing 𝑆 𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 = 2𝜋/𝑞 𝐿 where the wavevector 𝑞 𝐿 is defined as indicated in panel C. Scale bar: (A-C) 500 nm, (D-F) 3.3 µm -1 . (E) Beeswarm plot (left) and histogram of lattice angle 𝜃 𝐿 (right, grey). (H) Beeswarm plot (left) and histogram of the stereociliary insertion spacing 𝑆 𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 (right, grey). In both (E) and (H), the data is colour coded according to the classification of hair cells into two populations (large hair bundles in red and small hair bundles in blue), with the corresponding distributions superimposed on the histogram for the whole ensemble of hair cells. (G) A light micrograph from the top of a hair bundle with a focal plane positioned at about half the bundle's height. (H) 2D-FFT image of the micrograph shown in G, indicating hexagonal packing. Scale bar: 2 µm in (G) and 1.77 µm -1 in (H).

  c. Stereociliary insertion diameter Stereociliary insertions (Fig. III-5.A-D) are the sites where the stereociliary rootlets insert into the cuticular plate, underneath the apical surface of a hair cell. The diameter of the stereociliary rootlets is expected to control the pivotal stiffness of individual stereocilia and in turn the passive stiffness of the hair bundle (Eq. (I-1). In a few stereocilia, I observed that the imprints of individual stereociliary insertions were hollow in the centre (Fig. III-5.D). In these stereocilia, the stereociliary rootlet may have come off during the mechanical removal of the hair bundle from the sensory epithelium.

Figure

  Figure III-5: STEREOCILIARY INSERTION DIAMETER. (A and B) Scanning electron micrographs of stereociliary imprints. Scale bar 500 nm. (C and D) Individual stereociliary insertions (see arrows). Scale bar 250 nm. (E) Distribution of the stereociliary insertion diameter for large ( ), small ( ), and ( ) intermediate hair bundles. The histogram for the whole ensemble of hair bundles (no classification) is shown in grey.Taking the imprint-diameter histograms of two subpopulations (large vs small bundles) and fitting these histograms with a polynomial function results in the trend lines shown in red (for large bundles) and blue (for small bundles). Because the imprints of individual stereocilia were not perfectly circular, the stereociliary insertion diameters 𝐷 𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 = 2 √(𝑎𝑟𝑒𝑎/𝜋) reported here are effective diameters calculated from the area of individual stereociliary insertion imprints. I used the Particle Analyser plugin in the image processing software Fiji (ImageJ) to subtract the background and measure the area of individual stereociliary imprints from scanning electron micrographs.

Figure III- 6 :

 6 Figure III-6: DIMENSIONS OF HAIR-BUNDLE IMPRINTS AS A FUNCTION OF THE STEREOCILIARY INSERTION DIAMETER. Both the hair-bundle imprint diameter (A) and the stereociliary insertion spacing (B) showed strong positive correlations with the stereociliary insertion diameter Dinsertion. Pearson's linear correlation coefficients r was 0.7 and 0.8, respectively, with a corresponding p-value < 0.001. The dashed lines corresponding to (A) 17•Dinsertion -0.42 and (B) 3.3•Dinsertion -0.16, where N = 70 cells. (C-D) Same data as in (A-B) after classification of the hair cells.

Figure III- 7 :

 7 Figure III-7: ACTIN INTER-FILAMENT SPACING. (A) Transmission electron micrograph of a transverse section of a hair bundle. (B) Higher magnification of the transverse section of the individual stereocilium enclosed by the dashed square shown in (A). (C) A small region within the stereocilium is shown in (B). (D) The corresponding 2D-FFT image of (B) reveals a ring-like pattern, corresponding to liquid packing of the actin filaments in the stereocilium. (E) FFT analysis of small regions within the stereocilia sometimes showed local hexagonal packing. (F) Boxplot of the actin inter-filament spacing. Scale bar (A-B) 200 nm, (C) 100 nm, and (D-E) 83 µm -1 .

Figure III- 8 :

 8 Figure III-8: SUMMARY -MORPHOLOGICAL EFFECTS OF PHARMACOLOGICAL BLOCKING OF TRANSDUCTION CHANNELS OR CHEMICAL DISRUPTION OF THE TIP LINKS. Scanning electron micrographs were taken from the lateral side of a hair bundle (A) under control condition, (B) after exposure for 1 hr to a pharmacological blocker (benzamil) of the transduction channels, and (C) after exposure for 15 min to a Ca 2+ chelator (BAPTA) known to disrupt the tip links before washing and transferring the tissue to standard saline for 1 hr. (D-F) same bundles as in (A-C) seen from the front of the tallest row. Scale bar: 3 µm.

Figure

  Figure III-9: HAIR-BUNDLE MORPHOLOGY AFTER BLOCKING THE TRANSDUCTION CHANNELS.Scanning electron micrograph of the saccular macula after incubation in perilymph containing 30 µM of the transduction-channel blocker benzamil for 1 hr. The hair-bundles adopted an onion-like shape, where taller stereocilia bent towards the middle of the hair bundle (dashed lines). Scale bar: 5 µm.

(

  benzamil, N = 29 cells) in the shortest row, from 440 ± 41 nm (control, N = 16 cells) to 592 ± 86 nm (benzamil, N = 20 cells) in the middle row, and from 285 ± 21 nm (control, N = 16 cells) to 384 ± 46 nm (benzamil, N = 22 cells) in the tallest row (Fig. III-10.A). The non-monotonic variation in stereociliary width from the shortest to the longest rows of stereocilia was preserved:

  tallest stereocilia (Fig.. Interestingly, the height of the taper region also increased by 22%, from 0.93 ± 0.14 µm (control; N = 16 cells) to 1.13 ± 0.18 µm (N = 14 cells) after benzamil treatment (Fig. III-10.C). As a result of the morphological changes, the estimated volume of a stereocilium increased. Using stereocilia of the shortest row, which are the most visible in scanning electron micrographs, the stereociliary volume increased by 60%, from 0.25 µm 3 (control) to 0.40 µm 3 (benzamil; channels blocked) (Fig. III-10.D). Overall, the main effect of blocking the transduction channels was thus to increase the width and volume of the stereocilia.

Figure

  Figure III-10: STEREOCILIA WIDENING AND SHORTENING UPON BLOCKING TRANSDUCTION CHANNELS. Stereociliary width (A) and height (B) in the shortest, middle and the tallest rows under the control condition ( ) and after exposure to the channel blocker benzamil for 1 hr ( ). (C) The height of the taper region increased by 22 % upon blocking the transduction channels. (D) The average shape of stereocilia in the shortest row under control conditions and after the transduction channels were blocked. In the plots shown in (A-C), the circles represent the medians and the error bars represent the 1 st and the 3 rd quartiles. Statistical significance was tested with Student's t-test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas N.S.

Figure

  Figure III-11: STEREOCILIA WIDENING UPON BLOCKING THE TRANSDUCTION CHANNELS WITH TUBOCURARINE. As with benzamil, the width of the stereocilia in the shortest row increased after exposure for 1 hr to the channel blocker tubocurarine at 100 µM. Statistical significance was tested with Student's t-test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas N.S. (non-significance) is for p-value > 0.05.

  Fig. III-8.C and Fig. III-13). These morphological changes were similar to those described above upon blocking the transduction channels (Fig. III-8.B and Fig. III-9).

Figure III- 13 :

 13 Figure III-13: HAIR BUNDLE MORPHOLOGY AFTER DISRUPTING THE TIP LINKS.The sensory epithelium was incubated in no Ca 2+ -added artificial perilymph supplemented with 5 mM BAPTA for 15 min and then in 4 mM Ca 2+ artificial perilymph for 1 hr. Similar to the effect observed after blocking transduction channels, the hair bundles adopted onion-like shapes (see dashed lines). Scale bar 5 µm.

Figure

  Figure III-14: STEREOCILIA WIDENING AND SHORTENING AFTER CHEMICAL DISRUPTION OF THE TIP LINKS. (A) Stereocilia widen in all rows after incubation in no-added Ca 2+ perilymph containing 5 mM of the calcium chelator BAPTA for 15 min and in 4 mM Ca 2+ perilymph for 1 hr. (Control , BAPTA ). (B) The shortest stereocilia shorten but not the tallest. (C) The height of the taper region was reduced by 26 % upon disrupting tip links. (D) The average shape of stereocilia in the shortest row under control conditions and after the tip links were disrupted. In the plots shown in (A-C), the circles represent the medians and the error bars represent the 1 st and the 3 rd quartiles. Statistical significance was tested with Student's t-test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas N.S. (non-significance) is for p-value > 0.05.

Figure III- 15 :

 15 Figure III-15: AVERAGE SHAPE OF A STEREOCILIUM IN THE SHORTEST ROW. The average shape of the shortest stereocilia under control conditions (A), after blocking the transduction channels for 1 hr with benzamil (B), and 1 hr after disrupting the tip links (C).

  489 ± 75 nm (N = 23) 548 ± 74 nm (N = 43), *** Table III.4: DIAMETER OF APICAL SURFACE, OF THE HAIR-BUNDLE IMPRINT, AND STEREOCILIARY INSERTION SPACING. Statistical significance (control vs. benzamil) was tested with Mann-Whitney U test, *** for p-value ≤ 0.001. N is the number of hair cells.

Figure III- 16 :

 16 Figure III-16: EXPANSION OF THE APICAL SURFACE OF THE HAIR CELL AND THE HAIR-BUNDLE IMPRINT. Scanning electron micrographs of the sensory epithelium for (A) the control condition and (B) after incubation in perilymph containing 30 µM benzamil for 1 hr. Scale bar: 5 µm. (C) The apical surface diameter increased by 22 % for both hair bundle populations. (D)The hair-bundle imprint diameter increased by 39 % for large hair bundles and by 26 % for small hair bundles. (E) The hair-bundle occupancy increased from about 50% to 57% for small hair bundles but did not increase significantly not for large hair bundles. (F) The stereociliary-insertion spacing increased by 37 % for small hair bundles and by 12 % for large hair bundles. Statistical significance was tested with Mann-Whitney U test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas N.S. (non-significance) for p-value > 0.1.

  INSERTION DIAMETER. Statistical significance (control vs. benzamil) was tested with Mann-Whitney U test, *** for p-value ≤ 0.001. N is the number of hair cells.

Figure III- 17 :

 17 Figure III-17: STEREOCILIARY INSERTION DIAMETER. Imprints of the stereocilia insertions at the apical surface. (A) under control conditions and (B) for benzamil-treated hair cells. (C) The diameter of individual stereociliary insertions increased by 24 % for small hair bundles, and by 13 % for large hair bundles. Scale bar: 3 µm. Statistical significance was tested with Mann-Whitney U test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas n.s. (non-significance) for p-value > 0.1.

Figure III- 18 :

 18 Figure III-18: DIMENSIONS OF HAIR-BUNDLE IMPRINTS AS A FUNCTION OF THE STEREOCILIARY-INSERTION DIAMETER. As the stereociliary insertions widened upon incubation in perilymph containing 30 µM of the channel blocker benzamil, their correlations with (A) the hair-bundle imprint diameter and (B) the stereociliary insertion spacing remained the same and only shifted upwards to the right (Pearson's r = 0.7 in both cases, p-values < 0.001. The dashed lines are correspond to (A) 17•Dinsertion -0.42 (black) and 19•Dinsertion -0.33 (red) in (A) and to 3.3•Dinsertion -0.16 (black) and 2.6•Dinsertion -0.03 (red) in (B), with N = 70 cells. No significant difference was found between control conditions and after incubation in perilymph containing 30-µM benzamil for 1 hr (Fisher z-transformation, p-value = 0.77 and 0.28 for the correlations in A and B, respectively).

Figure III- 19 :

 19 Figure III-19: LATTICE ANGLE. The lattice angle did no change for large hair bundles, whereas for small hair bundles the stereociliary packing became less variable and closer to the value 𝜃 𝐿 = 60° corresponding to hexagonal packing. Statistical significance was tested with Mann-Whitney U test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas N.S. (non-significance) for p-value > 0.1.

  TRANSDUCTION CHANNELS. All data represented as mean ± SD with the number N of cells indicated. Statistical significance was tested with Mann-Whitney U test, * for p-value ≤ 0.1, ** for pvalue ≤ 0.01, and *** for p-value ≤ 0.001, whereas n.s. (non-significance) for p-value > 0.1. B.3 Actin core of the stereocilia. As we have seen, blocking the transduction channels or disrupting the tip links (Fig. III-10 and III-14) resulted in an increased volume of the stereocilia, which could be explained by three possible changes in their actin core: (i) More actin filaments. New actin filaments are added into the stereociliary core (ii) Larger actin spacing. The number of actin filaments remains the same but the actin inter-filament spacing gets larger.

Figure

  Figure III-20: INTER-FILAMENT SPACING OF IN THE ACTIN CORE OF STEREOCILIA. Transmission electron micrographs showing transverse sections of stereocilia under control conditions (A) and for benzamil-treated hair bundles (B). The corresponding 2D-FFT images, respectively (C) and (D), show ring-like patterns, corresponding to liquid packing, with the same radius. The inter-filament spacing was thus the same under the two conditions. (E) Boxplot of the inter-filament spacing for control (black; N = 43 stereocilia from 15 cells) and benzamil-treated (red; N = 38 stereocilia from 15 cells) hair bundles. Scale bar (A-B) 200 nm and (C-D) 0.2 nm -1 . Statistical significance was tested with Student's t-test, n.s. (non-significance) for p-value > 0.1.

  . III-21.A) and measured the displacement of the hair bundle (Fig. III-21.B). It is clear that with the same level of stimulation, the hair bundles that had been exposed to the channel blocker could move by a much smaller magnitude, demonstrating that they were stiffer than hair bundles under the control condition. On average over an ensemble of hair cells, I found that the hair-bundle stiffness increased by 91%, from 0.64 ± 0.51 mN/m (N = 53 cells) under the control condition to 1.22 ± 0.34 mN/m (N = 32 cells) after transduction-channel blocking with benzamil (Fig. III-21.C-D).

Figure

  Figure III-21: HAIR-BUNDLE STIFFENENING AFTER BLOCKING THE TRANSDUCTION CHANNELS. (A) Series of step displacements at the base of a flexible fibre with the fibre's tip attached to the kinociliary bulb of a hair bundle under control condition (black) or after incubation with the channel blocker benzamil for 1 hr (red). (B) Hair-bundle movement in response to the mechanical stimulation shown in (A). (C) Forcedisplacement relations for the data shown in (A) and (B). The slope of curves provides the hair-bundle stiffness under the two conditions. (D) Box plot of the hair-bundle stiffness under control conditions (black) and for hair bundles that had been exposed to benzamil (red). Statistical significance was tested with Student's t-test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas n.s. (non-significance) for p-value > 0.1.

Figure

  Figure III-22: LABELLING FORMINS IN FROG SACCULAR HAIR BUNDLES. Brightfield microscopy of the sensory epithelium along the hair-bundle height: (A) at the tip, (B) in the middle of the hair-bundle, and (C) at the apical surface. (D-F) Confocal images at the same z-positions as in (A-C). The inset image in (F) shows the labelling of the kinocilia both along their shafts and in their bulbs. (G) Labelling by Alexa Fluor 594-conjugated anti-DIAPH1 along the hair-bundle height. The immunoreactivity appeared at the kinociliary bulb, the hair bundle (see arrows), and the numerous microvilli of the supporting cells. The x-z slice was generated from a 3D projection of confocal image stacks in the x-y plane. The x-y confocal images were acquired from wholemount tissues. Scale bar 10 µm.

Figure

  Figure III-23: IMMUNOLOCALISATION OF FORMINS AT THE TOPS OF THE FROG SACCULAR HAIR BUNDLES. (A) Labelling of actin filaments by Alexa Fluor 488-conjugated phalloidin (green). (B) Labelling by Alexa Fluor 594-conjugated anti-DIAPH1 (blue). The immunoreactivity appeared mostly at the stereociliary tips. (C) The merged image was generated from (A) and (B). (D-H) Different hair bundles labelled with Alexa Fluor 488-conjugated phalloidin and Alexa Fluor 594-conjugated anti-DIAPH1. These x-z slices were generated from a 3D projection of confocal image stacks in the x-y plane. The x-y confocal images were acquired from wholemount tissues. Scale bar (A-G) 3 µm.

  Similar to the stereociliary width measured at the taper's top, although the mean value of the width at the stereociliary tips did not change, the standard deviation was significantly larger after exposure to the formin inhibitor (Fisher's test: p-value < 0.001), with tip-width values of 285 ± 35 nm (N = 45 stereocilia from 26 cells) in the control and of 275 ± 61 nm (N = 44 stereocilia from 25 cells) in the presence of the drug (Fig. III-25).

Figure

  Figure III-25: STEREOCILIA THINNING UPON EXPOSURE TO FORMIN INHIBITOR. Stereocilia thinning observed in some hair bundles resulted in larger variability of stereociliary widths measured at the taper's top (p-value < 0.05) and the stereociliary tip (p-value < 0.001) but the mean width values were not statistically different. However, after restricting the analysis to the hair bundles with clear morphological abnormalities upon visual inspection, stereocilia thinning in the taper region and at the stereociliary tips were significantly different (p-value < 0.001). Statistical significance was tested with Student's t-test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas N.S. (non-significance) is for p-value > 0.05.

Figure

  Figure III-26: EFFECTS OF FORMIN INHIBITION IN THE PRESENCE OF TRANSDUCTION CHANNEL BLOCKERS. Scanning electron micrographs of hair bundles from (A) the control (B) after 1 hr incubation in the channel blocker benzamil, and (C) after 1 hr incubation in benzamil with the presence of the formin inhibitor SMIFH2. (D) Co-application of benzamil in the presence of SMIFH2 at 250 µM produced antagonist effects resulting in the stereociliary width with similar dimensions to the control. Statistical significance was tested with Student's t-test, * for p-value ≤ 0.1, ** for p-value ≤ 0.01, and *** for p-value ≤ 0.001, whereas N.S. (non-significance) is for p-value > 0.05.

Figure

  Figure IV-1: DIMORPHISM OF FROG SACCULAR HAIR CELLS IN THE CENTRAL REGION OF THE MACULA. (A) An optical section across the middle of the saccular macula (as indicated in an inset image). Hair cells are immuno-stained against S-100, small EF-hand Ca 2+ binding proteins that are enriched in the cytoplasm of frog hair cells. There are two types of hair cells in the central region of the macula: Central Flaskshaped Hair Cells (CFHCs, see arrowhead) and Central Cylindrical Hair Cells (CCHCs, see asterisk). At the edge of the macula (on the left), are Peripheral Elongated Hair Cells (PEHCs). Light micrographs of (B) PEHCs, (C) CFHCs, and (D) CCHCs at a higher magnification. (E) The three types of hair cells are well distinguished when hair-cell lengths are plotted as a function of the cell's apical diameters. Fluorescence immunolabelling of plasma membrane Ca 2+ ATPase or PMCA in the hair bundles of (F) a central cylindrical hair cell and (G) and a central flask-shaped hair cell. Scale bar (A) 60 µm, (B-D) 10 µm, and (F-G) 5 µm. Figures (A-E) adapted from[START_REF] Chabbert | Heterogeneity of Hair Cells in the Bullfrog Sacculus[END_REF]. Figures(F-G) adapted from[START_REF] Yamoah | Plasma Membrane Ca2+-ATPase Extrudes Ca2+from Hair Cell Stereocilia[END_REF]).

Figure

  Figure IV-2: BONDING IN ACTIN BUNDLES.In the simplest model where there is only one type of cross-linkers and that the cross-link must be formed with another actin filament within the multiples of either (A-B) 60º (hexagonal packing) or (C-D) 90º (square packing), there should be 3 crosslinkers per repeat in hexagonal packing as shown in (B) and 2 cross-linkers per repeat in tetragonal packing as shown in (D). Liquid packing, which is an intermediary between square and hexagonal packing, has on average 2.5 cross-linkers per repeat. Figure adapted from (DeRosier and Tilney 1984).

  Fig. than upon disrupting the tip links (+16%). With the transduction channels

  stability of the hair-bundle morphology. Blocking the Ca 2+ influx led to a reduction of the stereociliary volume (less actin), with no obvious change in the stereociliary width but instead shortening of the stereocilia. Remarkably, repeating similar experiments with saccular hair cells from adult frogs led to markedly different observations. I did observe some shortening of the stereocilia (Fig. but this effect was offset by a dramatic increase of the stereociliary width, resulting in an increase of the stereociliary volume (more actin). Of course, we worked in different organs (a hearing organ (cochlea) versus a vestibular organ (saccule), species (rat/mouse versus frog) and at different maturation stages (immature (P6) cochlea in rat/mouse versus adult saccules in frog) than in the published study.Due in particular to the availability of genetic tools, our understanding of the molecules involved in stereocilia development and maintenance is much more advanced in the mammalian cochlea (see TableI-1 in the Introduction, p. 48) than in the frog saccule. It remains possible that the two types of hair bundles react differently to blocking the transduction channels simply because the molecular players underlying actin dynamics are different. For instance, it may be that formins control actin dynamics in hair bundles of the frog saccule, as our data suggest and as observed in other actin-based protrusions such as filopodia and dendritic spines(Ljubojevic, Henderson, and Zurzolo 2021) (see Fig. I-29 in the Introduction, p. 51), but not in mammalian hair bundles. There, no actin nucleators have yet been implicated. Instead, ESP8/WHRN/MYO15-A are known to be the main proteins of the stereocilia tip complex, although other proteins such as capping proteins (CAPZ/TWF2 and severing proteins (ADF/CFL1) also play a role (Krey et al. 2020; Peng et al. 2009; McGrath et al. 2021) (see Fig. I-19 in the Introduction, p. 36).

  cofilin has been shown to be (indirectly) activated by Ca 2+ (Yan[START_REF] Wang | Calcium Signal-Induced Cofilin Dephosphorylation Is Mediated by Slingshot via Calcineurin[END_REF], likely increasing the availability of G-actin and free barbed ends of F-actin for polymerization (Yan[START_REF] Wang | Calcium Signal-Induced Cofilin Dephosphorylation Is Mediated by Slingshot via Calcineurin[END_REF]. This observation is consistent with the larger availability of free barbed ends in stereocilia of row 2 in cochlear inner hair cells, which harbour transduction channels providing a Ca 2+ influx at the stereociliary tips and also show a larger concentration of ADF/CFL1, compared to the non-transducing stereocilia in row 1 (Fig. p. 58). Blocking the transduction channels in these hair cells results in a redistribution of ADF/CFL1 between the two rows of stereocilia as well as of the free barbed ends of actin filaments, but again with no obvious change in stereociliary width[START_REF] Mcgrath | Actin at Stereocilia Tips Is Regulated by Mechanotransduction and ADF/Cofilin[END_REF]).

  Another putative target of Ca 2+ ions might be the myosin motors that pull on the tip links to set the resting open probability of the transduction channels (Fig. I-10 in the Introduction, p. 21), as well as those implicated in the transport of actin-binding proteins to the stereociliary tips (Fig. I-19 in the Introduction, p. 36). In hair cells from the frog saccule, myosin 1c has been implicated

  Figure V-2: PREPARATION OF PIOLOFORM-TREATED GRIDS. (A) Film caster. The 1% pioloform in chloroform solution is filled in the film caster until reaching the marked level and a clean glass slide is gently dropped into the liquid. The pioloform solution is released immediately by the release valve and when left to dry the glass slide will be coated with thin pioloform film. (B) Detaching the pioloform film from a glass slide by pushing the glass slide into the water. After the pioloform film is completely detached from the glass slide, the film will float on the surface of the water. (C) TEM grids are placed onto a floating pioloform film.

  

  

  

  -Espin (ESPN) isoforms(1, 2A, 2B, 3A, 3B, 4) are encoded by a single gene ESPN and result from different transcriptional splice variants[START_REF] Sekerková | Roles of the Espin Actin-Bundling Proteins in the Morphogenesis and Stabilization of Hair Cell Stereocilia Revealed in CBA/CaJ Congenic Jerker Mice[END_REF]. ESPN-1 and its paralog ESPNL are transported to the stereociliary tips by MYO3A and MYO3B[START_REF] Ebrahim | Stereocilia-Staircase Spacing Is Influenced by Myosin III Motors and Their Cargos Espin-1 and Espin-Like[END_REF]. Mutations in ESPN is associated with human deafness DFNB36 whereas mutations in its murine homolog, Espn, produces the so-called jerker mice[START_REF] Naz | Mutations of ESPN Cause Autosomal Recessive Deafness and Vestibular Dysfunction[END_REF] L. 

Table I -

 I 

		Type	Name	Deafness	Perturbation	Hair-bundle phenotype	Location
	Nucle	ators	DIAPH1 DIAPH3	DFNA1 AUNA1	Overexpression	Elongated and fused stereocilia	n.a. n.a.
			PLS-1	n.a.	Knockout	Short and thin stereocilia, reduced actin spacing, and the number of actin filaments.	Shaft
					Overexpression	Elongated stereocilia	
		Cross-linker	ESPIN-1 ESPNL	DFNB36	Knockout Mutation Knockout	Loss of staircase pattern and thin vestibular stereocilia. Bent and short stereocilia Loss of row 3 stereocilia in OHC	Shaft Shaft
			FSCN-2	n.a.	Knockout	Short row 2 and 3 stereocilia in OHC	Shaft
			fascin 2b	n.a.	Overexpression	Elongated stereocilia	Shaft
			EPS8	DFNB102	Knockout	Short cochlear stereocilia	Tip, row 1 & 2
			GPSM2-GNAI*	Chudley-Mccullough	Knockout	Loss of the staircase pattern of IHC and OHC	Tip, row 1
	Capping	& Severing	TFW2 CAPZB2	n.a. n.a.	Overexpression Overexpression	Short cochlear stereocilia Loss of the staircase pattern and widen utricular stereocilia.	Tip, row 2
					Knockout	Short and thin stereocilia	
			ADF	n.a.	Knockout	Short row 3 OHC stereocilia	Tip, row 2
			ADF /CFL1	n.a.	Double knockout	Short IHC row 1 stereocilia and thin row 3 stereocilia. OHC stereocilia widen	Tip, row 2
			MYO3A	DFNB30	Knockout	Similar to control	Tip
			MYO3B	n.a.	Knockout	Shortening of the tallest stereocilia and elongation of the shortest stereocilia.	Tip
		Myosin	MYO6 MYO7A	Snell's waltzer mice Shaker-1 & Usher 1B DFNA22, DFNB37	Mutations Mutation	Fused and branching cochlear stereocilia Abnormally long stereocilia	haft and taper Tip links
			MYO15A	Shaker-2 & DFNB3	Mutation	Very short stereocilia and the loss of staircase	Tip, row 1 & 2
		Other	TRIOBP	DFNB28	Knockout	Stereocilia lacking rootlets that later fuse together	Rootlet

1: ACTIN BINDING PROTEINS AND THEIR HYPOTHETICAL FUNCTIONS IN STEREOCILIA MAINTENANCE. *(Signalling proteins associated with EPS8). (n.a., not available).

Table II -

 II Table II-2 indicates the chemical compositions of the modified L-15 medium for frog sacculus.

	Contents	Concentration
	L-15 medium (Leibovitz) without L-glutamin	45.5%
	FBS	6.5%
	L-glutamin	1.3 mM
	HEPES	3.25 mM
	Ciprofaxacin	65 µM

2: CONTENTS OF THE MODIFIED L-15 MEDIUM (LEIBOVITZ)

FOR FROGS SACCULUS. The pH is ~ 7.5 and the osmotic strength is ~ 230 mOsmol•kg -1 . The final concentration of Ca 2+ in the modified L-15 is 0.57 mM and can be supplemented to desirable levels. Galactose is used as the carbon source instead of glucose.

Table III .1: CORRELATION BETWEEN HAIR-BUNDLE SIZE AND STEREOCILIARY PACKING.

 III .1.

	Hair-cell population		Small hair bundles (N = 29 cells)		Large hair bundles (N = 29 cells)
	Lattice Packing	Hexagon	Square	Intermediate	Hexagon	Square	Intermediate
	Number of cells	24	2	3	4	20	5
	% of cells	83 %	7 %	10 %	14 %	69 %	17%

Table III .3: DIMENSIONS OF HAIR-CELL BUNDLES IN THE FROG SACCULUS IN CONTROL AND PERTURBED CONDITIONS.

 III Expansion of the cells' apical surface and the hair-bundle imprints

	B.2 Hair-bundle imprints and stereociliary insertions

a.

Table III .6: LATTICE PATTERN AFTER 1 H BLOCKING OF THE TRANSDUCTION CHANNELS.

 III .6).

		Small hair bundles	Large hair bundles
	Conditions	Hexagon	Square	Hexagon	Square
	Control	24	2	4	20
	Benzamil	21	1	8	30

Table III .8: ACTIN INTER-FILAMENT SPACING

 III 

. Statistical significance (control vs. benzamil) was tested with Student's t-test, n.s. (non-significance) for p-value > 0.1. N is the number of stereocilia.

  Every step must be done in a fume hood with appropriate Personal Protective Every step must be done in a fume hood with appropriate Personal Protective

	C. Transmission electron microscopy	
	Equipment (PPEs) Equipment (PPEs)		
	Fixation and staining with OTOTO No. Procedures C.1 Sample preparation		Duration
	1. No.	Primary fixation in 2.5% glutaraldehyde in 0.1 M sodium Procedures	hr	Duration
	1.	cacodylate buffer (or in DI Water) Primary fixation	1 hr at room
	2.	Rinse in 0.1 M sodium cacodylate buffer • 2.5% Glutaraldehyde	x 5 min temperature or
	3.	Stain in 1% osmium tetroxide (OsO4) in 0.1 M sodium • 0.5% Paraformaldehyde	hr overnight at 4 °C
		cacodylate buffer (OsO4 is reactive to light. The media must be • 0.5 mM CaCl2	
		covered with aluminium foil.) • 100 uM tannic acid	
	4.	Rinsed in 0.1 M sodium cacodylate buffer In 0.1 M Sodium cacodylate buffer, pH ~7.5	x 5 min
	5. 2.	Stain in 0.1 M thiocarbohydrazide (filter before use) Wash with sodium cacodylate buffer	20 min 3 x 5 min
	6. 3.	Repeat steps 2-5 and then followed by step 3. Primary staining: Osmication	hr 20 min 1 hr at 4 °C
		• 1% OsO4 in 0.1 M sodium cacodylate buffer	
	Serial dehydration 4. Rinse with sodium cacodylate buffer	3 x 5 min
	No. 5.	Procedures Secondary staining: Uranyl acetate	Duration 3 hr at room
	7.	• Ethanol 35% > 50% > 70% > 80% > 90% > 100% • 0.5% uranyl acetate in 0.1M sodium cacodylate buffer	30 min temperature
	6.	Serial dehydration		35 min
	HMDS dehydration • Ethanol 35% > 50% > 70% > 80% > 90% > 100%	
	No.	• Acetone 100%	Procedures		Duration
	8. 7.	Submerge in HMDS (hexamethyldisilazane) Epoxy infiltration: mix B into A and turn for 10 mins + 170 µL 10 min
	9.	Leave the Eppendorf tubes open for HMDS to evaporate DMAE accelerator and turn for 10 mins	10 min
		-Acetone 2: Epoxy 1	1 hr
		-Acetone 1: Epoxy 1	1 hr
		-Acetone 1: Epoxy 2	1 hr
		-Epoxy		1 hr
		-Epoxy		Overnight
	8.	Hardening: transfer samples into blocs and incubate at 60 °C	48 hr
	9.	Sectioning with ultramicrotome	

Caution:

Caution:

Sound-pressure level (SPL) is a measure of the sound pressure P relative to the reference sound pressure Po at the threshold of hearing (20 µPa), where SPL =

log10 (P/Po). At the threshold of pain or the loudest sounds human can percieve (120 dB SPL), the sound pressure is 20 Pa or 6 order of magnitude greater than the threshold of hearing.

Remarkably, it was shown that the amount of polymerized actin in the hair bundles of chicken cochlear hair cells remains nearly the same along the tonotopic axis of the cochlea (G.Tilney and Tilney 1988).

1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid.

BAPTA has a dissociation constant (KD) of Ca 2+ = 10 -7 M at pH = 7.0, 20 °C and an ionic strength of 0.1 N[START_REF] Naraghi | T-Jump Study of Calcium Binding Kinetics of Calcium Chelators[END_REF].

At the peripheral region of the saccular macula, hair cells show small and short bundles and very long kinocilia. These cells are easy to distinguish from hair cells in the central region; they were excluded from my study.

Because hexagonal packing has the highest possible packing density (about

90%), tight packing of cylindrical rods results in a hexagonal arrangement (Appendix, Figure V-1) .

[START_REF] Chabbert | Heterogeneity of Hair Cells in the Bullfrog Sacculus[END_REF] also described another type of hair cells localized along the periphery of the sensory epithelium, called the peripheral elongated hair cells (PEHCs). The PEHCs can be identified by their elongated kinocilia. In this study, I worked only within the central region of the sacular macula and therefore no peripheral elongated hair cells were included.

The average density of PMCA of a hair cell is about 2,000 molecules per µm 2[START_REF] Yamoah | Plasma Membrane Ca2+-ATPase Extrudes Ca2+from Hair Cell Stereocilia[END_REF]).

Of note, the magnitude of pulling force in this experiment (~ 10 pN)[START_REF] Jégou | Formin MDia1 Senses and Generates Mechanical Forces on Actin Filaments[END_REF] is within the lower range of resting tip-link tension in bullfrogs (8-20 pN)[START_REF] Alonso | Fast Recovery of Disrupted Tip Links Induced by Mechanical Displacement of Hair Bundles[END_REF]).
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SUMMARY

The results in this section are summarized in Table III.2. Such morphological abnormalities were never observed in the control. In these hair bundles, the shape of the abnormal stereocilia was not biconical anymore, with irregular variations of the stereociliary diameter along the height. In the shortest row of stereocilia, where stereocilia are most easily visualized, the mean of the stereociliary width measured at the taper's top did not change in the presence of SMIFH2, with taper-width values of 350 ± 50 nm (N = 35 stereocilia from 29 cells) in the control and of 342 ±

Small hair bundle

A. Comparing Rivan 92's to American bullfrogs' hair bundles

Hair bundles of the frog Rivan 92 are smaller and more compact: Compared to hair bundles of the American bullfrog, hair bundles of the frog Rivan 92, the animal model used in this thesis, are smaller and more compact. In particular, the stereociliary spacing (~490 nm) and the number of stereocilia (~33) measured here were about half those reported in American bullfrogs [START_REF] Jacobs | Ultrastructural Correlates of Mechanoelectrical Transduction in Hair Cells of the Bullfrog's Internal Ear[END_REF]. A typical hair bundle of the frog Rivan 92 also showed a non-monotonic variation of stereociliary widths along the bundle's axis of mechanosensitivity: the width increased from the shortest stereociliary row toward the middle rows, before decreasing from the middle rows toward the tallest row. This morphological feature may be species-specific, or at least more pronounced in this species, for scanning and transmission electron micrographs of American bullfrogs' hair bundles showed stereocilia with more similar widths across rows [START_REF] Jacobs | Ultrastructural Correlates of Mechanoelectrical Transduction in Hair Cells of the Bullfrog's Internal Ear[END_REF]). Individual stereocilia of Rivan 92's hair bundles also showed biconical shapes rather than cylindrical shapes with a conical taper. Nevertheless, these differences in morphology do not seem to contribute to a large difference in hair-bundle stiffness. I found a similar hairbundle stiffness, ~640 µN•m -1 , in Rivan 92 as those reported for bullfrog's hair bundles under the same ionic condition [START_REF] Marquis | Effects of Extracellular Ca2+ Concentration on Hair-Bundle Stiffness and Gating-Spring Integrity in Hair Cells[END_REF].

Dimorphism of saccular hair cells:

Based on the diameter of their apical surface in the central region of the saccular macula, I could distinguish "small" and "large" hair cells. This dimorphism likely corresponds to the two types of hair cells previously described in American bullfrogs [START_REF] Chabbert | Heterogeneity of Hair Cells in the Bullfrog Sacculus[END_REF] as the Central Flask-shaped Hair Cells (CFHCs) and the Central Cylindrical Hair Cells (CCHCs), which are endowed with small and large hair bundles, respectively (Fig. IV-1) 10 .

The diameter of these cells' apical surface, 5-7 µm for CFHCs and 8-11 µm for CCHCs, are slightly larger in bullfrogs than in Rivan 92 frogs, for which I measured diameter of ~3 µm for small hair cells of ~6 µm for large hair cells. Although these diameters were measured with fresh tissues in the first case and with chemically fixed tissues in the second, the difference in size remains significant even after correction for the 30% shrinkage that is expected in fixed tissues [START_REF] Gale | Solitary Hair Cells Are Distributed Throughout the Extramacular Epithelium in the Bullfrog's Saccule[END_REF]. CCHCs and CFHCs have been shown to be endowed with distinct physiological properties, specifically larger Ca 2+ conductance in the soma of CCHCs and distinct distribution of different types of intracellular Ca 2+ buffers [START_REF] Chabbert | Heterogeneity of Hair Cells in the Bullfrog Sacculus[END_REF][START_REF] Heller | Parvalbumin 3 Is an Abundant Ca2+ Buffer in Hair Cells[END_REF] V. Appendix A. Lattice packing of circular disks 

Coating TEM grids with pioloform

No. Procedures

1.

Use a razor blade to cut the edges of the pioloform film to allow for the film to detach more easily from a glass slide 2.

Prepare a water container filled with DI water 3. Push the glass slide slowly into the water at an angle (see Fig. V-2.B). The pioloform film will start to detach from the glass slide. Continue to push the glass slide until the film is completely detached 4.

Place TEM grids (G2010-Cu, Ni, EMS, USA) onto the film in the region with homogenous thickness, usually in the middle (see Fig.

Gently place a piece of parafilm on top of the pioloform film. When the parafilm completely covers the film, lift them out of the water. 6.

Leave them to dry in a fume hood overnight.

Hair cells of the inner ear operate as cellular microphones that convert sound-evoked vibrations into electrical signals. Each hair cell is endowed with a mechanosensitive hair bundle-a tuft of actin-filled and cylindrical stereocilia. Hearing starts when sound evokes deflections of the hair bundle. Deflections modulate tension in the tip links that interconnect stereocilia and convey force to mechanosensitive ion channels, resulting in ionic influx. The hair-bundle morphology is tightly coupled to hair-cell function as a frequency-selective detector: high-frequency hair cells have shorter hair bundles and morphological defects in the hair bundles are associated with deafness.

Because hair cells do not regenerate in mammals, the mechanisms that maintain the hair-bundle morphology throughout life are of great importance, yet have remained elusive. This PhD project aims at studying a feedback mechanism between mechanoelectrical transduction and hair-bundle morphology. With hair cells excised from a frog's ear, we found that blocking the transduction channels or disrupting the tip links resulted in shortening (~15%) and widening (~17-60%) of the stereocilia. Hair bundles with blocked transduction channels showed a 2-fold increase in their stiffness, a change too large to be explained by shortening only. Electron microscopy revealed that spacing of the parallel actin filament in the core of the stereocilia does not change with blocked transduction channels or disrupted tip links. Widening thus probably resulted from an increase in the number of actin filaments constituting the stereociliary core. Inhibiting forminsproteins that promote actin polymerization-resulted in thinner stereocilia in control cells and nearly abolished stereocilia widening upon blockage of the MET channels. These observations suggest that the control of actin polymerization by the transduction channels is likely to be formindependent.

hearing, hair cell, hair bundle, actin cytoskeleton, mechanoelectrical transduction ABSTRACT KEYWORDS