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iii cortical areas (0.35 mm 2 ) providing a resolution of at least 0.4 mm. According to our thermal model, the temperature increase associated with the used acoustic parameters is negligible, indicating the safety of the technique. No US-evoked response was detected in cortical neurons from non-transfected animals. These results provide the proof of concept that this sonogenetic strategy offers a potential tool with adequate spatio-temporal resolution for vision restoration at the cortical level. Moreover, this strategy will likely spur the developement of a new form of brain machine interfaces to treat a wide range of neurological disorders.

A B S T R A C T

A current challenge for neuroscience is the development of new brain machine interfaces for various neurological diseases and sensory restoration requiring a high spatiotemporal resolution. In the case of visual restoration at the cortical level, visual prostheses generating direct cortical stimulations have proved able to elicit some form vision in blind patients but only for few months. Penetrating electrodes were found to require smaller currents for a higher spatial resolution but at the cost of invasiveness. Ultrasound (US) waves are well known for imaging purposes but can also be used to modulate neural activity. However, they suffer from a major drawback: higher spatial resolution requires greater acoustic intensity and causes potential side effects such as heating. To overcome this disadvantage, a recently developed strategy, Sonogenetic Therapy, has been proposed to increase neuronal sensitivity to US stimulation by expressing US sensitive proteins on cell membrane. Unfortunately, all in vivo attempts have, to date, failed to provide a high spatiotemporal resolution.

The objective of this thesis is to investigate the potential of Sonogenetics as a neuro-stimulation strategy for vision restoration. In this work we identified a mechano-sensitive ion channel that can be expressed efficiently in retinal ganglion cells and in neurons of the visual cortex thanks to AAV viral vector gene delivery. The bacterial MscL channel (Mechano-sensitive channel of large conductance) opens rapidly when mechanical stress is applied to the cell membrane and is therefore likely to open in response to the cell membrane's mechanical deformation induced by US pressure waves. Efficacy of the ultrasound activation has been investigated on the isolated rat retina. Optimal US stimulation parameters have been identified for the direct depolarization of MscL expressing retinal ganglion cells showing precise spatio-temporal features. We then expressed the same channel in neurons of the primary visual cortex to determine whether high frequency US was able to depolarize those cells in vivo. When neurons expressed the MscL channel, US was again able to directly activate neurons with the same spatio-temporal kinetics as retinal ganglion cells. We were able to target tiny R E S U M É Un défi majeur des Neurosciences est le développement d'une interface cerveau-machine efficace pour diverses maladies neurologiques et la restauration sensorielle. Dans le cas de la restauration visuelle, des prothèses stimulant électriquement les aires visuelles corticales ont démontré chez les patients aveugles la possibilité de voir des formes mais uniquement pendant quelques mois. L'utilisation d'électrodes pénétrantes pour la stimulation permet d'obtenir une résolution spatiale plus élevée avec une injection de courant plus faible, mais cette stratégie devient très invasive. Les ondes ultrasonores sont bien connues pour leur application en imagerie mais peuvent également être utilisées pour moduler l'activité neurale de manière non invasive. Cependant, elles présentent un inconvénient majeur : il n'est pas possible d'obtenir une résolution spatiale élevée sans augmenter l'intensité acoustique et provoquer d'éventuels effets secondaires comme l'échauffement des tissus ciblés. Pour remédier à cet inconvénient, une stratégie récente appelée Thérapie Sonogénétique a été proposée pour augmenter la sensibilité neuronale à la stimulation ultrasonore en exprimant des protéines sensibles aux ultrasons. Malheureusement, toutes les tentatives d'appliquer cette stratégie in vivo n'ont pas permis, pour le moment, d'obtenir une résolution spatiotemporelle élevée.

L'objectif de cette thèse est d'étudier le potentiel de la sonogénétique comme stratégie de neurostimulation pour la restauration visuelle. Dans ce travail, nous avons identifié un canal ionique mécano-sensible qui peut s'exprimer efficacement dans les cellules ganglionnaires de la rétine et dans les neurones du cortex visuel par le biais d'une thérapie génique utilisant des vecteurs viraux AAV. Le canal bactérien MscL (canal mécanosensible de grande conductance) s'ouvre rapidement lorsqu'une tension mécanique est appliquée à la membrane cellulaire et est donc susceptible de s'ouvrir également en cas de déformation mécanique de la membrane cellulaire induite par des ondes de pression ultrasonores. L'efficacité de la stimulation ultrasonore a été explorée sur des rétines ex vivo. Les paramètres optimaux de la stimulation ultrasonore ont été définis pour induire une dépolarisation des cellules ganglionnaires de la rétine exprimant v le canal MscL avec une grande précision spatiotemporelle. Nous avons ensuite exprimé le même canal dans les neurones du cortex visuel primaire afin de déterminer si des ondes ultrasonores à haute fréquence étaient susceptibles de dépolariser directement les neurones corticaux. Lorsque les neurones corticaux exprimaient le canal MscL, les ultrasons étaient capables d'activer directement les neurones avec une cinétique temporelle à la milliseconde. De plus, il était possible de cibler de très petites zones corticales (0, 35 mm 2 ) procurant ainsi une résolution d'au moins 0, 4 mm. De plus, selon notre modèle thermique, l'augmentation de température associée aux paramètres acoustiques utilisés est négligeable, ce qui indique la sécurité de la stimulation. Aucune réponse ultrasonore n'a été détectée dans les neurones corticaux d'animaux non transfectés. Ces résultats apportent la preuve que la stratégie sonogénétique proposée offre une résolution spatio-temporelle adéquate pour la restauration de la vision au niveau cortical. De plus, cette stratégie ouvre de nouvelles perspectives pour développer une nouvelle forme d'interface cerveau-machine et traiter un large éventail de troubles neurologiques. 
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I N T R O D U C T I O N
forewords Ultrasound (US) represents today one of the world's leading medical imaging techniques, on account of its non-invasiveness and ability to penetrate deep into tissue while retaining spatial and temporal coherence. US can also be used for other therapeutic purposes, such as neural stimulation. Ultrasonic stimulation appears as a promising strategy for direct stimulation of the visual cortex in the context of vision restoration. The coupling of gene therapy for expressing ultrasound-sensitive actuators on neurons with US stimulation, in other words Sonogenetics, might be even more effective in reaching high-quality vision restoration.

The aim of this introduction is to provide an overview of the visual system, related blinding diseases and the state of the art of existing vision restoration techniques. There follows a brief description of medical ultrasound: physics, bio-effects and applications like US neuromodulation. Next, the concept of Sonogenetics is presented with an overview of the mechanosensitive ion channels that can be used for this purpose.

1.1 the visual system 1.1.1 General structure

The visual system has the incredible task of converting the light that is reflected by the objects that surround us into visual perception. This task starts in the eye, the sensory organ of the visual system, where photons are converted into electrical potentials in the retina, and ends in the brain, in the visual cortex, where the information is further processed and sent to other areas of our brain to build the perception of the outer world.

The main components of the visual system of mammals are outlined in Figure 1. Briefly, visual information passes from the eyes via the optic nerve to the lateral geniculate nucleus and the superior colliculus and from there to the visual cortex. In primates, the visual field of each eye overlaps and the half of each retina receives information about the right and left visual field. At the optic chiasm, the axons arriving from the eye decussate and projections coming from each nasal hemi-retina are sent to the contro-lateral hemisphere: information from the right visual field projects to the left cortex and vice versa [START_REF] Prasad | Anatomy and physiology of the afferent visual system[END_REF].

The perception of visual space starts from the sensory organ that interfaces with the outside world, the eye. The outermost layer of the eye is the sclera (Figure 2); this includes the cornea, which is located in the frontal part of the eye and allows the light to enter inside the eye. Under the sclera, the choroid is found where all the vessels that supply all the structures of the eye are regrouped. The iris, in the frontal portion of the eye, controls the aperture of the pupil through which passes the light. After entering through the cornea and the iris, the lens refracts the incident light through the vitreous humor into a small image and projects it into the retina that lines the back of the eye. The retina has then the role of transducing the image of the visual field into electrical pulses and to perform the first stages of image processing before sending these inputs to the visual centres in the brain where they will be further processed [START_REF] Tovée | An introduction to the visual system[END_REF]. Further details on how retina is organized, how it converts light into electrical pulses and pre-processes this information before sending it to the brain are given in subsubsection 1. 1.1.1. The retina sends the information of the visual scene through the optic nerve to the brain. The fibres of the optic nerve come together and decussate in the optic chiasm where they branch and terminate in different subcortical structures in the brain that process and transmit different information and features about the visual space (e. g. location, color or motion) and other information that does not play a direct role in image formation but supports sight indirectly (e. g. pupil reflexes) or acts in other physiological functions that are modulated by light, such as the circadian rhythms. Almost 90 % of nerve fibres coming from the eye end in the Lateral Geniculate Nucleus (LGN) in the thalamus, which pre-processes the information coming from the retina before sending it to the primary visual cortex. Other nerve fibres branch to the Superior Colliculus (SC) in the mid brain, which is sual cortex of each hemisphere receives inputs from the superior collicus and the later geniculate nucleus. These two structures receive visual information from the retina in the eye. The left halves of each retina (red) receive visual information about the right visual field, while the right halves of the retinas (green) receive information about the left visual field. Axons that originate from the left half of each retina terminate in the left hemisphere and vice versa via the optic chiasm. Adapted from [START_REF] Herrera | The evolution of crossed and uncrossed retinal pathways in mammals[END_REF][START_REF] Larsson | Binocular vision, the optic chiasm, and their associations with vertebrate motor behavior[END_REF] connected to the cortex through other intermediate circuits (such as the lateral posterior nucleus or the LGN) and is responsible for eye movements and other motor movements. The remaining fibres branch to other brain structures that control secondary non-image forming mechanisms.

Figure 2: Schematic drawing of a horizontal cross-section of a human eye. Source: [START_REF] Gislin | THE VISUAL SYS-TEM AS A NEUROPROSTHESIS SUBSTRATE: ANATOMY, PHYSIOLOGY, FUNCTION[END_REF] Ultimately, the Primary Visual Cortex (V1), located in the occipital lobe of the cortex, plays a critical role in visual information processing before sending information to the rest of the visual cortex. V1 organization and structure is further described in subsubsection 1.1.1.2.

The retina

The perception of the visual scene starts from photo-reception in the retina. The retina is a well-organized structure, organized in different functional layers which have the task of preprocessing visual information before sending it to the brain. The retinas of all vertebrates have the same layered organization: three nuclear layers, the Outer Nuclear Layer (ONL), the Inner Nuclear Layer (INL) and the Ganglion Cell Layer (GCL), with two synaptic layers, the Outer Plexiform Layer (OPL) and the Inner Plexiform Layer (IPL), which contain the synapses made by axons and dendrites. Retinal neurons can be classified into the following principal categories: photoreceptors, horizontal, bipolar, amacrine, and ganglion cells (Figure 3) [START_REF] Demb | Functional Circuitry of the Retina[END_REF]. The cell bodies of photoreceptors are located in the ONL, while the horizontal, bipolar, amacrine and interplexiform cell bodies are located in the INL. Retinal Ganglion Cells (RGCs) constitute most of the proximal layer, the ganglion cell layer, with displaced amacrine cells. Muller cells are the predominant type of glial cells found in the retinas of vertebrates together with microglial cells and astrocytes; they extend vertically through the entire retina.

Briefly, photoreceptors convert light energy into changes in their membrane potential, which modulate synaptic transmission to second-order neurons, namely bipolar and horizontal cells. These second-order neurons are organized into multiple parallel circuits that converge onto RGCs and amacrine cells. RGCs receive inputs from different inter-neurons pathways and then send their response to the higher visual centres in the brain [START_REF] Masland | The neuronal organization of the retina[END_REF].

In the following subsections a brief description of each retinal neuronal class is given.

photoreceptor cells Photoreceptors, which convert photons into electrical signals, are divided in two types: rods and cones. Rods operate best in dim light conditions while cones operate best in bright light conditions and are responsible for colour vision. Most species have different types of cones with different spectral sensitivities. These various types of cones have different photo-pigments in their outer segment, which absorb the most in a certain region of the spectrum [START_REF] Brown | Visual pigments in human and monkey retinas[END_REF]. Rods and cones are distributed across the retina with very different profiles [START_REF] Curcio | Distribution of cones in human and monkey retina: Individual variability and radial asymmetry[END_REF]. The density of rods is much greater than cones throughout most of the retina. However, this changes in the fovea, the area of the retina capable of producing the highest visual acuity, where cones are very densely packed in the absence of rods [START_REF] Schultze | Zur Anatomie und Physiologie der Spinalganglien[END_REF]. Unlike most sensory receptor cells, where the appropriate stimulus causes cell membrane depolarization resulting in spike generation, photoreceptors are continuously depolarized in the dark releasing glutamate at their synaptic terminals to second-order neurons. When photoreceptors absorb photons, their photopigments undergo conformational changes, triggering an enzymatic cascade ending in photoreceptor hyperpolarisation and a reduction in the rate of transmitter release onto postsynaptic neurons [START_REF] Purves | Phototransduction[END_REF].

retinal ganglion cells RGCs are the final output neurons of the retina: they receive their input from amacrine and bipolar cells and send their output to the brain in the form of action potentials through the optic nerve. RGCs produce action potentials as their output, the visual information being contained in the spiking frequency. These cells can be classified into various types according to their dendritic morphology, extent, stratification levels in the inner plexiform layer and electrophysiological properties [START_REF] Rodieck | The First Steps in Seeing[END_REF]. In the mouse retina, more than 30 types of RGCs with different functions have been identified [START_REF] Baden | The functional diversity of retinal ganglion cells in the mouse[END_REF].

Retinal ganglion cells are also classified according to their physiological responses to light as ON, ON-OFF or OFF-type cells. These types of cells respond to the onset and/or offset of the light stimulus respectively. RGCs respond to illumination of a restricted but relatively large region of the retina, the receptive field. This organization means that many photoreceptors and inter-neurons contribute to the response of a single retinal ganglion cell. The receptive fields of adjacent retinal ganglion cells overlap partially. Receptive fields are approximately circular and two distinct concentric regions can be identified: centre and surround. When these two regions are stimulated, opposite and antagonistic effects on cell activity are produced. RGCs are divided into ON and OFF-centre cells. ON-centre cells respond best when the centre of the receptive field is illuminated. When the antagonistic surround of the receptive field is illuminated, the RGC is inhibited and a sustained response is generated when the light is turned off. When both regions are illuminated, only a weak response occurs. The opposite occurs for OFF-centre cells (Figure 4). RGCs can be further classified into ON-OFF centre.

When random areas of the receptive fields of this type of cell are illuminated they respond to the onset and the offset of the illumination [START_REF] Dowling | The Retina: An Approachable Part of the Brain[END_REF]. 

The primary visual cortex

The part of the visual cortex that receives inputs directly from the LGN and distributes information to other cortical areas involved in vision is the primary visual cortex V1 (also called striate cortex). After processing by V1, information flows for further analysis to other extra-striate areas of the visual cortex, such as V2, V3, V4 and V5. These areas process different types of low-level feature information (e.g. orientation, colour or motion). As information passes through different areas, the complexity of neural representation increases. Connections between different visual areas are both of the feed-forward and feedback type, indicating a high degree of interactive processing with each other instead of a cascade process [START_REF] Tong | Cognitive neuroscience: Primary visual cortex and visual awareness[END_REF]. V1 also receives feedback projections from other areas to which it does not project directly (e. g. auditory cortex, frontal eye fields) suggesting how complex the task of visual perception is.

Anatomically, the primary visual cortex resides in the posterior pole of the occipital cortex in both hemispheres. V1 of the left hemisphere receives inputs form the left LGN and inversely V1 of the right hemisphere from the right LGN. The two portions of V1 are connected through the corpus callosum. The primary visual cortex is traditionally divided into 6 different horizontal layers according to Brodmann's scheme (Figure 5). These different layers can be divided anatomically and perform different functions. V1 is also called striate cortex because layer 4 has heavily myelinated stripes, the stria of Gennari, due to the high density of LGN projections. These layers contain three basic types of neurons: spiny pyramidal cells, spiny stellate cells and smooth interneurons.

In primates, cells in the LGN project mainly to layer 4 of V1 and those inputs are sent to other cortical layers that perform different functions in the decoding of visual information (Figure 5). Feedback inputs from other cortical layers reach V1, mostly in the more superficial layers. Projections to other cortical areas, to the thalamus and other sub-cortical regions depart from layer 2/3, 6 and 5 respectively. In primates, layer 4 can be further subdivided into sublayers: 4A, 4B, 4Cα and 4Cβ (Figure 5) [START_REF] Lund | Organization of neurons in the visual cortex, area 17, of the monkey (Macaca mulatta)[END_REF][START_REF] Polyak | The Vertebrate Visual System[END_REF]. Inputs from the LGN arrive principally in layer 4C. This anatomical organization and sensory coding, that defines how a specific subset of neurons responds to a specific stimulus, allows the efficient processing of incoming information through several stages. The primary visual cortex has a retinotopic organization, meaning that neighboring neurons are stimulated by adjacent regions of the visual space. Therefore, it contains a complete map of the visual field. This retinotopy is continuous: closely spaced points in the visual space correspond to closely spaced points in the cortical map. However, it also presents distortions, such as magnification, which favours the central visual field over the periphery, or geometrical distortions, which transform concentric and radial features into vertical and horizontal lines of activity in V1 (Figure 6).

V1 neurons have elongated receptive fields and, according to Hubel and Wiesel's classification, can be divided into two types: complex and simple. Simple neurons have receptive fields [START_REF] Horton | The Representation of the Visual Field in Human Striate Cortex: A Revision of the Classic Holmes Map[END_REF].

that are organized into two distinct antagonistic ON and OFF elongated subregions. The spatial organization of these subregions determines the response of the neuron to different stimuli. Simple cells are selective to spatial frequency and orientation of the stimulus. In complex neurons, the ON and OFF receptive field regions are superimposed. Complex neurons are still selective to the spatial frequency and orientation of the stimulus but are invariant to the position and contrast of the stimulus in the receptive field [START_REF] Hubel | Receptive fields, binocular interaction and functional architecture in the cat's visual cortex[END_REF]. In addition to being sensitive to the position of the stimulus, V1 neurons also respond to other attributes such as orientation, direction of mo-tion, spatial and temporal frequency and colour. Many of the forms of selectivity exhibited by V1 neurons are not inherited from the LGN. However the mechanisms and circuits creating this selectivity are in most cases not known.

Besides retinotopic organization, another fundamental feature of V1 neurons is their spatial grouping according to selectivity maps for different stimulus attributes such as orientation selectivity or ocular dominance. V1 neurons with similar properties are grouped together into cortical columns that span multiple cortical layers. Ocular dominance cortical columns are groups of neurons that respond preferentially to the input from one eye. Visual cortical neurons also respond only to a small range of stimulus orientations, and neighboring neurons tend to have similar orientation preferences forming the so-called orientation columns [START_REF] Hubel | Receptive fields, binocular interaction and functional architecture in the cat's visual cortex[END_REF].

Blinding retinal diseases

Most visual diseases causing visual impairment and blindness are caused by pathologies affecting the retina. While at present diseases of the lens or the cornea can be effectively treated with surgical procedures, those affecting retinal neurons still cause blindness in millions of people worldwide and are more difficult to treat. The retinal cells most affected by blinding retinal diseases are photoreceptors and retinal ganglion cells. A brief summary of the most common diseases affecting these cells is presented below. In Figure 7, a human retina is showed and the areas and cell types affected by different retinal diseases are highlighted.

In Age-related Macular Degeneration (AMD), photoreceptors in the macular area degenerate progressively, probably because of the dysfunction and loss of the choroids and the Retinal Pigment Epithelium (RPE), the pigmented cell layer that lies between the retina and the choroids and sustains photoreceptor cells. AMD can be categorized into two types: wet AMD when choroidal neovascularization forms in the macular area and dry AMD, the non-neovascular form that manifests with drusen at the macula (build-up of extracellular material between the RPE and the innermost layer of the choroid) and with RPE changes that lead to progressive photoreceptor loss [START_REF] Ambati | Mechanisms of age-related macular degeneration[END_REF]. Photoreceptor degeneration can also occur in Retinal Distrophies (RDs) which result from mutations affecting photoreceptors and /or RPE cell function . Common symptoms include night or colour blindness, tunnel vision and progressive vision loss leading to blindness. More than 120 genes are known to be associated with RDs [START_REF] Nash | Retinal dystrophies, genomic applications in diagnosis and prospects for therapy[END_REF]; Summaries of Genes and Loci Causing Retinal Diseases, https://sph.uth.edu/retnet/sumdis.htm) . Retinitis pigmentosa is one example of RDs that starts with night blindness and evolves to tunnel vision and ultimately blindness. It leads to both rod and cone apoptosis and is characterized by high genetic and clinical heterogeneity. Glaucoma is a degenerative neuropathy that leads to retinal ganglion cell damage. The irreversible damage to the optic nerve fibres can lead to the complete loss of transmission of visual information to the brain. Elevated intra-ocular pressure is an important risk factor and is also considered as one of the causative factors of glaucoma [START_REF] Kwom | Primary open-angle glaucoma[END_REF]. This elevated intra-ocular pressure originates from reduced aqueous humour outflow from the irido-corneal angle, which can be caused by its closure. As a consequence, glaucoma is classified according to the angle between the iris and the cornea where the aqueous humour, produced by the ciliary body, circulates and is drained.

The most common type of glaucoma is open-angle glaucoma, where the irido-corneal angle remains open.

In Diabetic retinopathy (DR), the weakening of blood vessels caused by diabetes can lead to leakage in the central retina and proliferation of abnormal new vessel. Diabetic macular edema, an important manifestation of DR, originates from the breakdown of the blood-retinal barrier and consequent leakage of fluids into the retina, leading to retinal thickening and cystoid macular edema [START_REF] Duh | Diabetic retinopathy: current understanding, mechanisms, and treatment strategies[END_REF]. Edema is the most common cause of vision loss in DR. A form of glaucoma is often associated with DR.

Vision restoration techniques

In the last two decades, major progress has been made in vision restoration for specific types of retinal diseases causing blindness. While several promising approaches have been developed for diseases leading to photoreceptors degeneration, there is still little that can be done for diseases involving retinal ganglion cells damage as is the case for glaucoma.

To counter photoreceptors loss, the most successful approach is to use retinal prosthetic devices to provide electrical stimulation to the remaining bipolar or ganglion cells. The visual scene is captured by a camera and is then converted into an electronic stimulation pattern that is transmitted to the prosthesis, implanted in the retina, to stimulate the remaining retinal cells. Retinal electrical stimulation led to visual perceptions and form vision [START_REF] Yue | Retinal stimulation strategies to restore vision: Fundamentals and systems[END_REF]. These techniques are limited by the low visual acuity and the limited visual field that can be attempted because of the current technological limitations of the stimulating electrodes (low density and number of electrodes) [START_REF] Cruz | Five-Year Safety and Performance Results from the Argus II Retinal Prosthesis System Clinical Trial[END_REF]. A novel photovoltaic retinal prosthesis has recently shown to provide a visual acuity close to the threshold defined for legal blindness: 1/20 [START_REF] Palanker | Photovoltaic Restoration of Central Vision in Atrophic Age-Related Macular Degeneration[END_REF]. These retinal prostheses require that at least RGCs and the optic nerve are intact so that information can flow to higher visual areas in the brain.

For patients that have lost RGCs, visual prostheses stimulating more central visual structures such as the LGN and the visual cortex have been proposed. Cortical implants offer today the most promising alternative for patients suffering from diseases affecting RGCs. These implants stimulate the surface of the pri-mary visual cortex and have been tested in humans [START_REF] Fernández | CORTIVIS Approach for an Intracortical Visual Prostheses[END_REF]. Although they can restore form vision in patients who have lost the eye-to-brain connection, the resolution remains too low for complex tasks such as navigation and face recognition (Beauchamp et al., 2020). The use of penetrating electrodes was found in primates to require less current and provide a greater resolution [START_REF] Tehovnik | Phosphene induction by microstimulation of macaque V1[END_REF], such penetrating electrodes are now in clinical trials (NCT02983370). Loss of efficacy with long-term use has also been reported for both surface and penetrating electrodes (Dobelle, 2000;[START_REF] Fernandez | Acute human brain responses to intracortical microelectrode arrays: challenges and future prospects[END_REF]. Other visual prostheses stimulating other areas of the visual pathway (e. g. the LGN [START_REF] Panetsos | Consistent phosphenes generated by electrical microstimulation of the visual thalamus. An experimental approach for thalamic visual neuroprostheses[END_REF]) have also been investigated but are limited by the difficulty of accessing these structures. Deep brain stimulation has been used to stimulate directly the LGN . Stimulating the thalamus in proximity of the LGN resulted in reports of visual sensations [START_REF] Marg | Reported visual percepts from stimulation of the human brain with microelectrodes during therapeutic surgery[END_REF], and micro-stimulation of the LGN has been investigated in animal models based on visual saccades [START_REF] Panetsos | Consistent phosphenes generated by electrical microstimulation of the visual thalamus. An experimental approach for thalamic visual neuroprostheses[END_REF]. However, the LGN's small size and difficult accessibility makes its direct electric stimulation a challenging approach for vision restoration.

Cell therapy aims to provide retinal repair through cell transplantation to replace damaged cells. Cell transplantation has been investigated particularly for photoreceptors and RPE replacement. Cells are derived from embryonic cell lines or from induced pluripotent stem cells. In mice, transplanted photoreceptor precursor cells derived from embryonic retinas or stem cells were able to integrate into the diseased retina and appeared to be functional. However, it has recently been observed that rather than integrating, transplanted cells pass material to remaining photoreceptor cells and help them to recover function [START_REF] Pearson | Donor and host photoreceptors engage in material transfer following transplantation of postmitotic photoreceptor precursors[END_REF]. RPE cells have also been transplanted in a few patients with AMD or Stargardt disease, leading to improvements in vision [START_REF] Schwartz | Human embryonic stem cellderived retinal pigment epithelium in patients with agerelated macular degeneration and Stargardt's macular dystrophy: Follow-up of two open-label phase 1/2 studies[END_REF]. Photoreceptor cell therapy appears to be more complex because, in order to be functional, transplanted cells need to migrate to the correct location and make efficient synaptic connections with other neurons. RPE cells, on the contrary, do not need to form synaptic connections.

Gene therapy has also been developed to treat photoreceptors degeneration. These techniques aim to replace the abnormal gene causing the degeneration by injecting a viral construct into the eye. Adeno-Associated Virus (AAVs) are the preferred viral vectors for delivering genes to retinal cells, because they diffuse easily through the tissue and have low toxicity [START_REF] Ali | Adeno-associated virus gene transfer to mouse retina[END_REF]. For Leber Congential Amaurosis (LCA), a rare type of retinitis pigmentosa where the gene that is required to form the chromophore of visual pigments in photoreceptors is muted, gene therapy has been successful [START_REF] Garafalo | Progress in treating inherited retinal diseases: Early subretinal gene therapy clinical trials and candidates for future initiatives[END_REF]. Gene therapy is feasible in diseases like LCA because the genetic defect is monogenic and because many photoreceptors remain alive even if compromised by the genetic defect.

Optogenetic therapy also offers an alternative approach for restoring vision in patients that have lost photoreceptors. A light-sensitive ion channel (opsin) is introduced into non-lightsensitive retinal cells via gene therapy [START_REF] Bi | Ectopic Expression of a Microbial-Type Rhodopsin Restores Visual Responses in Mice with Photoreceptor Degeneration[END_REF][START_REF] Busskamp | Genetic reactivation of cone photoreceptors restores visual responses in retinitis pigmentosa[END_REF][START_REF] Lagali | Light-activated channels targeted to ON bipolar cells restore visual function in retinal degeneration[END_REF]. A monochromatic light can therefore stimulate the induced light-sensitive cells. The major advantage of this technique is the cell-specificity and the high spatial resolution. However, cells expressing these opsins require bright light stimuli to be activate and do not adapt [START_REF] Busskamp | Optogenetic therapy for retinitis pigmentosa[END_REF]. In diseases such as AMD, photoreceptors degenerate only in the macular region and the periphery of the retina remains light-sensitive calling into question the possibility of using bright light for optogenetic stimulations. This approach is currently in clinical trials for patients with retinal dystrophies (NCT02556736, NCT03326336, NCT04278131). Optogenetics has been proposed also for cortical stimulation (Jazayeri, Lindbloom-Brown, and Horwitz, 2012;Ju et al., 2018). The major drawback is the invasiveness of the technique: because light is highly scattered and absorbed into brain tissue, efficient stimulation in deeper neuronal layers is not possible without removing the dura and implanting invasive optical fibers (McAlinden et al., 2019).

ultrasound waves for neuromodulation

There are some approaches that directly stimulate the cortical neurons non-invasively by means of stimuli that penetrate the skull and brain tissue, such as transcranial magnetic field stimulation [START_REF] Dayan | Noninvasive brain stimulation: from physiology to network dynamics and back HHS Public Access[END_REF] and transcranial electric stimulation [START_REF] Polanía | Studying and modifying brain function with non-invasive brain stimulation[END_REF]. Although both approaches are able to stimulate deep brain regions, their variable effects on neurons and limited penetration and spatial resolution make them difficult to use for vision restoration. US waves represent an interesting tool able to overcome these limitations. US neuromodulation has been shown to be able to modulate neuronal activity in a variety of preparations, ranging from humans to mice (Legon et al., 2014;Tufail et al., 2011) and could become a promising stimulation strategy for vision restoration.

To better understand the underlying mechanisms that make neurons sense US energy and convert it into an electric response, in the following sections an overview of basic ultrasonic physics and US-tissue interaction mechanisms is provided. There follows a comprehensive review of the state of the art of US Neuromodulation.

Basic Ultrasound physics

what are ultrasounds? Sound is the rapid motion of molecules. These molecular vibrations transport energy from a transmitter, a sound source such as our voice, to a receiver such as our ear. When the molecules are forced to get closer together, compression occurs; conversely, when they are allowed to expand, rarefaction happens. This rapid, back and forth mechanical motion is the basis for calling sound a mechanically propagated wave. There are sound frequencies below and above the human auditory range. Audible sound is what human beings hear and has an approximate frequency range between 20 Hz and 20 kHz. The ultrasound frequency range starts at a frequency of about 20 kHz. Most medical ultrasound equipment for imaging purposes operates in the ultrasonic frequency range between 1 and 15 MHz (Figure 8). On the other hand, therapeutic ultrasound applications (physical therapy, high-frequency focused ultrasound and ablation) operate typically around 1 MHz. 

Acoustic waveforms

Ultrasound travels in the form of a wave, similar to the way light travels. However, unlike light waves, which can travel in a vacuum, US requires an elastic medium such as a liquid or a solid. When these waves travel in some physical medium, pressure is alternately higher and lower and the medium will be respectively compressed or rarefied. The peak compressional and rarefactional values are represented in Figure 9 as the high crest and low troughs of the wave. The number of cycles completed in one second is called frequency f and is measured in Hertz (Hz). The relation between frequency and the period T in a continuous wave is given by f = 1/T. The speed of ultrasound c in a perfectly elastic material at a given temperature and pressure is constant (c = 1/κρ, κ: compressibility, ρ: density) and is related to the frequency f and the wavelength λ: λ = c/ f . For medical applications, the propagation speed c in tissue is typically assumed to be constant at 1540 m/s. The actual velocities in specific tissues vary around this average. For example, the sound speeds of fat, amniotic fluid, kidney, muscle and skull bone are about 1450, 1540, 1565, 1600, and 4080 m/s, respectively [START_REF] Zagzebski | Essencials of Ultrasound Physics[END_REF]. 

Wave Propagation and Particle Motion

US waves propagate in a medium in an oscillatory manner in different operating modes. They are classified according to the direction of the oscillatory motion of the particles within the medium relative to the direction of wave propagation.

A longitudinal wave occurs when the particles move backwards and forwards in the same direction as the wave is travelling; this is basically a compressional wave. These waves correspond to regions in the medium where pressure is alternately higher and lower than resting pressure. Where pressure is high, the medium is squeezed or compressed; where pressure is low, the medium is stretched or rarefied. In this condition, each small element of the medium moves back and forth around its resting location but does not undergo any net motion as the wave propagates (Figure 10). Propagated longitudinal waves travel through all kinds of materials: gases, liquids and solids [START_REF] O'brien | Ultrasound-biophysics mechanisms[END_REF]. A shear wave occurs when the particle motion is perpendicular to the direction of wave propagation, as shown in Figure 10. In this case, the particles move vertically up and down, while the wave energy moves horizontally. Shear waves exist only in solid materials, not in fluids. Shear waves do not exist in soft tissues because soft tissues can be approximated as liquids. Shear waves do, however, travel in harder biological materials such as bone tissue. As these transverse waves are rapidly attenuated in tissue, they do not play a direct role in US medical imaging and therapy [START_REF] O'brien | Ultrasound-biophysics mechanisms[END_REF]; only longitudinal waves are relevant.

When an US wave encounters an object, its particles tend to resist to the displacement induced by the sound wave. The magnitude of this resistance depends on the acoustic impedance Z of the given material. Z is a property of the medium and can be defined in a simplified manner as Z = ρc, where ρ is the density of the medium and c the acoustic speed of the wave [START_REF] Szabo | Diagnostic Ultrasound Imaging: Inside Out: Second Edition[END_REF]. This impedance is measured in rayl (kg/m 2 s). When the medium is a biological medium, it is typically composed of tissues with different physical properties, which therefore have different acoustic impedance. The boundary between two tissues with different acoustic impedance is called acoustic interface. Similarly to optics when light encounters a surface with a different refraction index, when an US wave encounters an impedance discontinuity, part of the incident sound energy is reflected and part is transmitted across the boundary [START_REF] Azhari | Basics of Biomedical Ultrasound for Engineers[END_REF]. Reflection can be categorized as either specular or diffuse. If US waves encounter a large plane and smooth reflective structures, such as bone, specular reflection occurs, where the wave is reflected back in a singler direction. In this type of interaction energy is conserved, because the sum of the reflected and transmitted energy is equal to the original incident wave. In contrast, when US waves travel through a soft tissue, the interface between two tissues with different acoustic impedance is more likely to be uneven and rough and the reflected wave, the echo, will be therefore diffusely reflected through a wide range of angles and refracted waves. This deflection is called diffuse reflection. Snell's Law describes the relationship between the angles and the velocities of the incident, reflected and refracted waves (Figure 11). The angle of refraction is dependent on two factors: the angle at which the sound wave strikes the boundary between the two tissues, and the difference in the two tissues' propagation velocities. According to this law, if the propagation velocity is greater in the first medium, refraction occurs perpendicularly to the incident wave. If the velocity is greater in the second medium, refraction occurs away from the originating beam. Specular and diffuse reflection occurs when the sound wave hits an object that is much larger than the wave's wavelength. When US encounters a structure whose dimension is smaller than the wavelength, scattering occurs, resulting in waves that are reflected in a very wide range of angles [START_REF] Cobbold | Foundations of biomedical ultrasound[END_REF]. Fibres, cells and organelles are examples of scatters that can be found in biological tissues.

Therefore, the global effect of tissue on US waves is attenuation. As the wave passes through a medium, its intensity decreases exponentially as a consequence of reflection, scattering and absorption. In absorption, the energy of the wave is converted into thermal energy, causing localized heating. There are two main reasons for this phenomenon: the friction between particles as the wave propagates and their motion to return to the original position after being displaced by the pressure wave (relaxation). Attenuation depends on the distance travelled, tissue and the ultrasound wave's frequency.

Acoustic Intensity, Mechanical an Thermal index

The acoustic intensity carried by an US wave is defined as the ultrasonic power transmitted in the direction of the wave propagation per unit area. Instantaneous intensity I (W/cm 2 ) is defined as follows, were P (Pa) is the instantaneous acoustic pressure and v the particle displacement velocity (m/s): I = Pv = P 2 /Z, where P = Zv Acoustic intensity varies with time and also depends on the point in space where it is measured. Therefore, it can be defined in different manners: I PA (pulse average), I TA (temporal average), I SATA (spatial-average temporal -average), I SPPA (spatial-peak pulse-average-average intensity of one individual pulse) or I SPTA (spatial-peak temporal-average-average intensity over the experimental time) [START_REF] Fda | Information for Manufacturers Seeking Marketing Clearance of Diagnostic Ultrasound Systems and Transducers[END_REF].

When talking about the possible negative effects of US on tissue, acoustic intensity is an important parameter. In addition to acoustic intensity, two more metrics are typically defined to measure US safety: the Mechanical Index (MI) and the Thermal Index (TI), given that US interacts with tissues both thermally and mechanically. Thermal energy absorption is related to the wave's acoustic intensity and frequency. The TI measures the heating that occurs within the tissue. It is defined by the following equation [START_REF] Blackmore | Ultrasound Neuromodulation: A Review of Results, Mechanisms and Safety[END_REF]:

TI = W p /W p1deg
Where W p is the acoustic power and W p 1deg is the power required to raise tissue temperature by 1 • C. The MI has been introduced to evaluate the mechanical effects of US on tissue and the risk associated with cavitation phenomena [START_REF] Blackmore | Ultrasound Neuromodulation: A Review of Results, Mechanisms and Safety[END_REF]. It is defined as follows:

MI = P neg / √ F
Where P neg is the peak negative pressure of the wave and F is its fundamental frequency. The Food and Drug Administration's (FDA) guidelines impose the following limits in terms of intensity, MI and TI for diagnostic US imaging devices: I spta must not exceed 720 mW/cm 2 , I sppa must be lower than 190 W/cm 2 , TI and MI must not exceed 6 and 1.9 respectively [START_REF] Fda | Information for Manufacturers Seeking Marketing Clearance of Diagnostic Ultrasound Systems and Transducers[END_REF]. 1.2.1.4 Ultrasound wave delivery US waves are produced by devices called ultrasonic transducers. In general terms, a transducer is a device that converts one form of energy to another; an ultrasonic transducer converts electrical energy into mechanical energy in the form of a sound wave and vice versa. The piezoelectric effect is used for this purpose: when electrical energy is applied to a given piezoelectric element it repeatedly expands and contracts, causing mechanical vibrations that generate the sound wave. US pulses are formed by applying oscillating electrical waveforms to the piezoelectric element, causing it to vibrate at a given resonant frequency that depends on the geometry of the crystal.

US can be delivered to tissue in the form of a continuous wave or in a pulsed manner. The following parameters describe a US wave: Pulse duration (PD, in s), Pulse repetition frequency (PRF, in Hz), Duty cycle (DC, %), Fundamental frequency (FF, in Hz) and Pressure (P, in Hz) (Figure 12). For transducers composed of a single piezoelectric element, ultrasound waves can be emitted in a focused or non-focused manner. Focusing is accomplished by either adding an acoustic lens or curving the active element itself. The sound field of a transducer (focused or not) is typically divided into two zones: the near field and the far field. The near field is the region directly in front of the transducer where the echo amplitude goes through a series of maxima and minima and ends at the last maximum, at distance N from the transducer. The location of the last maximum is known as the near field distance (N). The far field is the area beyond N where the sound field pressure gradually drops to zero. Thus, the lateral resolution of an ultrasound beam varies with the distance from the transducer. For unfocused transducers, the point with the narrowest beam width occurs at the near field distance N. For focused transducers, the distance of the focal spot size is defined by the mechanical focus and spot size depends on the geometry of the transducer and the focal depth (the focal spot has typically the shape of an ellipsoid) (Figure 13). 

Interaction of US with biological structures

When US waves propagate in a biological tissue, we can distinguish two different mechanisms: the physical mechanism that the US wave applies to the tissue and the bio-physical mechanism that involves the response of the cells to this energy. US physical mechanisms are diverse but are typically grouped into thermal and non-thermal effects (Figure 14). When US waves propagate in a tissue, they are attenuated through either absorption or scattering. In absorption, a part of the energy carried by the wave is converted into heat. A temperature rise can therefore occur if the rate at which heat is produced is greater than the rate at which it is dissipated. These thermal mechanisms can be effectively estimated through mathematical models [START_REF] Curley | Soft tissue temperature rise caused by scanned, diagnostic ultrasound[END_REF][START_REF] O'brien | Evaluation of the unscanned soft-tissue thermal index[END_REF]. US-induced tissue heating increases with acoustic frequency and intensity and also depends on the type of tissue that is exposed to US energy and the exposure time.

US also induces non-thermal mechanical effects on tissue. A US beam is able to exert mechanical forces on a tissue: oscillatory and steady forces. The periodic forces generate vibrations and consequent nano-metric displacement of the tissue at the frequency of the US wave [START_REF] Kubanek | Neuromodulation with transcranial focused ultrasound[END_REF]. The steady acoustic radiation force arises from the transfer of momentum from the wave to the tissue, which results in a net force on the tissue. This constant force leads to macro-metric displacements. It is a nonlinear effect which is proportional to the intensity of the acoustic wave [START_REF] Rudenko | Acoustic radiation force and streaming induced by focused nonlinear ultrasound in a dissipative medium[END_REF]. Acoustic Radiation Force (ARF), force per volume of tissue (kg/(s 2 cm 2 ), for a time-harmonic plane wave is given by the following equation [START_REF] Nyborg | Acoustic Streaming[END_REF]:

F ARF = 2αI/c
Where α is attenuation, I the acoustic field intensity and c the speed of sound.

When tissue contains pre-existing gas bubbles, cavitation can occur, leading to the oscillation of the bubbles and eventually, at sufficiently high pressure levels, their collapse. Cavitation may be inertial or non-inertial. Non-inertial cavitation occurs when a bubble that is exposed to an acoustic field oscillates around its equilibrium radius. These non-inertial oscillations can result in heat generation and shear stress due to flows at the periphery of the oscillating bubbles [START_REF] Dalecki | Mechanical Bioeffects of Ultrasound[END_REF]. They can also cause microstreaming, which can alter ion transport across cell membranes [START_REF] Haar | Ultrasonic imaging: safety considerations[END_REF]. Inertial cavitation occurs when microbubbles arise and collapse. High pressure and temperature can generate from the bubble's collapse. The motion of the bubble's wall during collapse produces a spherically diverging shock wave in the surrounding liquid. When this happens close to a solid surface, it can generate high-speed microjets that can result in cell damage. The likelyhood of inertial or non-inertial cavitation depends on the acoustic pressure amplitude and the MI: the higher the MI and the pressure amplitude, the more likely the occurrence of inertial cavitation. Opposite to radiation force and heating, which are expected to increase with higher acoustic frequencies, the probability of cavitation decreases with higher carrier frequencies. These different physical mechanisms are the basis of various therapeutic applications that rely on ultrasound.

A brief history of medical ultrasound

The first experiments that indicated that living systems were able to use non-audible sound were performed by Lazzaro Spallanzani in 1794. He demonstrated that bats were able to navigate in space using sound waves over the audible limits, US waves, rather than sight. Bats can indeed locate the position of objects by sending sound waves and processing the reflected echo to detect their position in space. The same principles are used today for medical US imaging. Almost one century later, in 1877, the Curie brothers discovered the piezoelectric effect and laid the foundation for the development of probes able to emit and receive US waves [START_REF] Curie | Développement par compression de l'électricité polaire dans les cristaux hémièdres à faces inclinées[END_REF]. After the sinking of the Titanic in 1912, ultrasound was proposed as a mean to detect icebergs at sea and for the underwater navigation of submarines in World War I. For this purpose, in 1915 the first ultrasound transducer was invented by the French physicist Paul Langevin; it was called hydrophone. Later, in the 1940s it was realized that the nature of US waves could also give them great potential in the medical field. Dussik is credited with having been the first, in 1942, to propose US waves as a diagnostic tool using the echo-reflection methods. He tried to detect brain tumors by transmitting ultrasound waves through the human skull [START_REF] Dussik | Über die Möglichkeit, hochfrequente mechanische Schwingungen als diagnostisches Hilfsmittel zu verwerten[END_REF]. Systematic investigations into using US as a diagnostic tool finally took off in the late 1940s, thanks to the availability of the necessary equipment and electronics. This started the development of US as a diagnostic tool, eventually leading to its present role as a mainstay technology used in clinical routine. In the 1940s, the use of US in treatment also started to be investigated, using its heating and disruptive effect on tissues when applied at high intensity. Langevin was the first to observe that ultrasonic energy could have a detrimental effect on biological material when used at high intensity. Fry and Meyers used high-intensity ultrasound to destroy parts of the basal ganglia in patients suffering from Parkinson's disease. In the 1940s, US was extensively used to treat a number of conditions such as arthritic pain, asthma or eczema, as a cure-all remedy despite the lack of strong scientific evidence [START_REF] Woo | A short history of the development of ultrasound in obstetrics and gynecology[END_REF]. In the 1950s, the ability of US to modify the activity of excitable tissue also started to be investigated. In 1929, Harvey was the first to discover that pulsed US applied to a turtle's heart could pace the heart's rhythm, presumably by initiating bioelectric events in the myocardium. In the 1950s, several studies showed that US energy could change the normal electro-physiology of excitable tissue. It was shown that US had distinct effects, often stimulatory and sometimes suppressive, on cells of nervous structures and muscles [START_REF] Fry | Production of reversible changes in the central nervous system by ultrasound[END_REF][START_REF] Mazoue | Nervous excitation with high frequency ultrasonics[END_REF][START_REF] Welkozitz | Effects of High Intensity Sound on Electrical Conduction in Muscle[END_REF]. However after these promising early works it was only later, with the work of [START_REF] Tyler | Remote Excitation of Neuronal Circuits Using Low-Intensity, Low-Frequency Ultrasound[END_REF]and Tufail in 2010(Tufail et al., 2010;[START_REF] Tyler | Remote Excitation of Neuronal Circuits Using Low-Intensity, Low-Frequency Ultrasound[END_REF] that ultrasonic neuromodulation became a rapidly growing field.

A comprehensive review of US neuromodulation is presented in the following section.

US neuromodulation

As previously mentioned, the idea of using US waves to modulate the activity of neurons dates back to the 1950s, when William Fry and colleagues published their work showing that US waves were able to suppress temporarily visual evoked potentials recorded in the visual cortex of cats when US stimulation was applied for over 20 seconds to the LGN. (Figure 15) [START_REF] Fry | Production of reversible changes in the central nervous system by ultrasound[END_REF]. However it is only recently that this field has attracted increasing attention, because technological advance has made it possible to efficiently focus US waves through the skull without major beam aberrations. Compared with other neuromodulation techniques, such as transcranial magnetic or electrical stimulation, deep brain electrical stimulation or optogenetics, US waves, because of their physical properties, offer unique advantages such as non-invasiveness, deep brain penetration and precise focus. In the following sections an overview on the state of the art, the underlying mechanisms and the limits of this approach are presented. In 2008, the work of William Tyler and colleagues [START_REF] Tyler | Remote Excitation of Neuronal Circuits Using Low-Intensity, Low-Frequency Ultrasound[END_REF] showed that US is capable of opening voltage-gated ion channels and leading to evoked action potentials in brain slices. Tufail and co-workers (Tufail et al., 2010) then reported these excitatory responses also in vivo: US waves targeting the motor cortex and the hippocampus in mice resulted in increases of cortical spiking activity as well as after discharge activity with gamma (40-100 Hz) and sharp-wave ripple (160-200 Hz) components. US stimulation was also able to evoke tail twitches and electromyography spikes. Subsequently, several studies demonstrated the ability of US to modulate neuronal activity in both the central and peripheral nervous system. US neuromodulation has been shown to be effective in a wide set of preparations: from ex vivo brain and retinal slices to in vivo preparations from mice to humans (Deffieux et al., 2013;Lee et al., 2016;Legon et al., 2018Legon et al., , 2014;;Mehić et al., 2014;Menz et al., 2013;Tufail et al., 2010;[START_REF] Tyler | Remote Excitation of Neuronal Circuits Using Low-Intensity, Low-Frequency Ultrasound[END_REF]. US stimulation has been shown to be able to excite or inhibit neuronal activity depending on the stimulation parameter. Moreover, when applied for longer time periods (>10 s) it can also induce long-term changes in neural activity [START_REF] Dallapiazza | Noninvasive neuromodulation and thalamic mapping with low-intensity focused ultrasound[END_REF][START_REF] Velling | Modulation of the functional state of the brain with the aid of focused ultrasonic action[END_REF][START_REF] Yang | Transcranial Focused Ultrasound to the Thalamus Is Associated with Reduced Extracellular GABA Levels in Rats[END_REF]. In Table 1, an overview of significant studies in the literature on US neuromodulation is given, outlining the main findings and the US stimulation parameters used.

In vivo, US stimulation is typically performed at relatively low sub-megahertz frequencies, from 0.2 to 5 MHz, because of the possibility of crossing the skull without major attenuation or aberrations. Low US intensity values are typically used, from 0.01 to 15 W/cm 2 , to avoid potential side effects such as cavitation and heating. On the other hand, using higher US frequencies would lead to increased anatomical specificity. 5 MHz US has been shown to be effective in inducing electromyographic responses in vivo in mice [START_REF] Li | Improved Anatomical Specificity of Non-invasive Neuro-stimulation by High Frequency (5 MHz) Ultrasound[END_REF]. However, Ye and colleagues showed that success rate decreased with higher US frequencies for a given intensity (Ye, Brown, and Pauly, 2016), suggesting that higher intensities are necessary for higher frequency US stimulation. High frequency US stimulation has been applied mostly ex vivo, up to 43 MHz, using relatively high intensities when compared to in vivo studies. 43 MHz US has be shown to be effective in mediating retinal ganglion cells responses in isolated salamander retinas, where the required intensity attained 180 W/cm 2 (Menz et al., 2013). Moreover, between studies, different US stimulation parameters have been investigated, such as pulse repetition frequency, burst duty cycle or burst duration. However, no clear evidence of a more effective subset of parameters has been obtained (Table 1). Similarly, no clear evidences have defined whether pulsed or continuous US delivery is more effective.

On the other hand, to further optimize and develop this technique it seems crucial to identify the optimal stimulation protocol for a given application and obtain an insight into the related underlying bio-physical mechanisms. In US neuromodulation, low-intensity US is delivered to neurons and results in a transient modulation of neuronal activity. It is known that the excitation and inhibition of neurons can be gated by different kind of stimuli: electrical [START_REF] Hodgkin | A quantitative description of membrane current and its application to conduction and excitation in nerve[END_REF], chemical [START_REF] Fillafer | On the excitation of action potentials by protons and its potential implications for cholinergic transmission[END_REF][START_REF] Newman | Modulation of neuronal activity by glial cells in the retina[END_REF], mechanical [START_REF] Guharay | Stretch-activated single ion channel currents in tissue-cultured embryonic chick skeletal muscle[END_REF][START_REF] Julian | The effects of mechanical stimulation on some electrical properties of axons[END_REF][START_REF] Newman | Modulation of neuronal activity by glial cells in the retina[END_REF][START_REF] Spyropoulos | Response of single nerve fibers at different hydrostatic pressures[END_REF] and thermal [START_REF] Inoue | Excitability, instability and phase transitions in squid axon membrane under internal perfusion with dilute salt solutions[END_REF][START_REF] Shapiro | Infrared light excites cells by changing their electrical capacitance[END_REF]. The existence of a mechanical pathway in the excitability of neurons provides the basis for US neuromodulation. However, to date, the mechanisms that make neurons modulate their activity when US energy is applied are not fully understood, and different hypothesis have been advanced. In subsection 1.2.2 a summary of the physical mechanisms that US exerts on tissue is given. As previously stated, the physical mechanisms that US applies on tissue can be of thermal or mechanical nature, and different mechanical effects can intervene depending on the acoustic regime and preparation. In practice, when US is applied to a complex tissue like the brain, these effects cannot be easily identified and separated. Depending on the US stimulation parameters used and the experimental conditions, one effect can be more important than the other but it is quite unlikely that only one occurs. It is therefore difficult to conclude which physical mechanism is the most likely to be responsible for neuronal modulation. In addition, it might be possible that at different US frequencies different mechanisms are responsible for coupling acoustic energy into neural activity. At high US frequencies, cavitation is unlikely to happen and an ARF-based mechanism provides a better explanation. Conversely, at low frequencies a US cavitation-based mechanism is more likely to occur.

It also remains to be assessed how cells respond to the abovementioned physical effects. Besides potential tissue heating, the principal interface through which US affects neurons is their cell membrane. Different hypotheses have been proposed. US could trigger neuronal discharge through the following bio-effects:

• Mechano-sensitive ion channels. Several ion channels have mechano-sensitive properties: their activity is modulated by mechanical deformation of the cell membrane they are embedded in [START_REF] Morris | Why are so many ion channels mechanosensitive?[END_REF] and may therefore also be modulated by US-induced mechanical deformation.

It has been reported that various ion channels respond to US stimulation, including: the two-pore-domain potassium channels [START_REF] Kubanek | Ultrasound modulates ion channel currents[END_REF], the NAv 1.5 channels [START_REF] Kubanek | Ultrasound modulates ion channel currents[END_REF], the voltage-gated sodium and calcium channels [START_REF] Tyler | Remote Excitation of Neuronal Circuits Using Low-Intensity, Low-Frequency Ultrasound[END_REF], the transient receptor potential channels (Ibsen et al., 2015) and the PIEZO1 channels [START_REF] Prieto | Activation of Piezo1 but Not NaV1.2 Channels by Ultrasound at 43MHz[END_REF]. According to the model published by Krasovistki and co-workers, the cellular membrane is capable of absorbing US mechanical energy and transforming it into periodical expansion and contraction of the inter-membrane space [START_REF] Krasovitski | Intramembrane cavitation as a unifying mechanism for ultrasound-induced bioeffects[END_REF]. According to this model, the bio-effect of US is dependent on the tension that US applies to the membrane. At relatively low membrane tension, US first activates mechano-sensitive proteins embedded in the cell membrane (state S 1 , Figure 16), and then, with increasing intensities, it leads to pore formation and finally membrane rupture. • Sonoporation. US stimulation could also cause the opening in the cell membrane of transient physical pores lead-ing to ion transport driven by the gradients across the membrane. The probability of pore formation depends on its compressibility and specific heat [START_REF] Blicher | The temperature dependence of lipid membrane permeability, its quantized nature, and the influence of anesthetics[END_REF][START_REF] Wunderlich | Phase-state dependent current fluctuations in pure lipid membranes[END_REF]. The combination of US stimulation and micro-bubbles enhances the modulatory effects on neurons [START_REF] Li | Dynamics and mechanisms of intracellular calcium waves elicited by tandem bubble-induced jetting flow[END_REF], potentially via pore formation. However, US-induced micro-bubble cavitation may also cause unwanted side-effects and is therefore generally avoided.

• Changes in membrane capacitance. The electrical proper- ties of the cell membrane at rest can be approximated to those of a parallel plate capacitor. Neurons have a capacitance that depends on membrane properties [START_REF] Petrov | Flexoelectricity of model and living membranes[END_REF][START_REF] Taylor | Capacitive Detection of Low-Enthalpy, Higher-Order Phase Transitions in Synthetic and Natural Composition Lipid Membranes[END_REF]. US has been shown to be capable of inducing capacitive currents in lipid membranes through their conformational changes resulting in either excitatory or inhibitory currents when compression or dilation are applied respectively [START_REF] Prieto | Dynamic Response of Model Lipid Membranes to Ultrasonic Radiation Force[END_REF]. It has also been suggested that US may lead to nucleation of bubbles and cavitation inside the lipid bilayer resulting in capacitive currents [START_REF] Plaksin | Intramembrane cavitation as a predictive bio-piezoelectric mechanism for ultrasonic brain stimulation[END_REF].

• Thermal effects. As absorption of ultrasonic energy can lead to temperature increases, US stimulation can lead to thermal neuromodulation. Neural activity can indeed be affected by temperature changes in the order of a few degrees [START_REF] Lee | Effects of Temperature on Calcium Transients and Ca <sup>2+</sup> -Dependent Afterhyperpolarizations in Neocortical Pyramidal Neurons[END_REF]. Moreover, ion channels with heat-sensitive properties [START_REF] Cesare | Ion channels gated by heat[END_REF] exist and could also be involved in this kind of response.

Given the complexity of a biological tissue like the brain, it is likely that a combination of different mechanisms might lead to the modulation of neuronal activity through US and that their relative contributions may change depending on the acoustic parameters used. It is evident that, to further develop and optimize US neuromodulation, a mechanistic understanding of the underlying mechanism is of fundamental interest.

Limits

Despite its non-invasiveness and high penetration capacity, US neuromodulation has several limitations for brain applications:

• Spatial resolution is directly proportional to US frequency.

To be non-invasive and to reach a specific target in the brain, US has to be delivered through the skull bone that represents a high acoustic impedance mismatch because of its multi-layered structure composed by a compact and hard shell and an inner spongy bone layer with a trabecular structure. As a consequence, strong scattering occurs at US frequencies above 1 MHz [START_REF] Pinton | Numerical prediction of frequency dependent 3D maps of mechanical index thresholds in ultrasonic brain therapy[END_REF]. To avoid attenuation and US beam aberration, the range of US frequencies that can be used for effective transcranial stimulation is therefore limited and does not permit to attempt high spatial precision. To date, high spatial resolution US stimulation has not been achieved successfully in vivo also because higher US carrier frequency require higher energies causing possible side effects like heating (Ye, Brown, and Pauly, 2016) or haemorrhages (Lee et al., 2016). Additionally, low frequency US has been found to be more effective. Two studies found that the probability of observing behavioral responses to US stimulation of the motor cortex in mice was higher at lower US frequencies [START_REF] King | Effective parameters for ultrasoundinduced in vivo neurostimulation[END_REF]Ye, Brown, and Pauly, 2016). This phenomenon could be explained by the fact that increasing US frequencies a smaller brain zone is activated, also lowering the probability of stimulating neurons that are involved in the behavioral response [START_REF] Kubanek | Neuromodulation with transcranial focused ultrasound[END_REF]. Because of the above-mentioned reasons US neuromodulation with high spatial resolution still remains unexplored and difficultly implementable.

• Off target stimulation. Recently, two independent studies showed that US stimulation can cause indirect activation of the auditory system (Guo et al., 2018;Sato, Shapiro, and Tsao, 2018). Although the frequencies used for US stimulation are not in the audible range, they may produce harmonics at lower frequencies that could be transmitted to the ears. In addition, standing wave phenomena can arise at low-frequency US because of reflections of the waves inside the skull leading to complex pressure fields and to the activation of brain areas outside the target location (Baron et al., 2009;[START_REF] Constans | A 200-1380-kHz Quadrifrequency Focused Ultrasound Transducer for Neurostimulation in Rodents and Primates: Transcranial in Vitro Calibration and Numerical Study of the Influence of Skull Cavity[END_REF]Younan et al., 2013). These phenomena are more likely to happen especially in small animal models because of the small size of the braincase, leading to possible indirect activation of non-targeted structures.

• Side effects and safety. US stimulation may generate un- wanted side effects, depending on the acoustic regime that is used and the experimental setup. [START_REF] Dallapiazza | Noninvasive neuromodulation and thalamic mapping with low-intensity focused ultrasound[END_REF]Mehić et al., 2014;Tufail et al., 2010;[START_REF] Tyler | Remote Excitation of Neuronal Circuits Using Low-Intensity, Low-Frequency Ultrasound[END_REF]. While no irreversible effect on neural activity has been reported, long-time effects after US stimulation have been reported. Yoo and co-workers reported an inhibitory effect that lasted several minutes after stimulation on rats for long sonication durations (9 s) [START_REF] Yoo | Focused ultrasound modulates region-specific brain activity[END_REF]. Another study found that somatosensory evoked potentials required up to 20 minutes to return to baseline [START_REF] Dallapiazza | Noninvasive neuromodulation and thalamic mapping with low-intensity focused ultrasound[END_REF]. Yang and co-workers observed reduced extracellular GABA level up to 100 minutes after sonication [START_REF] Yang | Transcranial Focused Ultrasound to the Thalamus Is Associated with Reduced Extracellular GABA Levels in Rats[END_REF]. Two related works on primates [START_REF] Folloni | Manipulation of Subcortical and Deep Cortical Activity in the Primate Brain Using Transcranial Focused Ultrasound Stimulation[END_REF][START_REF] Verhagen | Offline impact of transcranial focused ultrasound on cortical activation in primates[END_REF] observed changes in functional connectivity after long sonications (40 s), which lasted 1 hour after sonication.

While undesired side-effects appear to be controllable by accurately choosing the acoustic regime, limited spatial resolution and off-target stimulation remain major limits of US neuromodulation.

sonogenetics

The aim of sonogentics is to sensitize neurons to US waves through the expression of US-sensitive proteins on the cell membrane via gene therapy. The main assumption of this approach is that US waves are able to induce local temperature increase or mechanical displacement of the cell membrane, which leads to the activation of mechano-sensitive or thermo-sensitive proteins. The activation of these proteins leads subsequently to the influx of ions and cell discharge. Sonogenetics has the main aim of overcoming the current limits of US neuromodulation listed in the previous section. By the selective expression of US-sensitive actuators, it would be possible to target a specific subpopulation of neurons. Moreover it would be possible to lower the required activation threshold via the over-expression of the US-sensitive proteins. Lowering of the required US energy would prevent undesired side effects and, more importantly, would enable the use of higher US frequencies, hence the attainment of higher spatial resolution. In the following section an overview about the state of the art of sonogenetics is presented.

State of the art

The concept of sonogenetics was introduced for the first time by Ibsen and co-workers in 2015 (Ibsen et al., 2015). In their study a pore-forming subunit of a mechano-transduction channel (TRP-4) was shown to be able to respond to low-intensity US stimulations when combined with micro-bubbles application. The nematode C. elegans expresses the TRP-4 channels naturally to sense when its body is stretching. When the worm stretches, the channels open and allow the flow of calcium. The ectopic neuron-specific expression of TRP-4 channels made the neurons sensitive to the mechanical deformation induced by US, resulting in behavioral outputs in C. elegans. However, US-induced bubble cavitation was necessary to induce behavioral changes, making this approach hardly applicable to the mammalian brain. Microbubbles have a short lifespan in vivo (<5 minutes in blood), are difficult to deliver to extra-vascular tissues and their US-induced cavitation might cause undesired effects, such as BBB opening. Nonetheless, the approach introduced by Ibsen et al. advanced, for the first time, the possibility of selectively and non-invasively stimulating genetically sensitized neurons with US.

While most of the published studies investigated the sonogenetic approach in vitro [START_REF] Prieto | Activation of Piezo1 but Not NaV1.2 Channels by Ultrasound at 43MHz[END_REF][START_REF] Qiu | The Mechanosensitive Ion Channel Piezo1 Significantly Mediates In Vitro Ultrasonic Stimulation of Neurons[END_REF]Ye et al., 2018), recent studies have reported that three different sonogenetic actuators can be used to control brain activity in vivo in mice. The TRPV1 channel has been proposed as a US-actuator for sonogenetics (Yang et al., 2020). This channel is not sensitive to US-induced mechanical stress directly but is sensitive to USinduced heating of tissue. According to the work of Yang and co-workers the induced tissue heating (around 42 • C) is safe on mice brain based on neuronal integrity, apoptosis and inflammation markers. However, since many neuronal circuit processes are temperature-dependent it remains to be assessed whether the heating might affect neuronal activity. Indeed, modest tissue heating has been found to be sufficient to inhibit neural activity and affect behavior [START_REF] Owen | Thermal constraints on in vivo optogenetic manipulations[END_REF]. Furthermore, the US-induced heating did not provide a fast response controlled in time. Two other recent studies by the same group used an engineered auditory-sensing protein, Prestin, to modulate neural activity with US in vivo in mouse brain (Huang et al., 2020;[START_REF] Wu | Targeted delivery of engineered auditory sensing protein for ultrasound neuromodulation in the brain[END_REF]. Prestin is not directly an ion channel, it is a transmembrane protein residing in the outer hair cells of the cochlea and is believed to act as an electromechanical transducer and to be involved in high-frequency hearing. Prestin is highly associated with actin filaments and microtubules in cells and its US-induced oscillation leads indirectly to calcium influx and cell discharge. Prestin has been able to induce neural activation only at 0.5 MHz and not at other US frequencies (i. e. 80 kHz, 1, 2, 3.4 MHz). Following previous in vitro studies [START_REF] Maresca | Biomolecular Ultrasound and Sonogenetics[END_REF]Ye et al., 2018), Qiu and coworkers demonstrated very recently that a mutated form of the mechano-sensitive Mechano-sensitive channel of Large conductance (MscL) ion channel (G22S mutation) is able to sensitize cortical neurons in vivo to low-frequency and low-intensity US. Ultrasonic stimulation was able to evoke muscular responses and targeted c-Fos expression [START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]. If this work validates the use of the MscL ion channel as a valid sonogenetic actuators, investigation about its temporal resolution and its ability to increase spatial resolution is still missing. Thus, while these studies reported for the first time an application of sonogenetics in vivo, on the other hand they failed to increase the spatial and temporal resolution of US stimulation. In the following Table 2 a summary of the published studies on sonogenetics approaches is presented. 

Selecting the right sonogenetic actuator

To develop sonogentics as a potential tool to be used to control neural activity, the major challenge is to find the suitable sonogenetic actuator: the ion channel or protein that is activated by the mechanical stress or heating induced by US waves. Selecting an actuator that directly responds to the physical deformation induced by US, such as a mechano-sensitive ion channel, seems to be more appealing if the goal is to obtain fast and precise control of neurons.

Ion channels are proteins embedded in cell membrane that provide a passageway through which ions can cross the plasma membrane. These ion channels have the ability to open or close in response to chemical or mechanical signals and thus permit the rapid movement of ions from the outside to the inside of the cell or vice versa, leading to the generation of an electrical signal. In nature, several ion channels that are able to respond to mechanical stimuli exist and play an important role in transducing physical stress on the cell membrane into an electrochemical response. They enable cells to respond to external stimuli such as touch, sound, gravity and pressure or to internal stimuli like osmotic pressure and membrane deformation, which are responsible for cell growth and health (Hamill and Martinac, 2001;[START_REF] Sukharev | Mechanosensitive channels: multiplicity of families and gating paradigms[END_REF]). However, with some exceptions, the identification and characterization of these mechano-transducing channels remains elusive. The mechanical activation of ion channels is thought to be mediated by forces that are directly transmitted by the lipid bilayer or by auxiliary proteins [START_REF] Kung | A possible unifying principle for mechanosensation[END_REF]. The manner in which the cell membrane and the proteins interact in mechano-sensation has been elucidated only in the case of the bacterial Mechano-Sensitive (MS) channels (MscL and Mechano-sensitive channel of Small conductance (MscS) 1 ). The characterization of these bacterial channels has been successful because they respond directly to membrane stretch and changes in osmolarity without the need for any other protein (Sukharev et al., 1994). For eukaryotic 1 Mechano-sensitive channels can be described as the tension-dependent equilibrium between two states, closed and open, that differ in conductance [START_REF] Sukharev | MECHANOSENSITIVE CHANNELS OF ES-CHERICHIA COLI :The MscL Gene, Protein, and Activities[END_REF]. The conductance (G) of a MS channel is a relevant property that determines the sensitivity of the membrane's tension-dependent response. It is defined as the ratio between the ionic current (I) flowing through the channel and the voltage drop (V) across the cell membrane (G = I/V, I and V are expressed in Amperes and Volts and G in Siemen).

channels, mechano-sensitivity may require protein complexes or interaction with specialized cytoskeleton and extracellular matrix, rendering these assessments more complicated [START_REF] Árnadóttir | Eukaryotic Mechanosensitive Channels[END_REF].

To date, several ion channels are thought to have MS properties, but only few candidates have been fully characterized and meet all the qualifications to be considered transducers of mechanical forces [START_REF] Árnadóttir | Eukaryotic Mechanosensitive Channels[END_REF]. In Table 3 a summary of the eukaryotic and bacterial proteins that are known to be involved in mechano-transduction is given: the degenerin/epithelial sodium channels (DEG/ENaC) family, the two-pore domain potassium channels (K2P), the transient receptor potential channels (TRP), the Piezo family and the MS bacterial channel family. MscL and MscS are the only known channels that directly respond to membrane tension changes by opening nanoscale protein pores through the interactions between the trans-membrane domain of the proteins and the lipids of the cell membrane [START_REF] Kung | Mechanosensitive Channels in Microbes[END_REF]. Changes in the thickness or composition of the phospholipid bilayer inducing spontaneous membrane curvature directly have an impact on the tension that is required to open MscL [START_REF] Perozo | Physical principles underlying the transduction of bilayer deformation forces during mechanosensitive channel gating[END_REF]. The conductance values of bacterial MS channels are several orders of magnitude higher than those of other ion-selective channels because of their larger-diameter pore in the open state. 

Na+ ions

Found in touch receptor neurons [START_REF] Huang | Gene interactions affecting mechanosensory transduction in Caenorhabditis elegans[END_REF] Not possible in a heterologous expression system in vitro [START_REF] Goodman | MEC-2 regulates C. elegans DEG/ENaC channels needed for mechanosensation[END_REF] ENaC Responds to shear stress and fluid flow [START_REF] Árnadóttir | Eukaryotic Mechanosensitive Channels[END_REF] Na+ ions Renal Epithelia [START_REF] Duc | Cell-specific expression of epithelial sodium channel α, β, and γ subunits in aldosterone-responsive epithelia from the rat: Localization by in situ hybridization and immunocytochemistry[END_REF] Responds to fluid flow in oocytes [START_REF] Carattino | Epithelial Na+ Channels Are Activated by Laminar Shear Stress[END_REF] 

K2P channels family (eukaryotic)

TREK-1

Mechanosensation in skin and vascular system, polymodal channel, activated by mechanical force, temperature, and pH [START_REF] Maingret | TRAAK is a mammalian neuronal mechano-gated K+ channel[END_REF] K+ ions Widely expressed in brain [START_REF] Fink | Cloning, functional expression brain localization of a novel unconventional outward rectifier K+ channel[END_REF], small sensory neurons [START_REF] Alloui | TREK-1, a K+ channel involved in polymodal pain perception[END_REF] and vasculature [START_REF] Garry | Altered acetylcholine, bradykinin and cutaneous pressure-induced vasodilation in mice lacking the TREK1 potassium channel: The endothelial link[END_REF] Activated in response to applied pressure, osmolarity, and modulators of lipid bilayer curvature in heterologous cells [START_REF] Patel | A mammalian two pore domain mechano-gated S-like K+ channel[END_REF] 

TREK-2

Unclear role [START_REF] Árnadóttir | Eukaryotic Mechanosensitive Channels[END_REF] K+ ions Pancreas, kidney; lower levels in brain, testis, colon, and small intestine [START_REF] Bang | TREK-2, a new member of the mechanosensitive tandem-pore K+ channel family[END_REF][START_REF] Lesage | Human TREK2, a 2P Domain Mechanosensitive K+ Channel with Multiple Regulations by Polyunsaturated Fatty Acids, Lysophospholipids, and Gs, Gi, and Gq Protein-coupled Receptors[END_REF] Activated in response to pressure in heterologous cells [START_REF] Bang | TREK-2, a new member of the mechanosensitive tandem-pore K+ channel family[END_REF] TRAAK Unclear role (Árnadóttir and Chalfie, 2010)

K+ ions

Neurons [START_REF] Maingret | TRAAK is a mammalian neuronal mechano-gated K+ channel[END_REF] Activated in response to pressure in heterologous cells [START_REF] Maingret | TRAAK is a mammalian neuronal mechano-gated K+ channel[END_REF] TRP channels family 

Ms channels family (bacterial)

MscS-MscL Regulation of osmotic pressure changes [START_REF] Haswell | Mechanosensitive channels: what can they do and how do they do it?[END_REF] Non selective channel Prokaryotes [START_REF] Kung | Mechanosensitive Channels in Microbes[END_REF] Lipid tensions provides the activating force [START_REF] Sukharev | Energetic and spatial parameters for gating of the bacterial large conductance mechanosensitive channel, MscL[END_REF][START_REF] Sukharev | Purification of the small mechanosensitive channel of Escherichia coli (MscS): The subunit structure, conduction, and gating characteristics in liposomes[END_REF] For sonogenetics, a MS channel serves as a nano-valve that opens when the cell membrane is deformed by the ultrasonic wave. To develop an effective sonogenetic strategy, the choice of mechano-sensitive ion channel is crucial. Firstly, the protein should be easily expressed in the neurons. Thus, its gene should be small enough to be packed into AAVs vectors, the leading platform for targeted gene delivery in vivo, characterized, however, by a relatively limited cloning capacity (approximately 4.7 Kb). Secondly, its gating mechanism should be known and a fast gating kinetics is preferable, in order to better adjust and optimize US stimulation. Thirdly, the channel should be sensitive only to mechanical deformation, in order to exclude secondary non-mechanical activation pathways. Different MS ion channels have been proposed and tested in vitro as potential sonogenetic actuators: TREK-1 [START_REF] Kubanek | Ultrasound modulates ion channel currents[END_REF], MscL [START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]Ye et al., 2018) and Piezo1 [START_REF] Prieto | Activation of Piezo1 but Not NaV1.2 Channels by Ultrasound at 43MHz[END_REF][START_REF] Qiu | The Mechanosensitive Ion Channel Piezo1 Significantly Mediates In Vitro Ultrasonic Stimulation of Neurons[END_REF]. TREK-1, like most mechano-sensitive ion channels, displays an intrinsic sensitivity to other external stimuli (heat, voltage, pH, etc.) besides mechanical stimuli. For sonogenetics, selecting a channel that is exclusively mechano-sensitive has the advantage of excluding other potential non-mechanical effects. Furthermore, the neural over-expression of non-exclusively MS ion channels could compromise the physiology of neural circuits. On the other hand, only a few ion channels respond exclusively to mechanical stimuli such as the mammalian Piezo channels [START_REF] Coste | Piezo1 and Piezo2 are essential components of distinct mechanically activated cation channels[END_REF] or the bacterial Mechano-sentive channels (Msc family, including MscL) [START_REF] Perozo | Physical principles underlying the transduction of bilayer deformation forces during mechanosensitive channel gating[END_REF][START_REF] Sukharev | Two Types of Mechanosensitive Channels in the Escherichia coli Cell Envelope: Solubilization and Functional Reconstitution[END_REF]. Thus, the Piezo 1 and MscL channels seem more suitable for sonogenetics. However, expressing Piezo channels in vivo is challenging because of their large size and complexity [START_REF] Coste | Piezo1 and Piezo2 are essential components of distinct mechanically activated cation channels[END_REF]. Because of their size Piezo1 cannot be easily packed into AAVs rendering it difficult to deliver them efficiently in vivo. The MscL channel appears therefore as a more promising candidate for being the mechano-transducting element for sonogenetics.

The Mechano-sensitive channel of Large conductance (MscL)

The MscL channel appears to be an interesting candidate for sonogentics; it is found in bacteria and has been widely investigated and characterized in terms of biophysics, genetics and structure (Hamill and Martinac, 2001;Perozo, 2006;Sukharev, 2001;Sukharev et al., 1994). The MscL channel is a homopentamer where each subunit contains two trans-membrane α-helices and a cytoplasmatic α-helix [START_REF] Chang | Structure of the MscL Homolog from Mycobacterium tuberculosis: A Gated Mechanosensitive Ion Channel[END_REF] (Figure 17). This channel is a non-selective and is able to rapidly open when a mechanical stress, over the threshold of channel gating, is applied to the cell membrane (Sukharev, 2001) (Figure 17). When stretch is applied to the cell membrane, a helix movement is caused and a pore of approximately 30 Å opens and allows the passage of ions and small molecules [START_REF] Perozo | Physical principles underlying the transduction of bilayer deformation forces during mechanosensitive channel gating[END_REF][START_REF] Rosholm | Activation of the mechanosensitive ion channel MscL by mechanical stimulation of supported Droplet-Hydrogel bilayers[END_REF]Sukharev, 2001). In bacteria, the MscL channel participates in the regulation of osmotic pressure changes within the cell [START_REF] Haswell | Mechanosensitive channels: what can they do and how do they do it?[END_REF].

A large collection of engineered MscL mutants has already been developed, providing a versatile tool for further adapting and developing sonogenetics. For instance, the gain-of-function mutant MscL G22S presents a mutation of a glycine residue, positioned within the constriction that closes the protein's pore, into a hydrophilic residue (serine) and presents a lower pressure threshold at which the channels opens compared to Wild-Type (WT) MscL (Yoshimura et al., 1999). The E. coli-derived MscL has been expressed in cultured primary neurons and has been shown to be effective in sensitizing neurons to mechanical stim- uli. The G22S mutation was expressed in neurons that were able to respond even at lower pressure levels in vitro compared to neurons expressing the WT form (Soloperto et al., 2018). Recently, the same mutation has been shown to be able to sensitize neurons to low intensity US stimulation in vitro and in vivo in mice [START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]. Another mutation of the MscL channel, the I92L mutation, has been shown to be able to induce cultured neurons to respond at very low US pressure values (0.25 MPa) with a millisecond temporal precision up to 5 Hz (Ye et al., 2018).

The MscL channel represents therefore a suitable choice for sonogentics, firstly because it is to date the most thoroughly analyzed and characterized mechano-sensitive channel and, secondly, because of its small gene, it can be easily packed into AAVs vectors, allowing its targeted delivery in vivo. Furthermore, because of it simple sub-molecular structure, a large collection of MscL mutants with different sensitivities has already been designed and could be used to fulfill different experimental needs [START_REF] Blount | Single residue substitutions that change the gating properties of a mechanosensitive channel in Escherichia coli[END_REF][START_REF] Maurer | Generation and evaluation of a large mutational library from the Escherichia coli mechanosensitive channel of large conductance, MscL. Implications for channel gating and evolutionary design[END_REF]Yoshimura et al., 1999). The heterologous over-expression of this bacterial channel on mammalian cell membrane could therefore selectively sensitize neurons to ultrasound, enabling the targeting of specific populations of neurons also in deep brain regions and overcoming the spatial resolution limitations of US stimulation only. Even if its application for in vivo sonogenetic stimulation was refuted in a review on this emerging field [START_REF] Maresca | Biomolecular Ultrasound and Sonogenetics[END_REF], the recent study of Qiu and co-workers confirmed its potential as sonogenetic actuator for in vivo use [START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF].

AAV gene therapy for sonogenetics

Gene therapy uses viruses (such as the lentivirus, adeno-virus or adeno-associated virus) or other non-viral vectors (such as nanoparticles) to deliver genes to cells or tissue. AAVs represent nowadays the leading delivery platform for genetic material. This popularity is based on their non-pathogenic nature and their excellent safety profile rendering them a powerful tool both in research and clinics. AAVs are composed of an icosahedral protein shell surrounding and protecting a single-stranded DNA genome of approximately 4.7 kilobases with two open reading frames (rep and cap) surrounded by two inverted terminal repeats (ITRs, critical components facilitating genome packaging and transcription) [START_REF] Dong | Characterization of genome integrity for oversized recombinant AAV vector[END_REF]. To replicate, AAVs are dependent on co-infection with other viruses, mainly adenoviruses. AAVs can be easily engineered to obtain recombinant AAVs (rAAVs). rAAVs particles lack viral DNA and serve basically as protein-based nanoparticles loaded with the gene of interest. They are able to cross the cell membrane and deliver their DNA cargo to the nucleus of the host cell. rAAVs are engineered so that they lack the Rep gene that encodes the proteins that are required for viral genome replication and packaging. rAAVs are therefore replication-defective viruses. Thus rAAV form episomal DNA that persists in the nucleus of the transduced cell but does not integrate with the host genome [START_REF] Choi | Host Cell DNA Repair Pathways in Adeno-Associated Viral Genome Processing[END_REF]. The episomal DNA introduced by rAAV will be eventually diluted over time as the cell replicates, resulting in the eventual loss of the transgene expression with a delay that depends on the turnover of the transduced cell. Unlike most cell types, neurons are generally considered as quiescent cells, thus the DNA introduced by AAVs will be expressed for a long time, making AAV the vector of choice for many nervous targets.

To obtain high efficiency and cell-type specific expression of the transgene of interest, different features must be considered when designing an AAV vector: the viral dose, the viral capsid, the design of the viral genome and the animal model and the route of administration [START_REF] Schön | Retinal gene delivery by adeno-associated virus (AAV) vectors: Strategies and applications[END_REF]. The vector genome plays a critical role in the efficiency of transgene expression. The minimal components that are required in the AAV genome are the two ITRs that flank the gene of interest. Additional regulatory sequences such as promoters2 are inserted in the genome to drive expression. Commonly used promoters that lead to high-level expression of the gene of interest are the CMV (cytomegalovirus) promoter, EF1a (elongation factor 1a) and the CAG promoter [START_REF] Powell | Viral expression cassette elements to enhance transgene target specificity and expression in gene therapy[END_REF]. To drive cell-specific expression, specific promoters have been developed to achieve high level of expression in targeted cell types. The SNCG promoter, based on the regulatory region of the gamma-synuclein gene, has been shown to drive strong expression in retinal ganglion cells across different species: from mice to non-human primates (Chaffiol et al., 2017). The CaMKII promoter is a neuron-specific promoter that has been shown to be effective in transducing efficiently cortical neurons by different AAV serotypes in different species [START_REF] Watakabe | Comparative analyses of adeno-associated viral vector serotypes 1, 2, 5, 8 and 9 in marmoset, mouse and macaque cerebral cortex[END_REF]. The viral capsid has a determining role in host response, cell attachment, cell entry, escape from the endosome, nuclear trafficking and release from the genome to the nucleus [START_REF] Hudry | Therapeutic AAV Gene Transfer to the Nervous System: A Clinical Reality[END_REF]. Combined, these features render the capsid determining for cellular tropism and expression kinetics. Moreover, engineered variations of the capsid can further enhance certain features such as tropism and alter transduction efficiency dramatically. Various natural-occurring AAV serotypes exist and vary in their transduction efficiency and specificity for different cell types [START_REF] Rabinowitz | Cross-Packaging of a Single Adeno-Associated Virus (AAV) Type 2 Vector Genome into Multiple AAV Serotypes Enables Transduction with Broad Specificity[END_REF]. For example, AAV2 has been the first serotype successfully used in retinal gene transfer for RPE cells and RGCs [START_REF] Auricchio | Exchange of surface proteins impacts on viral vector cellular specificity and transduction characteristics: the retina as a model[END_REF]. To optimize the AAV's gene transfer functionality for specific applications, different approaches have been developed. For instance, to improve AAV capsid properties, random mutageneses of wild-type AAC capsids have been screened to find some with specific features. The 7m8 AAV2 variant has been created with this technology and it is able to efficiently transduce photoreceptors and RPE cells through intra-vitreal injection (Dalkara et al., 2013).

In conclusion, AAVs have become the standard tool for gene delivery into the central nervous system because they benefit from strong neuronal tropism and a good safety profile. They have been widely used to transduce neurons with optogenetic molecules to manipulate neural circuits [START_REF] Fenno | The Development and Application of Optogenetics[END_REF] and they have been proved to be most suitable vector to deliver efficiently and drive a long-lasting expression of the transgene in retinal cells [START_REF] Boye | A comprehensive review of retinal gene therapy[END_REF]. AAVs appear therefore to be the best choice also for transducing mechanosensitive proteins into neurons for sonogenetics.

main objectives of the thesis

The aim of this work was to investigate whether the sonogenetic approach might be applied for vision restoration, i. e. might be used to stimulate the neurons of the visual cortex selectively, with high spatio-temporal resolution. To pursue this final aim the following research objectives have been defined:

• Identify a suitable mechano-sensitive channel for sono- genetics and its expression in neurons. To develop sonogenetics it is necessary to accurately choose an US sensitive channel. This channel has to be expressed into the neuron's membrane with a sufficient expression rate and its gating mechanism should be activated by mechanical deformation induced by US waves.

• Investigate the ability of the mechano-sensitive channel to be activated by US stimulation. After the selection of the mechano-sensitive channel, it has to be determined whether it can be reliably activated by US waves when expressed in neurons. Moreover, it has to be established whether it expression leads to increased US sensitivity compared to US stimulation alone.

• Determine effective ultrasonic stimulation parameters. As discussed in subsubsection 1.2.4.1 a wide set of acoustic parameters have been used to stimulate neurons with US in different experimental preparations. An analysis of the different stimulation protocols is necessary to determine whether an optimal stimulation exists for sonogenetics. Defining a subset of optimal stimulation parameters would also make it possible to make assumptions on the potential underlying bio-physical mechanism of ultrasonic neurostimulation.

• Test the spatial and temporal resolution of the sonogenetic approach. To use US stimulation as a tool in vision restoration and achieve high-quality visual perception, higher spatial resolution than that currently offered by US neuromodulation is necessary. One of the main interests in developing sonogenetics is indeed the increase in spatial resolution given by the cell targeting and the increased sensitivity to US of high frequencies. It is therefore important to verify whether sonogenetics can provide higher spatial resolution. Moreover, it must be verified that high temporal resolution can also be reached, as this is another important factor in vision restoration. The human visual system has indeed a high temporal dynamics: the cortical neurons in the visual areas are able to process information with a millisecond resolution [START_REF] Bair | Temporal Precision of Spike Trains in Extrastriate Cortex of the Behaving Macaque Monkey[END_REF]) and high refresh rates are essential for the perception of moving stimuli [START_REF] Kime | Psychophysical Assessment of Perceptual Performance with Varying Display Frame Rates[END_REF]. Moreover to enhance the quality of vision restoration provided by visual prostheses not only spatial resolution but also temporal resolution have to be improved to be used in dynamic environments [START_REF] Kime | High Temporal Sub-millisecond Time Resolution Stimulation Increases Performances of Retina Prosthetic Vision[END_REF].

• Validation of the sonogenetic approach in vivo in the depth of the visual cortex. Ultimately it has to be determined whether this approach can also be applied efficiently in vivo for the stimulation of neurons of the visual cortex without inducing any side-effect.

To attempt these goals, first the sonogenetic approach was tested and characterized in the isolated retina, a reliable and easily acessible neuronal network. Next, we extended the sonogenetic strategy to an in vivo brain structure using the rat visual cortex. In the next chapter the main experimental results of this work are presented, followed by a general discussion of these findings and perspectives.

Part II Precise sonogenetic stimulation for vision restoration

2 P R E C I S E S O N O G E N E T I C S T I M U L AT I O N F O R V I S I O N R E S T O R AT I O N

summary

The main aim of this work was to develop a proof of concept of sonogenetics as a brain-machine interface to stimulate the primary visual cortex for vision restoration. We identified the MscL channel as a potential sonogenetic actuator and decided to investigate its effects in sensitizing neurons first in a natural neuronal circuit that is easily accessible, the retina, and then in vivo in the primary visual cortex of rats.

The MscL channel in its wild-type (WT) and mutated form (G22S) has been expressed efficiently in RGCs of rat retina (Figure 1 A-D). The expression of MscL on RGCs induced sustained responses to high-frequency US (15 MHz) with short latencies (Figure 1 F-left-G) and rapid return to the control levels after the US OFFset. The MscL channel increased the retina's sensitivity to lower US pressures compared to the non-transfected retina (Figure 1 I). Blocking synaptic transmission suppressed all US-elicited responses in the non-transfected retina but maintained the short latency responses in the MscL-tranfected retina (Figure 1 L). MscL-transfection of blind P23H1 led to US-evoked responses but not for non-transfected retina (Figure 1 L). These results demonstrate that the short-latency responses observed in the MscL-transfected retina were induced by the MscL channel expressed in RGCs.

The G22S mutation of the MscL channel further enhanced the US sensitivity of RGCs to lower US pressures compared to the MscL WT form (Figure 1 K). Neurons were able to respond with high temporal resolution to stimuli as short as 10 ms (Figure 2 A-C) and were able to follow the rhythm to stimulus repetition rates up to 10 Hz (Figure 2B-E). When comparing with stimuli of different US frequencies 15 MHz stimulation was able to elicit responses from a much more confined area compared to 0.5 and 2.25 MHz (Figure 2 F) with a weighted mean distance between cells of 0.59 ± 0.03 mm, consistent with the size of measured US pressure fields. When the US stimulus was moved above the retina a shift in the responding cells was triggered in accordance with the displacement of the US transducer (Figure 2 I-J). These results on isolated retina demonstrated that the MscL-based sonogenetic approach is able to lead to direct depolarization of transfected neurons with high spatiotemporal resolution stimulation an essential feature for vision restoration.

We then explored the ability of this approach to stimulate directly neurons of the visual cortex in rats. MscL G22S was successfully expressed in cortical neurons of V1 as indicated by the red fluorescence of the reporter gene tdTomato on the brain or on brain sections (Figure 3 A-C). US-evoked local field potentials were recorded using an µECoG electrode array placed directly on the primary visual cortex. 15 MHz US stimulation was not able to evoke any response in non-transfected animals whereas it produced large negative potentials when the sonogenetic actuator was expressed (Figure 3 E). The size of the US responding cortical area varied with the US pressure and was as small as 0.35 ± 0.19 mm 2 for the smallest pressure value (Figure 3 L). Again, as observed in the retina, the activated area moved when the stimulus was shifted (Figure 3 M). By recording neurons with intra-cortical multi-electrode arrays we were able to record also the US evoked response of neurons in different layers of V1. In the cortical depth, neurons responded to US stimuli as short as 10 ms with rapid return to the control level at the stimulation OFFset. Neurons were even able to follow a stimulation rate up to 13 Hz (Figure 3 O).

These in vivo results confirmed that MscL based sonogenetics is able to locally activate neurons of the visual cortex with a good spatial and temporal resolution and with US pressure values that were not able to elicit a response in control animals. Moreover, the acoustic energy that has been used did not induce any undesired tissue heating (Figure E4). With this study we provide to our knowledge the first in vivo evidence that the MscL channel is adapted for high spatiotemporal sonogenetic activation. This approach appears to be promising tool not only for vision restoration but also to treat all neurological disorders requiring precise stimulation of cortical or sub-cortical brain regions.

It was anticipated that brain-machine interfaces (BMIs) based on multielectrode arrays would provide solutions for many neurological disorders and rehabilitation strategies as for blindness [START_REF] Obidin | The Future of Neuroimplantable Devices: A Materials Science and Regulatory Perspective[END_REF]. However, their clinical applications remain limited to conditions such as hearing disabilities and Parkinson's disease. Cortical multi-electrode arrays raised great hopes for the restoration of form vision in patients with a lost eye-to-brain connection (Beauchamp et al., 2020), but their resolution remains too low for complex tasks, such as navigation and face recognition. Furthermore, their long-term use is also hindered by a reported loss of efficacy over time (Dobelle, 2000) . Optogenetic therapy has provided an alternative for the non-invasive stimulation of neurons with a higher resolution, as demonstrated on the retina [START_REF] Ferrari | Manipulation of Subcortical and Deep Cortical Activity in the Primate Brain Using Transcranial Focused Ultrasound Stimulation[END_REF][START_REF] Mcgregor | Optogenetic restoration of retinal ganglion cell activity in the living primate[END_REF]. However, despite encouraging preliminary results in studies aiming to elicit visual perception at the cortical level [START_REF] Chernov | Functionally specific optogenetic modulation in primate visual cortex[END_REF]Jazayeri, Lindbloom-Brown, and Horwitz, 2012;Ju et al., 2018), optical stimulation approaches are hindered by the dura mater and by tissue diffraction and absorption of light (Jazayeri, Lindbloom-Brown, and Horwitz, 2012;Ju et al., 2018;McAlinden et al., 2019). Ultrasound (US) waves overcome these limitations, allowing in depth focusing and the non-invasive neuromodulation of cortical and subcortical brains areas (Deffieux et al., 2013;Lee et al., 2016;Legon et al., 2018Legon et al., , 2014;;Mehić et al., 2014;Tufail et al., 2010Tufail et al., , 2011)). Unfortunately, the trade-off between spatial resolution and acoustic intensity greatly limits the applicability of US neuromodulation for BMI, as high spatial resolution is obtained only with high frequency US, at the expense of the required energy (Ye, Brown, and Pauly, 2016), with a risk of thermal heating and US-mediated tissue damage (Kim et al., 2014;Lee et al., 2016). Sonogenetic therapy proposed in this paper aims 1) to boost neuronal sensitivity to US through the expression of US-sensitive channels on cell membrane (Huang et al., 2020;Ibsen et al., 2015;[START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]Yang et al., 2020;Ye et al., 2018), 2) to induce responses with a high temporal precision and 3) to offer cell specificity, which is absent from current non-specific US neuromodulation strategies. This unique combination of high spatial and temporal resolution in conjunction with render sonogenetic therapy perfectly compatible with applications for vision restoration, which require video-rate patterns of stimulation.

We investigated sonogenetic therapy in a natural mammalian neuronal circuit, by expressing the mechanosensitive ion channel of large conductance (MscL) (Hamill and Martinac, 2001;Perozo, 2006;Soloperto et al., 2018a;Sukharev, 2001;Sukharev et al., 1994) in rat retinal ganglion cells (RGCs), with in vivo intra-vitreal adeno-associated vector (AAV) delivery. Vectors were produced with the MscL gene from Escherichia coli in its wild-type (WT) form and with a mutation, G22S (Yoshimura et al., 1999), which increased the sensitivity of cultured neurons to mechanical and ultrasonic stimulation (Soloperto et al., 2018b;Ye et al., 2018). A AAV2.7m8 (Dalkara et al., 2013) serotype vector was used to encode the MscL channels fused to the red fluorescent protein tdTomato, under control of the SNCG promoter specific to RGCs (Chaffiol et al., 2017). Following injections, tdTomato expression was detected in vivo, on the eye fundus (Figure 1A). Examination of the flat-mounted retina showed that tdTomato expression was restricted to the ganglion cell layer and the optic fiber bundles (Figure E1B). We further demonstrated that expression was limited to RGCs, by labeling these cells with a specific antibody, RPBMS (Figure 1B). Expression of the MscL gene seemed to be concentrated at the cell membrane on the soma and axon (Figure 1C). The staining indicated that, in the transfected area,33.73% and 45.83% of RPBMS-positive cells expressed tdTomato, for the MscL-WT and MscL-G22S proteins, respectively (Figure 1D). We next evaluated RGCs sensitivity to US, by performing ex vivo recordings of the retina on a multi-electrode array (Figure 1E). In retinas expressing the 1G). By contrast, many RGCs of transfected retinas presented responses with a very short latency (SL), 12.2 ± 2.5 ms, (Figure 1F-left), while others continued to respond with longer latencies (Figure 1G). RGCs were therefore classified into SL and LL in terms of their response, with SL corresponding to a latency of less than 45 ms. The generation of SL ON US responses was not related to a specific RGC type (Figure E2A), as they were measured both in cells with ON responses to light, and those with OFF responses to light (Figure 1F-left).

MscL expression decreased latency and increased the average number of cells per retina responding to US (Figure 1H). SL responding cells expressing MscL were sensitive at very low US pressures compared to non-transfected cells and their number increased at increasing US pressures (Figure 1I). SL US responses also had higher firing rates and were more sustained than LL US responses (Figure 1J). Moreover, we observed that the G22S mutation further enhanced the US sensitivity of SL RGCs to lower US pressures (Figure 1K).

We further investigated the origin of the sonogenetic responses, by adding a mixture of synaptic blockers (CNQX-LAP4-CPP) to the bath perfusing the retina. These synaptic blockers were found to abolish US responses in non-transfected retinas but not in MscL-transfected retinas, in which they did not suppress the SL US responses and only decreased the number of LL US responses (Figure 1L). This observation suggests that the MscL-mediated SL US responses are initiated by RGCs, whereas LL US responses in the transfected and non-transfected retina originate upstream from RGCs. These conclusions were supported by data recorded from retinas of blind P23H rats. No US responses were recorded for the non-transfected P23H retina (Figure 1L), demonstrating that the LL US responses required synaptic transmission, as previously reported (Menz et al., 2013), and suggesting a possible origin in photoreceptors. MscL-transfected P23H retinas displayed many SL US responses and few LL US responses, demonstrating further that MscL expression generates the SL latency responses in RGCs. We subsequently restricted our analyses to SL US responses. We investigated the temporal kinetics of US responses under various durations of US stimulation (Figure 2A) and at various repetition rates (Figure 2B). Neurons responded to even very short stimulation durations (10 ms), with responses showing a fast return to the control level of activity (Figure 2A). For longer stimuli (100 ms or longer), responses start displaying habituation, with a reduction of the maximum firing rate (Figure 2 2C). US response durations were correlated with stimulus duration (Figure 2D). Using a different repetition rate of a 15 MHz US stimulus, RGCs were able to follow the rhythm up to 10 Hz (Figure 2B-E). The Fano factor in the previous experiments indicated that the response had a low variability in spike count and possibly high information content (Figure 2C-E).

We then investigated whether different US frequencies (0.5, 2.25 and 15 MHz) affected the spatial resolution of the response, in accordance with the measured US pressure fields, which became smaller at higher US frequencies (Figure E3, Figure E4A-C). The features of the responses evoked by the different US frequencies were found to be similar (Figure E2C-D). Figure 2F illustrates the distribution of responding cells on the chip under different US stimulation frequencies with the expected FWHM (full width at half maximum) distribution of the US pressure field (green rings). Cells responding to US were widespread over the recorded area for the 0.5 and 2.25 MHz, but appeared to be more confined for 15 MHz (Figure 2F). For each stimulated retina, we then calculated the spatial dispersion of activated cells, this value decreased significantly from 1.48 ± 0.12 mm (n = 12 retinas) and 1.30 ± 0.18 mm (n = 5 retinas) at 0.5 MHz and 2.5 MHz, respectively, to 0.59 ± 0.03 mm (n = 9 retina) at 15 MHz (Figure 2G). These distances were consistent with the size of the measured ultrasound pressure fields (Figure E4) and the mean distance between two randomly selected electrodes on the MEA chip (1.73 mm). The density of activated cells increased significantly with increasing US frequency and activated cells were more widely dispersed at lower frequencies on the larger stimulated area (Figure 2H). US stimulation at higher frequencies is more effective as lower acoustic power values are required to activate an equivalent number of cells. Indeed, even if the acoustic intensities at 2.25 and 15 MHz were quite similar (respectively Isptp=40.3 W/cm 2 and Isptp=56.3 W/cm 2 ), the delivered acoustic power was almost two orders of magnitude lower at 15 MHz (0.03 W) than at 2.25 MHz (0.82 W). Interestingly, at 15 MHz, the stimulated area was small enough for the focal spot of the US probe to be moved above the isolated retina, triggering a shift in the responding cells (Figure 2I). This shift followed the probe's focal spot over the retina, in the same direction and with a consistent displacement amplitude. The center of the response was found to move in accordance with the displacement of the US transducer (Figure 2J). These results demonstrate that our sonogenetic therapy approach can provide a spatial resolution compatible with the patterned stimulations required for vision restoration.

We then investigated whether the approach could also be applied to the brain in vivo, paving the way towards a sonogenetic-based BMI using high frequency ultrasonic arrays implanted in the skull bone. As the G22S mutation enhanced the US sensitivity of RGCs ex vivo, we expressed this channel in the cortical neurons of the primary visual cortex (V1) in rats. We injected a AAV9.7m8 vector encoding the MscL-G22S channel fused to tdTomato under the control of the neuron-specific CamKII promoter into V1. TdTomato fluorescence was detected in the brain (Figure 3A) and in cortical slices (Figure 3B). V1 neurons expressed tdTomato, particularly in layer 4 (Figure 3B).

Staining with an anti-NeuN antibody showed that 33.4% of cortical neurons in the transfected area expressed tdTomato (Figure 3C). In order to investigate the ability of a 15 MHz US stimulus to activate cortical neurons, we placed a micro-EcoG (µEcoG) electrode array on the cortical surface of V1 (Figure 3D).

In non-transfected animals, no US-evoked signal was recorded (Figure 3Eright, n=3 rats), whereas, in V1 expressing MscL-G22S, US stimulation of the cortical surface elicited large negative µEcoG potentials (Figure 3E-middle, n=4 rats). ). These US-evoked negative deflections were different from the recorded visual-evoked potentials, which presented typical P0, N1 and P1 positive and negative deflections (Figure 3E-left). The duration of the US responses was clearly related to the duration of the US stimulation (Figure 3F).

The amplitude of US-evoked potentials increased with both increasing US pressure (Figure 3G) and increasing US stimulus duration (Figure 3H). V1 cortical responses were again able to follow a repetition rate of up to 8 Hz (Figure 3I) with similar peak amplitude for different stimulation frequencies.

We then investigated the spatial distribution of US-evoked neural activity.

The peak depolarization of each channel was measured and linearly interpolated to build pseudocolor activation maps (Figure 3J). The size of the US-responding cortical area was dependent on the US pressure (Figure 3J-K), and ranged from 0.35 ± 0.19 mm 2 (n=3 rats) to 1.57 ± 0.27 mm 2 (n=4 rats) for US pressures of 0.26 and 1.27 MPa, respectively (Figure 3L). We investigated the possibility of achieving patterned US stimulations, by moving the US transducer in 0.4 mm steps over the recorded area. When the ultrasound probe was moved laterally, the source of the generated neuronal activity moved in a similar direction (Figure 3K). The spatial location of the evoked potentials moved in average by 0.27 ± 0.09 mm (n=4 rats) from the previous location (Figure 3M) although we moved the US transducer with 0.4 mm steps. These measurements were probably conditioned by the 300 µm discrete spatial pitch distribution of the electrodes and the lateral spread of activity in the circuit. These results suggest that our approach of sonogenetic therapy could rely on a spatial resolution of at least 400 µm for stimulations at 15 MHz, the focal spot of our 15 MHz transducer being 276 µm wide (Figure E4C). This opens up the possibility of targeting very small areas (up 0.35 mm 2 for 0.26 MPa), depending on the pressure level. These very localized US-evoked responses and their dependence on the position of the US probe confirmed that they were due to the activation of MscL-G22S-expressing neurons and not to an indirect response related to auditory activation as previously reported by others (Guo et al., 2018;Sato, Shapiro, and Tsao, 2018).

The possibility of the US stimulation to activate neurons at different depths was then explored. V1 neurons were recorded with a 16-site penetrating multi-electrode array. In V1 expressing MscL-G22S, US stimulation at 15 MHz generated sustained SL responses (Figure 3N) at various cortical depths, ranging from 100 µm to 1 mm (Figure 3P-bottom) (n=3 rats) that differed considerably from natural visual responses (Figure 3N). Deep neurons re- The latency of these responses was short (7.57 ± 1.37 ms, Figure 3P-top), consistent with a direct US activation of recorded cortical neurons. No response to US stimulation was observed in the V1 of control non-transfected animals (Figure 3N) (n=3 rats), demonstrating the specificity of US responses to MscL-G22S channel expression.

The development of remotely controlled cortical and subcortical deep neuronal stimulation techniques is of considerable interest for the treatment of diverse neurological diseases and sensory handicaps. Optogenetics has been developed for this purpose in non-human primates, but its potential for transfer into clinical practice is limited by the low level of light penetration into the brain tissue (Jazayeri, Lindbloom-Brown, and Horwitz, 2012;Ju et al., 2018). US stimulation can overcome this limitation [START_REF] Folloni | Manipulation of Subcortical and Deep Cortical Activity in the Primate Brain Using Transcranial Focused Ultrasound Stimulation[END_REF]Lee et al., 2016;Legon et al., 2014;Tufail et al., 2011). Most of previous studies focused on the combination of intravascular microbubbles and lowfrequency US, which has the advantage of being able to cross the skull bone and reach even deep brain regions. Recent demonstration of MscL-based sonogenetic activation in mice brain without the requirement of contrast agent's injection was also performed with long bursts of low frequency US [START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]. Such low frequency US waves lead to limited centimetric spatial resolutions (typically around 5x5x45 mm 3 ) and out of control spatial beam pattern distribution due to the formation of standing waves (Baron et al., 2009). In rodent brain, this phenomenon generates reverberations throughout the whole braincase (Younan et al., 2013), with the probable activation of non-target structures, such as the auditory pathway (Guo et al., 2018;Sato, Shapiro, and Tsao, 2018). An alternative approach to restrict US propagation involves the use of higher US frequencies, but this requires higher energy levels that may exceed safety limits and would be more likely to generate complications (Ye, Brown, and Pauly, 2016). Our sonogenetic approach greatly decreased the US pressure required for the activation of RGCs and V1 cortical neurons by high-frequency US using stimulation sequences remaining below the FDA limits for US imaging (e.g. for a 10 ms US stimulus of 0.6 MPa, the Isptp is 12 W/cm 2 and the Ispta value is of 0.12 W/cm 2 ). For cortical neurons, in the absence of MscL expression, stimulation at 15 MHz evoked no response. In the retina, the natural US responses observed in the absence of MscL expression were not elicited intrinsically in RGCs, but could result from the mechanosensitivity of photoreceptors, as previously suggested (Menz et al., 2013). If MscL has been previously reported to sensitize neurons to US [START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]Ye et al., 2018), its use for high spatiotemporal resolution stimulation still remained to be proven in vivo. Our results show that MscL G22S channel expression resulted in neuronal responses with millisecond response kinetics and a spatial resolution of at least 400 µm. Simulations of US-induced heating in brain tissue revealed that typical US parameters inducing clear responses, (i. e. 20 ms 1.27 MPa) (Figure 3E-H), were estimated to increase the local temperature by 0.12°C and even their high repetition rates (up to 13 Hz) lead to moderate temperature increase (<0.3°C) (Figure E4 J-K). These low temperature fluctuations tend to prove that our US-elicited responses were not temperature-driven and very likely mediated by the mechanical activation of the MscL channel by US. Following previous demonstrations that the MscL channel is a suitable sonogenetic actuator [START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]Soloperto et al., 2018a;Ye et al., 2018), we provide in vivo evidence that the MscL channel has appropriate kinetics for the activation of neurons at a high spatiotemporal resolution in situ and in vivo. Previous in vivo studies reported the restoration of form vision at the cortical level with 0.8 to 1 mm electrodes spaced more than 1 mm apart (Beauchamp et al., 2020;Brindley and Lewin, 1968;Dobelle, 2000). The resolution of the proposed sonogenetic therapy appears therefore compatible with form vision restoration. Further studies are required to generate an interface for coding visual information into US patterns transmitted by an ultrasonic matrix array onto the visual cortex at a video rate. However, our approach provides great hopes for the development of high-resolution visual restoration at the cortical level, through its unique combination of a fast response time, high spatial resolution and high cell selectivity and sensitivity, features that are essential for video-rate brain-wide pattern stimulation. More generally, it paves the way for a new type of brain-machine interface capable of compensating for disabilities and suitable for use to treat neurological disorders.

methods

Animals

All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The experimental protocol was approved by the Local Animal Ethics Committee (registration number 9529) and conducted in agreement with Directive 2010/63/EU of the European Parliament. All rats included in this study were Long Evans rats from Janvier Laboratories or P23H (line 1) transgenic rats.

Plasmid cloning AAV production

Plasmids containing the Escherichia coli MscL sequence in the WT form and with the G22S mutation were obtained from Francesco Difato (Addgene plasmids 107454 and 107455) (Soloperto et al., 2018a). For the targeting of retinal ganglion cells, the SNCG promoter (Chaffiol et al., 2017) was inserted into a AAV backbone plasmid containing the MscL sequence fused to the tdTomato gene and the Kir2.1 ER export signal, to drive expression at the plasma membrane. An AAV2.7m8 vector was used for intra-vitreal delivery. In order to target neurons in the cortical layers of V1, the SNCG promoter was replaced by the CamKII promoter and an AAV9.7m8 was chosen. All the recombinant AAVs used in this study were produced by the plasmid cotransfection method, and the resulting lysates were purified as previously described, to yield a high titer of recombinant AAV virus [START_REF] Choi | Production of Recombinant Adeno-Associated Viral Vectors for In Vitro and In Vivo Use[END_REF].

US stimulus

Three transducers with different central frequencies were used, to obtain focal spots of different sizes: 0.5 MHz (V301-SU, Olympus), 2.25 MHz (V306-SU, Olympus) and 15 MHz (V319-SU, Olympus). A TiePie Handyscope (HS3, TiePie Engineering) was used to produce the stimulus waveform, which was then passed through an 80 dB RF power amplifier (VBA 230-80, Vectawave) connected to the transducer. Transducer pressure outputs (pressure at focus, 3D pressure maps) were measured in a degassed water tank with a Royer-Dieulesaint heterodyne interferometer [START_REF] Royer | Optical probing of the mechanical impulse response of a transducer[END_REF]. The US stimuli used for ex vivo and in vivo stimulation had the following characteristics: 1 kHz pulse repetition frequency with a 50% duty cycle, sonication duration between 10 and 200 ms and inter-stimulus interval between 0.01 and 2 s. Peak acoustic pressures were 0.11-0.88 MPa, 0.3-1.6 MPa, 0.2-1.27 MPa, for the 0.5, 2.25 and 15 MHz transducers, respectively. The corresponding estimated Isppa values were 0.39-25.14 W/cm 2 , 2.92-83.12 W/cm 2 and 1.30-52.37 W/cm 2 .

Ex vivo

Intra-vitreal gene delivery and retinal imaging

Rats were anesthetized with isoflurane (5% for induction, 3% for maintenance) and 2 µl of AAV suspension, containing between 8 and 14x10 10 viral particles, was injected into the center of the vitreous cavity while directly observing the tip of the needle. One month after injection, fluorescence imaging was performed on the injected eyes, with a Micron IV retinal imaging microscope (Phoenix Research Laboratories) used to observe MscL expression via the fluorescent tdTomato tag. Electrophysiological recordings were performed at least one month after injection.

MEA recordings

Retinas were isolated under dim red light, in Ames' medium (A1420, Sigma-Aldrich) bubbled with 95% O2 and 5% CO2 at room temperature. Pieces of the retina were flattened on a filter membrane (Whatman, GE Healthcare Life Sciences) and placed on a poly-L-lysine (0.1%, Sigma) coated multi-electrode array (electrode diameter 30 µm, spacing 200 µm, MEA256 200/30 iR-ITO, MultiChannel Systems) with retinal ganglion cells facing the electrodes. The retina was continuously perfused with bubbled Ames medium at 34°C, at a rate of 2 ml/min, during experiments. TdTomato fluorescence was checked before recordings, by using a stereo microscope (SMZ25, Nikon) to observe transgene expression in the recorded area. For some experiments the AMPA/kainate glutamate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 25 µM, Sigma-Aldrich), the NMDA glutamate receptor antagonist [3H]3- (2-carboxypiperazin-4-yl) propyl-1-phosphonic acid (CPP, 10 µM, Sigma-Aldrich) and a selective group III metabotropic glutamate receptor agonist, L-(+)-2-amino-4-phosphonobutyric acid (L-AP4, 50 µM, Tocris Bioscience), were freshly diluted and added to the bath for application by perfusion for 10 minutes before recording. Full-field light stimuli were delivered with a digital micro-mirror display (DMD, Vialux, resolution 1024x768) coupled to a white light LED light source (MNWHL4, Thorlabs) focused on the photoreceptor plane. An irradiance of 1 µW/cm 2 was used. The US transducers were coupled with a custom-made coupling cone filled with degassed water, mounted on a motorized stage (PT3/M-Z8, Thorlabs) and placed orthogonally in the recording chamber above the retina. For positioning of the US transducer over the retina, the reflected signal of the MEA chip and the retina was detected with an US-key device (Lecoeur Electronique). The distance between the retina and the transducer was equal to the focal length of the transducer; this was verified with the flight time of the reflected signal. RGC recordings were digitized with a 252-channel preamplifier (MultiChannel Systems). Spikes from individual neurons were sorted with SpykingCircus software [START_REF] Yger | A spike sorting toolbox for up to thousands of electrodes validated with ground truth recordings in vitro and in vivo[END_REF]. RGC responses were then analyzed with custom scripts written in Matlab (MathWorks). They were classified as ON, ON-OFF or OFF, with the response dominance index [START_REF] Akerman | Visual experience before eye-opening and the development of the retinogeniculate pathway[END_REF]. The latency of each cell relative to the start or end of the stimulus was calculated as the time between the start of the stimulus and the maximum of the derivative of spike density function. For cells responding to US stimulation, two classes were identified on the basis of latency -short and long latency -by fixing a threshold equal to the minimum of the latency distribution of the responses of non-transfected cells to US (45 ms). We determined the peak value A of spike density function for the calculation of response duration, which was defined as the time interval between the two time points for which the SDF was equal to A/e (e: Euleur's number). The percentage of cells responding to US stimulation of increasing US pressure was calculated as the ratio of the number of activated cells to the maximum number of responding cells for all the US pressures considered. The Fano factor, quantifying spike-count variability, was calculated as the ratio of the variance of the spike-count to the mean. Values close to 1 indicate that information can be transmitted. The Euclidean distance between two activated cells was weighted according to the maximum firing rate of the cells. The ratio of the number of activated cells to the size of the area stimulated on the MEA chip was calculated considering the size of the US focal spot for 2.25 and 15 MHz and the size of the MEA for 0.5 MHz, because the focal spot was larger than the MEA for this frequency. The center of the response was estimated by weighting the maximum of firing rate of each cell according to its distance from other responding cells, and the displacement of the response was calculated as the Euclidean distance between two center of response positions.

In vivo

Intracranial injections

Rats were anesthetized with a ketamine/medetomidine mixture (40 mg/kg /0.14 mg/kg). The surgical site was shaved and a midline incision was made to expose the skull bone. The animal was placed in a stereotactic frame and two holes were drilled at the injection sites. AAV suspensions were injected into the right hemisphere at two different locations (coordinates from the bregma: 2.6 mm ML, 6.8 mm AP and 3.1 mm ML, 7.2 mm AP). For each location, 200 nl of viral vector (containing 0.2-8 x 10 1 5 viral particles) was injected at three different depths (1100, 1350 and 1500 µm DV) with a microsyringe pump controller (Micro4 ,World Precision Instruments) operating at a rate of 50 nl/min and a 10 µl Hamilton syringe. Electrophysiological recordings were performed at least one month after injections.

In vivo extracellular recordings

Rats were anesthetized with a mixture of ketamine and medetomidine (40 mg/kg /0.14 mg/kg). Pupils were dilated with tropicamide (Mydriaticum, Dispersa). A small craniotomy (5x5 mm square) was drilled above V1 in the right hemisphere. Before recording, tdTomato fluorescence was checked with a Micron IV retinal imaging microscope (Phoenix Research Laboratories). A 32-site µEcog electrode array (30 µm electrode diameter, 300 µm electrode spacing, FlexMEA36, MultiChannel Systems) was positioned over the transfected brain region for rats expressing MscL G22S or in a similar zone for control rats. After µEcog recordings, multi-electrode (MEA) recordings were performed with a 16-site silicon microprobe (electrode diameter 30 µm, spacing 50 µm, A1x16-5mm-50-703, NeuroNexus Technologies). The MEA probe was advanced 1100 µm vertically into the cortex with a three-axis micromanipulator (Sutter Instruments, Novato, CA). The US transducer was coupled to the brain with a custom-made coupling cone filled with degassed water and US gel, and was positioned over the region of interest with a motorized stage. The probe and the US transducer were perpendicular for µEcog recordings and tilted at 45°for intracortical recording. The distance between the target in the cortex and the transducer was equal to the focal length of the transducer, as checked with the reflected signal with a US-key (Lecoeur Electronique). Visual stimuli were generated by a white lightcollimated LED (MNWHL4, Thorlabs) placed 15 cm away from the eye. Light irradiance at the level of the cornea was 4.5 mW/cm 2 . µEcog and extracellular signals were digitized with a 32-channel amplifier and a 16-channel amplifier, respectively (model ME32/16-FAI-PA, MultiChannel Systems). µEcog recordings were further analyzed with custom-developed Matlab scripts. MEA recordings were further analyzed with SpykingCircus software, and single-cell events were analyzed with custom-developed Matlab scripts. For µEcog recordings, response duration was calculated as the time interval between the two time-points at which the cortical evoked potential was equal to A/e (where A is peak depolarization and e is Euleur's number). The peak depolarization of each channel was linearly interpolated to build pseudocolor activation maps. The activated area was defined as the area of the pseudocolor activation map over which peak depolarization exceeded 30 V. The center of the response was estimated by weighting the peak depolarization of each electrode according to its distance from other electrodes. For intracortical recordings, cell latency was estimated as the time between the stimulus onset and the maximum of the derivative of spike density function.

Immunohistochemistry and confocal imaging

Transduced retinas and brains were fixed by incubation in 4% paraformaldehyde (100496, Sigma-Aldrich) for 30 minutes for retinas, and overnight for brains. Brains were cryoprotected in 30% sucrose (84097, Sigma-Aldrich), and 50 µm thick sagittal slices were cut with a microtome (HM450, Microm). The slices displaying the highest levels of tdTomato fluorescence from each brain were selected for further immunohistochemistry and imaging. Retinas and sagittal brain cryosections were permeabilized by incubation in 0.5% Triton X-100 in PBS for 1 h at room temperature and then incubated in blocking buffer (PBS + 1% BSA + 0.1% Tween 20) for 1 h at room temperature. Samples were incubated overnight at 4°C with a monoclonal anti-RBPMS antibody (1:500, Rabbit, ABN1362, Merck Millipore) for the retina, and with a monoclonal anti-NeuN antibody (1:500; Mouse, MAB377, Merck Millipore) for brain sections, in 0.5x blocking buffer supplemented with 0.5% Triton X-100. The sections were then incubated with secondary antibodies conjugated with Alexa Fluor (1:500; Molecular Probes) and DAPI (1:1000, D9542, Merck Millipore) for 1 h at room temperature. An Olympus FV1000 laser scanning confocal microscope with 20x objective (UPLSAPO 20XO, NA: 0.85) was used to acquire images of flat-mounted retinas and brain sections.

Transduction efficiency

Confocal images were processed with FIJI (ImageJ) for the assessment of transduction efficiency. RBPMS-and NeuN-positive cells were counted automatically with the Analyze particles FIJI plugin. MscL-tdTomato and MscL-tdTomato-RBPMS/NeuN-positive cells were counted manually by two different users, with the CellCounter FIJI plugin. For the retina, quantification was performed by identifying the transfected area in each retina and acquiring confocal stacks in at least four randomly chosen regions of 0.4 mm 2 per retina (Figure E1). For V1 neurons, the sagittal brain slice with the largest MscL-expressing zone was selected for each animal. In some slices, tdTomato also diffused outside V1. A ROI in V1 was, therefore, manually defined and quantifications were performed in at least six randomly chosen regions of 0.4 mm 2 .

US-induced tissue-heating simulations

When considering cell stimulation at higher frequencies (15 MHz) than usually described in the neuromodulation literature, it is mandatory to estimate thermal effects as they can become important. This estimation was done through a three-fold process: 1) simulation of the acoustic fields generated by the 3 transducers we used in the study with realistic acoustic parameters, 2) determination that non-linear acoustics did not play an important role in the heat transfer and 3) realistic simulations of the heat transfer and temperature rise induced at focus by the ultrasound in a linear regime for the parameters used in this study. For non-linear simulations we used the Matlab toolbox kWave, by defining the geometry of the transducer in 3D, and using the following parameters for the propagation medium (water): sound speed c = 1500 m.s -1 , volumetric mass = 1000 kg.m -3 , non-linearity coefficient B/A= 5, attenuation coefficient = 2.2.10 -3 dB.cm -1 .MHz -y , and frequency power law of the attenuation coefficient y = 2 [START_REF] Duck | Physical Properties of Tissues: A Comprehensive Reference Network[END_REF]. We simulated quasi monochromatic 3D wave-fields using long bursts of 50 cycles, this gave us both the maximum pressure field in 3D and the waveform at focus. Simulations were calibrated by adjusting the input pressure (excitation of the simulated transducer) in order to reach the pressure at focus measured in the water tank with the real transducers. The full width at half maximum (FWHM) focal spot diameter in the xy plane was 4.36, 1.61 and 0.276 mm, and the major axis in the xz plane was 32.3, 20.6 and 3.75 mm long for the 0.5, 2.25 and 15 MHz transducers, respectively (Figure E4 A-C). Non-linear effects were evaluated by estimating the relative harmonic content of the waveform at focus. In the representative example of Figure E4, the amplitude of the second harmonic is 19.8 dB below the fundamental (20.9 dB in the simulated case), meaning that if the fundamental energy is E, the second harmonic has energy E/95. Therefore, we can reasonably neglect the non-linear effects in the calculations of the thermal effects as it accounts for ∼ 1% of the involved energy. Conclusions were the same at 0.5 MHz and 15 MHz. Using linear wave propagation approximation considerably lighten the computing cost of the simulations. Linear propagation simulations were conducted using Field II toolbox in Matlab [START_REF] Jensen | Calculation of Pressure Fields from Arbitrarily Shaped, Apodized, and Excited Ultrasound Transducers[END_REF][START_REF] Jensen | FIELD: A Program for Simulating Ultrasound Systems[END_REF] in monochromatic mode with the same medium properties than using kWave (water), to obtain 3D maximum pressure fields. These maximum pressure fields where used to build a heating source term Q US = (α np p 2 max )/(ρ b c b ), with α np being the absorption coefficient of the brain at the considered frequency (59.04 N p.m -1 at 15 MHz, calculated from α brain = 0.21 dB.cm -1 .MHz -y and y = 1.18), the brain volumetric mass ρ brain = 1046 kg.m -3 , the brain sound speed c brain = 1546 m.s -1 [START_REF] Duck | Physical Properties of Tissues: A Comprehensive Reference Network[END_REF]; ITIS Foundation DATABASE), and p max being the 3D maximum pressure field. This source term was then used in the resolution of a Penne's bioheat equation ρ brain C brain .∂T/∂t = div(K t .∇T)ρ blood C blood P blood (T -T a ) + Q in kWave, where C brain is the blood specific heat capacity (3630 J.kg -1 .C -1 ), K t the brain thermal conductivity (0.51 W.m -1 .C -1 ), ρ blood the blood density 1050 kg/m 3 , C blood the blood specific heat capacity (3617 J.kg -1 .C -1 ), P blood the blood perfusion coefficient (9.7 10 -3 s -1 ), T a the arterial temperature (37 • C), and Q = Q US + ρ brain .γ brain with γ brain the heat generation of the brain tissue (11.37 W.kg -1 ) (ITIS Foundation DATABASE; McIntosh and Anderson, 2010). The initial condition for the brain temperature was set to T 0 = 37°C. This simulation corresponds to a worst case scenario regarding the temperature rise given: 1) that the acoustic propagation is simulated in water only, with a lower attenuation coefficient (2.2 10 -3 dB.cm.MHz -2 ) than the brain (0.59 dB.cm.MHz -1.27 ), even if a part of the propagation occurs within the brain. Therefore p max maps are overestimated. 2) thermal absorption is simulated in brain tissue only, with a high absorption coefficient (0.21 dB.cm.MHz -1.18 ) compared to water, even if a part of the maximum pressure field is actually located within the water of the acoustic coupling cone. Therefore Q US is again slightly overestimated. We mapped the temperature in 3D and in time and looked for the point of maximal temperature rise (Figure E4 H-J).

Statistical analysis

Statistical analysis was carried out with Prism software (Prism 7, GraphPad). All values are expressed as means ± the standard error of the mean (SEM). The statistical tests performed are detailed in the figure legends. Data were analysed using an unpaired Welch's t-test (two-sided). The main aim of our work was to identify a suitable sonogenetic actuator for precise in vivo neural stimulation. To date, all attempts to achieve sonogenetic therapy in vivo were characterized by very low spatiotemporal resolution using Prestin protein (Huang et al., 2020;[START_REF] Wu | Targeted delivery of engineered auditory sensing protein for ultrasound neuromodulation in the brain[END_REF], the TRPV1 ion channel (Yang et al., 2020) or the MscL G22S ion channel [START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]. For the first two studies, the responses to US stimulation were attributed either to an indirect effect induced by US mechanical deformation on the actuator (Huang et al., 2020;[START_REF] Wu | Targeted delivery of engineered auditory sensing protein for ultrasound neuromodulation in the brain[END_REF] or to US-induced tissue heating (Yang et al., 2020). On the other hand, the recent work of Qiu and coworkers demonstrated that the mechano-sensitive channel MscL G22S can efficiently sensitize neurons in vivo via the mechanical-deformation of cell membrane induced by US. However, even if this study presented the first proof-of-concept of MscL as a sonogenetic actuator for in vivo applications, no evidence about the spatio-temporal characteristics of the approach was provided.

We choose to investigate the MscL ion channel from E. Coli (in its WT form and G22S mutated form) as a potential actuator for sonogenetics because of its rapid kinetics, its biophysical mechanism of action, its small gene and its simple molecular structure. We here showed that sonogenetic therapy can be achieved with a high spatiotemporal precision on the isolated retina and in the in vivo cortex following MscL expression in the corresponding neurons. Our results confirmed previous findings of Qiu et. al that MscL-based sonogenetic therapy is effective on rodent brain, although it had been predicted that the use of this channel as a sonogenetic actuator would not be possible in vivo without the use of microbubbles [START_REF] Maresca | Biomolecular Ultrasound and Sonogenetics[END_REF]. We have shown, instead, that US activation of cortical neurons can be achieved without the boost of US-induced microbubble cavitation. Moreover we showed that MscL G22S expression leads to direct depolarization upon US stimulation in vivo. Moreover, ex vivo, this mutant form, G22S, of the MscL channel exhibited a lower activation threshold compared to its WT form. Neurons expressing the MscL actuator were able to respond with a high temporal resolution, reflecting the fast mechanical gating properties of the MscL channel. Neurons responded to US frequencies from 0.5 MHz to 15 MHz showing that the required acoustic intensities were in a similar range for these different frequencies. In a previous study a mutated form of the same channel, MscL I92L, high frequency US stimulation was able to evoke responses in cultured neurons (Ye et al., 2018). These observations indicated that the US activation mechanism appeared to be virtually identical between our in vivo conditions and the previously reported in vitro conditions. Indeed the MscL channel opens rapidly when a mechanical stress is applied to the cell membrane (Sukharev, 2001). US-induced mechanical deformation of the cell membrane is therefore able to induce MscL channel opening when this deformation is over the threshold of channel gating. Moreover, 15 MHz stimulation has been found to be more effective in evoking a response in RGCs compared to lower US frequencies. This result suggests that acoustic radiation force might be responsible for cell membrane deformation and the consecutive ion channel opening as previously reported [START_REF] Menz | Physical mechanisms of ultrasonic neurostimulation in the in vitro retina[END_REF]. This acoustic radiation force exerted on the tissue increases at higher acoustic frequencies because of the increased US absorption by the tissue. Further, our results indicate that stimulation efficiency at constant acoustic pressure was related to stimulus duration, suggesting thereby that the activation threshold is related not to the acoustic pressure but to the total energy delivered. Therefore, our data are consistent with the notion that, as previously reported, the neuronal activation resulted from the mechano-sensitivity of the channel and is not related to USinduced temperature increase. Simulations of US-induced heating in our experimental conditions further supported this hypothesis. Indeed our stimulation protocol did not ledd to any significant tissue heating during the stimulation even at high stimulus repetition rates. Therefore, this evidences further suggests that the MscL-based sonogenetic approach will limit USelicited side effects such as hemorrhages or tissue heating. This conclusion agrees with the fact that our acoustic parameters were lower than the safety limits defined by the FDA for US imaging (e. g. for a 20 ms US stimulus of 1.27 MPa the Ispta value is of 0.52 W/cm 2 , FDA limit being of 0.72 W/cm 2 ).

a sonogenetic actuator to increase spatiotemporal resolution

The main aim of Sonogenetics is to specifically over-sensitize neurons to ultrasound and to increase the spatial and temporal precision that can be attempted compared to US stimulation only. Hereafter we discuss how this aim was attained with the MscL-based sonogenetic approach.

MscL leads to high temporal resolution

Neurons expressing the MscL actuator were able to respond with a rapid kinetics to US stimuli of short duration (up to 10 ms) and with high repetition rates (10 Hz) both in the isolated retina and in vivo in cortical neurons. These features reflect the fast mechanical gating properties of the MscL channel. Previous studies investigating sonogenetic actuators in vitro had already identified the MscL and the PIEZO1 channels as able to induce US responses with high temporal kinetics [START_REF] Prieto | Activation of Piezo1 but Not NaV1.2 Channels by Ultrasound at 43MHz[END_REF]Ye et al., 2018). In vivo, Prestin and TRPV1 as sonogenetic actuators failed to achieve high temporal resolution. The TRPV1-induced responses were characterised by very long latencies and required long stimulus durations (> 4 s) (Yang et al., 2020). This is presumably due to the fact that the TRPV1-based approach requires the US-induced tissue heating to evoke a response. The temporal dynamics of temperature increase and decrease is of course longer than for US-induced mechanical deformation. For Prestin-based sonogenetics, the temporal dynamics has not yet been determinated (Huang et al., 2020;[START_REF] Wu | Targeted delivery of engineered auditory sensing protein for ultrasound neuromodulation in the brain[END_REF]. Similarly, the MscL has been shown recently to be able to sensitize neurons to US but its use to attempt high spatiotemporal precision was not proven in vivo. Our results show that MscL is able to induce direct and rapid depolarization of neurons when stimulated with US confirming previous in vitro results with the I92L mutant (Ye et al., 2018). The latency of the US evoked response varied from 12.2 ± 2.5 ms for RGCs in isolated retina to 7.57 ± 1.37 ms for cortical neurons in vivo. This temporal kinetics could be dependent on the expression rate of the channel on cell membrane, since the time to obtain cell depolarization might be dependent on the number and conductance of the active ion channels. However, it is likely that specific voltage-gated ion channels also influence this spike initiation in the respective cells. Therefore, response latency could be further reduced by incrementing the expression rate of the channel on cell membrane. Moreover, a gain-of-function mutant of the MscL channel with faster gating kinetics could also be developed to further decrease the latency of the response.

Choice of ultrasound frequency

The choice of the ultrasonic frequency for US stimulation affects the spatial resolution of the neural response that can be attempted. Because of the physical properties of US waves travelling through a tissue, to achieve high spatial resolution high frequency US has to be used at the expense of the penetration ability and non-invasiveness (Figure 25). Moreover, at low frequencies exact targeting cannot be guaranteed because of the likely formation of standing waves1 . This phenomenon generates reflected ultrasound waves with complex pressure fields outside the target area that are difficult to control because they are dependent on the curvature of the skull and the angle between the skull and the US probe (Baron et al., 2009). In rodent brain this phenomenon can even lead to reverberations in the entire braincase (Younan et al., 2013) and the likely stimulation of non-targeted structures such as the auditory pathway (Guo et al., 2018;Sato, Shapiro, and Tsao, 2018). On the other hand, higher US intensities might be required to effectively stimulate neurons at high US carrier frequencies [START_REF] King | Effective parameters for ultrasoundinduced in vivo neurostimulation[END_REF]Ye, Brown, and Pauly, 2016) leading to potential side-effects such as tissue heating.

To be non-invasive and to avoid the use of high US intensities, most studies investigating US stimulation in vivo used sub-megahertz frequencies as outlined in Figure 26. All studies using US frequencies greater than 5 MHz concerned in vitro experimental preparations and used quite high intensity values [START_REF] Kubanek | Ultrasound modulates ion channel currents[END_REF]Menz et al., 2013;[START_REF] Menz | Physical mechanisms of ultrasonic neurostimulation in the in vitro retina[END_REF][START_REF] Prieto | Activation of Piezo1 but Not NaV1.2 Channels by Ultrasound at 43MHz[END_REF][START_REF] Tyler | Remote Excitation of Neuronal Circuits Using Low-Intensity, Low-Frequency Ultrasound[END_REF], supporting the hypothesis that higher intensities are required for high frequency US stimulation. As a consequence, to our knowledge, high reso- lution US neuromodulation has not yet been attained in vivo and would be difficult to achieve without increasing the risk of potential side effects. Thus it would be difficult to apply US neuromodulation alone, without using a sonogenetic actuator, in all the applications requiring a precise and high throughput stimulation.

To date, all the studies investigating sonogenetic actuators showed that expressing them on the cell membrane induced an increased sensitivity to US compared to control preparations; however, the gain in spatial and temporal resolution remains to be assessed in vivo (see Table 2). Based on in vitro assessment, the PIEZO1 and MscL ion channels appear to be the most suitable actuators for precise sonogenetic stimulation because they were able to decrease the activation threshold and induce activation at high US frequencies, leading to high spatial resolution [START_REF] Prieto | Activation of Piezo1 but Not NaV1.2 Channels by Ultrasound at 43MHz[END_REF]Ye et al., 2018). On the other hand, PIEZO1 appears to be less interesting for in vivo applications because its large gene cannot be easily packed into AAVs, the leading gene delivery vectors for the central nervous system. Our findings suggest that MscL G22S is able to increase the spatial resolution of US stimulation also in vivo. Indeed, neurons were able to respond to high frequency stimulation (15 MHz) with a limited acoustic intensity (I spta : 0.52 W/cm 2 for 20 ms stimulation). despite the high US frequency that we used. When comparing with previously investigated sonogenetic actuators for in vivo application, Prestin was not able to induce neural activation at US frequencies greater than 0.5 MHz (Huang et al., 2020;[START_REF] Wu | Targeted delivery of engineered auditory sensing protein for ultrasound neuromodulation in the brain[END_REF] and both TRPV1 and MscL G22S channels were able to increase US sensitivity but high frequency US stimulation has not been investigated [START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]Yang et al., 2020).

application for visual restoration

To date, the most promising neurostimulation technologies for vision restoration remain visual prostheses. Retinal implants are the mostly investigated visual prostheses because of the easy access to the retina. Several implants are already commercially available or in clinical trials [START_REF] Cruz | Five-Year Safety and Performance Results from the Argus II Retinal Prosthesis System Clinical Trial[END_REF]. However, such retinal prostheses are suitable only for those patients that are affected by photoreceptor degeneration. This approach is not suitable for patients that have lost the connection between the eye and higher visual centres in the brain. Direct stimulation of these higher visual centres has therefore been investigated (Brindley and Lewin, 1968). Cortical and intra-cortical electrode arrays have been developed to stimulate directly the primary visual cortex. This approach is very attractive because of the straightforward and well-understood coding of the visual scene, the accessibility and the favourable magnification factor of the central visual field of the visual cortex. All these features render the visual cortex the main target for vision restoration besides the retina. Cortical electrode arrays are able to restore form vision in patients but suffer from low resolution due to the technological limitations of the stimulating electrodes (Beauchamp et al., 2020). In addition, loss of efficacy over time has been observed (Dobelle, 2000). Higher resolution with low currents can be achieved with more invasive penetrating electrodes reaching the deepest cortical layers [START_REF] Tehovnik | Phosphene induction and the generation of saccadic eye movements by striate cortex[END_REF] but, again, long-term efficacy is not achieved [START_REF] Fernandez | Acute human brain responses to intracortical microelectrode arrays: challenges and future prospects[END_REF]. Moreover, a large portion of the early visual areas (V1, V2 and V3) is located in the medial surface of the occipital cortex. Implanting electrodes in these regions is problematic because of the risk of damaging the adjacent cortex and the difficult wireless transmission of the receiving and transmitting coils when they are orthogonal [START_REF] Troyk | The Intracortical Visual Prosthesis Project[END_REF]. Vision restoration via direct optogenetic activation of the primary visual cortex seemed therefore a very promising approach that has been already tested on non-human primates (Jazayeri, Lindbloom-Brown, and Horwitz, 2012;Ju et al., 2018). Since the genetic photo-sensitization of neurons does not require electrodes, it is less invasive and offers potentially high resolution vision. In addition, this approach offers the ability to target specific cell populations. However, a major drawback is the high scattering of light into brain tissue, which prevents the efficient stimulation of deeper neuronal layers. Because of this scattering, the final volume of the brain that receives enough light is relatively superficial [START_REF] Diester | An optogenetic toolbox designed for primates[END_REF]. To circumvent this problem and efficiently focus light into the brain, optical fibres can be implanted and the dura mater removed. Optic waveguides or optrodes have also been proposed to bring light deeper into the tissue, but the non-invasiveness of the approach is thereby lost (McAlinden et al., 2019). Deep cortical structures remain therefore difficult to target without increasing light intensities, which, however, might heat the more superficial tissue and affect normal neuronal physiology [START_REF] Owen | Thermal constraints on in vivo optogenetic manipulations[END_REF].

In this context, neurostimulation by means of US waves is considered a very promising strategy, because it can overcome certain limitations of the existing techniques. First of all it can be focused on deep cortical regions without major scattering and attenuation as is the case for light stimulation in optogenetics (Figure 25). Secondly, it is able to modulate neuronal activity at higher resolution compared to other non-invasive techniques such as transcranial magnetic or current stimulation [START_REF] Kime | High Temporal Sub-millisecond Time Resolution Stimulation Increases Performances of Retina Prosthetic Vision[END_REF]. The presented sonogenetic approach can boost the sensitivity of neurons to US waves and lead to increased spatial and temporal resolution, a key feature for proper vision restoration. Besides direct cortical stimulation for vision restoration, the MscL-based sonogenetic strategy could also be applied in those cases where the optical window onto the retina is no longer available, i. e. diseases of the cornea that prevent the efficient transmission of light to the retina, necessary for optogenetics or photovoltaic retinal prostheses. The MscL-based sonogenetic approach applied to vision restoration offer several major advantages:

• The achievement of high spatio-temporal resolution. As previously emphasised, this is a key element for vision restoration. Resolution could be further increased by boosting event more the expression rate of MscL in neurons. Indeed, it is likely that the latency of a sonogenetic-evoked response reflects the time required for MscL to depolarize the neuronal membrane potential to reach the action potential threshold, which is in turn governed by the number and conductance of active ion channels. Moreover, the expression rate could also influence the required activation threshold, allowing the use of even higher US carrier frequency, which would decrease further the size of focal beam and increase the spatial resolution of the approach.

In comparison, the resolution of cortical prostheses is, nowadays, limited by technology. Previous in vivo studies demonstrated that form vision is possible with stimulating electrodes of 0.8 -1 mm diameter and with a spacing greater than 1 mm (Beauchamp et al., 2020;Dobelle, 2000).

Our proposed sonogenetic approach offers a better spatial resolution.

• The safety of the approach. The safety of US waves in biomedical applications has been widely demonstrated both for imaging and for therapeutic applications. At the acoustic parameters used, no significant tissue heating is generated and US-induced cavitation is unlikely. Moreover, since the bacterial MscL responds exclusively to mechanical stress, its over-expression in mammalian neurons is unlikely to generate negative effects on developed neurons, as previously reported (Soloperto et al., 2018).

• The tunability of the approach. Thanks to its simple sub- molecular structure, the MscL channel can be easily engineered to create gain-of-function mutants, e. g. a mutant that is ion selective, that opens at even lower pressure values or a fast gating mutant to increase frequency of US-evoked responses.

• The possibility of targeting hardly accessible regions of the visual cortex. Compared to cortical prostheses, US can also be focused on regions that are difficult to access with cortical implants because of the physical structure of the visual cortex. Cortical prostheses can comfortably access central receptive fields, which are located near the surface of the occipital lobe, but face difficulty when targeting regions corresponding to peripheral fields. The inter-hemispheric fissure represents an anatomical barrier for stimulating roughly 85% of V1 [START_REF] Trobe | The Neurology of Vision[END_REF] and convolutions on the surface of the brain can bury receptive fields. US waves can easily also target these hard-to-access regions.

The main limitation of the proposed approach remains that it cannot be considered non-invasive as it requires skull removal. It can be considered a distant stimulation procedure because the US transducer does not have to be in direct contact with the targeted tissue. Compared to intracortical prostheses and optogenetic therapy, this method remains still less invasive, as it does not require the removal of the dura mater. Moreover, further studies are needed to generate an interface for coding visual information into US activation patterns onto the visual cortex at a video rate that would induce perception of the said stimuli by the subject. Indeed, even if we were able to record the direct response of cells following US stimulation, it still remains to be determined whether the induced cortical activity can encode a perception of the visual stimuli. Further behavioural tests will be needed to confirm this perception and our ability to generate form vision in a dynamic mode for navigation face recognition. Besides, an US stimulation array system needs to be developed to focus US stimuli simultaneously on different locations of the visual cortex at video rate to recreate a visual scene.

other applications in the central nervous system

Neuro-stimulation of the brain is a major challenge for neuroscience both in clinical practice and in fundamental research. In clinical practice, neurostimulation techniques are used for a wide range of neurological disorders and conditions: movement disorders, mental disorders, chronic pain, epilepsy, Parkinson's, Alzheimer's and deafness or blindness, through the aid of neural prostheses and brain-machine interfaces [START_REF] Lebedev | Brainmachine interfaces: From basic science to neuroprostheses and neurorehabilitation[END_REF][START_REF] Lewis | Mechanical sensitivity of Piezo1 ion channels can be tuned by cellular membrane tension[END_REF]. Neurostimulation of the brain is accomplished through either invasive (e. g. implanted or surface microelectrodes) or non-invasive means (e. g. transcranial magnetic or electrical simulation and ultrasound stimulation). Deep brain stimulation delivers electric currents to increase, suppress or distort neuronal activity through electrodes implanted deep into the brain. This approach has been successfully used in patients with essential tremor, dystonia or Parkinson's disease [START_REF] Parihar | Comparison of VIM and STN DBS for Parkinsonian Resting and Postural/Action Tremor[END_REF][START_REF] Perlmutter | DEEP BRAIN STIMULATION[END_REF] but also for mental disorders. The main drawbacks of these electrodebased techniques is the quite invasive surgical procedure that can lead to complications: infections, neural immune system reactions and limited life of electrical components [START_REF] Bronstein | Deep brain stimulation for Parkinson disease an expert consensus and review of key issues[END_REF]. Concerning non-invasive stimulation techniques, transcranial magnetic stimulation has been applied to the motor cortex to evoke movements or to the occipital cortex to produce phosphenes or scotomas [START_REF] Hallett | Transcranial magnetic stimulation and the human brain[END_REF], or in patients suffering from major depressive disorders [START_REF] Loo | A review of the efficacy of transcranial magnetic stimulation (TMS) treatment for depression, and current and future strategies to optimize efficacy[END_REF]. Transcranial current stimulation cannot elicit action potentials like magnetic stimulation but can alter corticospinal excitability [START_REF] Nitsche | Transcranial direct current stimulation: State of the art[END_REF]. Both techniques suffer from a limited spatial resolution with a radius of action (a few cm) such that it cannot target a specific brain region without stimulating the surrounding tissue.

In this context, sonogenetics opens a path toward a new type of brain-machine interface for all those clinical applications requiring cortical or sub-cortical stimulation with high spatio-temporal resolution. Sonogenetics could be applied to treat a large range of neurological diseases, e. g. it could be used to stimulate the auditory cortex to treat deafness, but also for handicap compensation. For instance, it could be used as an alternative to deep-brain stimulation to alleviate motor symptoms in Parkinson's disease, thus offering an alternative to invasive bypass implantation surgeries. Moreover, this strategy could benefit from fast translatability from research to clinical applications because of the extensive medical reports already existing on US imaging and therapeutic US. In addition, AAVs-based gene therapy has also been applied successfully in several clinical trials for various conditions such as inherited blindness and neurodegenerative diseases. Because of all these features, sonogenetics represents to date a very promising approach for all applications requiring precise stimulation of the central nervous system.
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Figure 1 :

 1 Figure 1: Simplified diagram of the primate visual pathway.The visual cortex of each hemisphere receives inputs from the superior collicus and the later geniculate nucleus. These two structures receive visual information from the retina in the eye. The left halves of each retina (red) receive visual information about the right visual field, while the right halves of the retinas (green) receive information about the left visual field.Axons that originate from the left half of each retina terminate in the left hemisphere and vice versa via the optic chiasm. Adapted from[START_REF] Herrera | The evolution of crossed and uncrossed retinal pathways in mammals[END_REF][START_REF] Larsson | Binocular vision, the optic chiasm, and their associations with vertebrate motor behavior[END_REF] 

Figure 3 :

 3 Figure 3: Structure and connections of the mammalian retina. Mammalian retina hand painted by Santiago Ramón y Cajal (1893).(A) Photoreceptors connect to bipolar cells, which in turn connect to retinal ganglion cells whose axons constitute the optic nerve. Horizontal cells and Amacrine cells connect predominantly horizontally with photoreceptors, bipolar and ganglion cells. In red, Ramón y Cajal identifies the direction of the signals as they pass from the photoreceptors to the optic nerve. (B) Cellular organization of the retina. Following the original indexation: (A) Pigmentary cells: (a) rods, (b) outer segment of cones (OS), (c) rods and (d) inner segment of cones (IS) which are located in the ONL, (B) Epithelial cells :(e) horizontal cell, (f) bipolar cell related to cones, (g) bipolar cell related to rods, (h) amacrine cells, (i) giant ganglion cell, (j) small ganglion cells in the GCL. OPL stands for outer plexiform layer, INL for inner nuclear layer, IPL inner plexiform layer ad NFL is the optic nerve fibre layer.
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 4 Figure 4: Responses and receptive fields of ON and OFF-Centre retinal ganglion cells. (Left) Receptive fields of ON and OFF retinal ganglion cells: + symbol represents an increase in the firing rate of the cell when stimulated, -symbol a decrease. (Right) Responses to a light stimulus in the centre, surround or both regions of the receptive fields.
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 5 Figure 5: V1 connections and layers according to Brodmann's nomenclature. (A) Schematic drawing of the pathway from the retina to V1 through the LGN of the thalamus. The axons of LGN neurons project almost exclusively to V1, where they terminate primarily in layer 4 and form ocular dominance columns. The termination site within layer 4 depends on the layer in which the LGN neuron is found: parvocellular (P) cells project mainly to layer 4Cβ, magnocellular (M) to layer 4Cα, and koniocellular (K) cells to layer 4A and lower layer 3. (B) Two section of macaque V1 stained with Cresyl violet for Nissl substance staining of neurons. Adapted from: (Oga, Okamoto, and Fujita, 2016; Solomon and Lennie, 2007)
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 6 Figure 6: Retinotopic map of human V1. The upper right image shows the occipital lobe, with most of V1 buried in the calcarine fissure. In the upper left image, the fissure is opened, with the distance (eccentricity) from the fovea marked in degrees. The lower left image shows the retinotopic map of the left visual cortex flattened artificially. The lower right image shows the corresponding right visual field. Note the magnification of central vision. Dark oval: blind spot. Source: (Horton and Hoyt, 1991).

Figure 7 :

 7 Figure 7: Retinal diseases. (A) Image of a human retina seen with an ophthalmoscope. The central region of the retina (the macula) is affected by age-related macular degeneration (AMD), while the periphery of the retina is affected by retinitis pigmentosa (RP). The vasculature is affected by diabetic retinopathy (DR). The optic nerve is affected by glaucoma. (B) Retinal cell types affected by retinal diseases. Photoreceptors (rods in cyan and cones in light blue) are affected by AMD and RP. Retinal ganglion cells (in purple) are affected by glaucoma. Source: (Roska and Sahel, 2018).
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 8 Figure 8: Acoustic and medical ultrasound spectrum.
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 9 Figure 9: Schematic representations of an acoustic waveform.
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 10 Figure 10: US induced particle motion and wave propagation for longitudinal and shear waves. Representation of Longitudinal waves (a) and Shear waves (b). Adapted from: (Hangiandreou, 2003; Panametrics-NDT™, 2006)
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 11 Figure 11: US Refraction and Snell's Law. Snell's law equates the ratio of wave velocities c 1 and c 2 to the ratio of the sine's of incident (and reflected) θ 1 and refracted θ 2 angles.
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 12 Figure 12: Ultrasound stimulation parameters.
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 13 Figure 13: Ultrasound beam profile of a single element transducer. (A) Ultrasound beam profile for an unfocused transducer. (B) Beam profile for a focused ultrasound transducer. Adapted from: (Panametrics-NDT™, 2006)
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 14 Figure 14: Interaction of US with tissue: physical mechanisms. (Top) Extended ultrasound pulses induce an acoustic radiation force causing displacement of the tissue. (Middle) Continuous ultrasound waves lead to local heating and can be used to turn on thermal bioswitches. (Bottom) Low-frequency ultrasound can be used to cavitate microbubbles that can induce cell disruption. Source: (Maresca et al., 2018)
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 15 Figure 15: IIllustration of the experiments conducted by Fry and co-workers on US neuromodulation. (Left) Experimental setup. (Right) Visual evoked potential traces obtained before and after US stimulation of the LGN in living cats.Source:[START_REF] Fry | Production of reversible changes in the central nervous system by ultrasound[END_REF][START_REF] Tyler | Noninvasive neuromodulation with ultrasound? A continuum mechanics hypothesis[END_REF] 

Figure 16 :

 16 Figure 16: Effects of US-induced tension on cell membrane according to Krasovitski's model. S 0 , reference stage, S 1 USinduced tension leads to mechano-sensitive ion channel opening, S 2 increasing tension can damage membrane proteins and induce pore formation or membrane disruption (S 3 a,b). Source: (Krasovitski et al., 2011)
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 17 Figure 17: The MscL channel's structure and gaiting. (a) Drawing of the MscL pentamer (left) and monomer (right) from M. Tuberculosis. (b) MscL gating. The channel has five identical subunits, each contributing to the closed gate assembly in the centre and the elastic outer rim on the periphery. The trans-membrane rim must expand substantially before stress in linkers that connect the rim to the gate pulls the gate assembly apart. The channel reaches the open conformation (O) through a series of short-lived subconducting states (S1, S2, etc.) as the central gate breaks apart. A typical single MscL current (right) recorded at -50 mV shows an opening through a substate followed by flickering to substates once the channel has opened. Source:(Hamill and Martinac, 2001; Sukharev, 2001) 
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 1 Figure 1 -Sonogenetic therapy in retinal ganglion cells. (A) Retinal fundus image showing MscL-tdTomato expression in rat retina. (B) Representative confocal stack projection across the RGC layer of a flat-mounted retina expressing MscL-tdTomato (red) and labeled with anti-RBPMS antibody (green). (C) Magnification of a few RGCs expressing MscL-tdTomato, showing its expression at the soma and axonal levels of the membrane. (D) Density of RBPMS-positive, MscL-positive and double-labeled cells for five MscL G22S and five MscL WT retinas. (E) Retina expressing MscL-tdTomato on a MEA chip. White dots represent electrodes. (F) Representative peri-stimulus time histograms (PSTH) for RGCs, for different stimuli. (Left) PSTH of three RGCs expressing MscL, showing a short latency and a sustained response after the start of a 15 MHz US stimulus (1.27 MPa). (Middle) Corresponding PSTH of the same RGCs in response to a visual stimulus, showing typical ON, ON-OFF and OFF responses. (Right) PSTH of two RGCs from a non-transfeted (NT) retina in response to a 15 MHz US stimulus (1.27 MPa), showing a response to the start and end of the stimulus. The scale bars represent 10 spikes per bin. Gray boxes represent 200 ms stimuli. (G) RGC latencies in response to a 200 ms 15 MHz US stimulus for MscL (n=288 cells, 9 retinas) and NT (n=41 cells, 4 retinas) retinas (US pressure: 1.1 MPa). Grey line represents the 45 ms threshold that divides cells into SL (black dots) and LL (white dots) cells. (H) Mean of responding cells per retina to 200 ms 15 MHz US stimulus (0.98-1.27 MPa) for MscL (n=9) and NT (n=4) retinas and for LL and SL cells. (I) Meand number of SL responding RGCs per retina when stimulated with 200 ms US stimuli (1.27 MPa) of increasing US pressure for MscL (n=9) and NT (n=4) retinas.*, p=.0356, **, p=.0010, ***, p=.0008, unpaired t test. (J) Mean maximum firing rate and mean response duration of SL and LL RGCs from MscL retinas to a 200 ms 15 MHz stimulus of increasing pressure (0.2-1.27 MPa) (n=9, **, p=.0017, *, p=.0418, unpaired t test). (K) Percentage of shortlatency RGC cells (normalized to the maximum number of responsive cells in the experiment) responding to 200 ms long US stimuli of increasing pressure for MscL WT (n=3) and MscL G22S (n=6) retinas. *, p=.0173, **, p=.0065, **, p=.0083, unpaired t test. (L) Percentage of RGCs responding to US stimulation, for retinas in normal conditions (n=9 retinas for MscL and 4 for NT), and following the application of a cocktail of synaptic blockers (CNQX-CPP-LAP4) (n=3 retinas each for MscL and NT), and for P23H retinas with (n=3 retinas) and without (n=3 retinas) MscL expression. The ratio of SL to LL is shown for each condition. For all panels, error bars represent the SEM. The scale bars represent 100 µm in (B), 20 µm in (C), 200 µm in (E).

FFigure 2 -

 2 Figure 2 -Spatiotemporal properties of sonogenetic retinal responses. (A-B) Spike density functions of two representative RGCs from a MscL-expressing retina for various 15 MHz stimulus durations (0.5 Hz stimulus repetition rate) (A) and stimulus repetition frequencies (stimulus durations: 10, 20, 50, 200 ms) (B), the scale bars correspond to 100 Hz and 50 Hz, respectively (US pressure: 1.1 MPa).(C) Mean maximum firing rate for different 15 MHz stimulus durations and mean Fano factor values for all cells (n=9 retinas, except for stimulus durations of 10 and 20 ms n=8, 1.1 MPa).(D) Correlation between response duration and stimulus duration, confirmed by the linear regression line (n=9 retinas, 1.1 MPa). (E) Mean maximum firing rate for different stimulus repetition frequencies and mean Fano factor values for all cells (n=9 retinas, except for stimulus frequencies of 5 and 10 Hz n=8, 1.1 MPa). (F) (Top) Retinas on a MEA chip and corresponding size of the incident US pressure beam (green circles represent the FWHM and are centered on the estimated center of response), for 0.5, 2.25 and 15 MHz. The scale bar represents 1 mm. (Bottom) Activation maps following US stimulation at 0.5, 2.25 and 15 MHz. Each square box represents an electrode with at least one US-activate cell. Color map representing the normalized firing rates of the cells. US pressures: 0.5, 1.3, 1.1 MPa for 0.5, 2.25 and 15 MHz respectively (100 ms stimulus). The scale bar represents 0.5 mm. (G) Spatial dispersion of activated cells calculated as the mean Euclidean distance between activated cells weighted according to maximum firing rate and (H) ratio of the number of activated cells to the area stimulated on the MEA chip for the three US frequencies. ****, p<.0001, **, p=.0008,*, p=.0169, unpaired t test. n=12 retinas for 0.5 MHz (0.29-0.68 MPa), n=5 retinas for 2.25 MHz (1.11-1.62 MPa), n=9 retinas for 15 MHz (1.12-1.27 MPa). (I) Heatmaps showing the activated cells of a MscL-transfected retina following a relative displacement (0, +0.4 and +0.8 mm) of the 15 MHz US transducer (200 ms, 1.1 MPa). Each colored box represents an activated cell; the color map shows the maximum firing rate. Green stars represent the estimated center of the response. The scale bar represents 0.5 mm. (J) Relative displacement of the center of the response following displacement of the 15 MHz US transducer. ****, p<.0001, **, p=.0018, unpaired t test. n=9, 9, and 6 positions for 4, 4 and 2 retinas for displacements of 0, 0.4 and 0.8 mm, respectively. US stimulus: 200 ms, 1.1 MPa. The grey dotted line represents the theoretical displacement. For all panels, error bars represent the SEM.

Figure 3 -

 3 Figure 3 -In vivo sonogenetic activation of V1 neurons. (A) Image of a rat brain expressing MscL-tdTomato (red) in V1. The dotted line represents the illustrative location of a sagittal slice. (B) Representative confocal stack projection of a sagittal brain slice expressing MscL G22S-tdTomato (red) and labeled with anti-NeuN antibody (green) and DAPI (blue). The layers of V1 are delineated by white dashed lines. (Lower right) Magnification of layer 4 of V1. (C) Density of NeuN-positive, MscL-positive and double-labeled cells for 3 brain slices. (D) (Top) Schematic diagram of the setup used for in vivo electrophysiological recordings and US stimulation; (Top right) µEcoG electrode array placed on V1 of a MscL-transfected rat. TdTomato was detected under the electrode matrix. (E) (Left) Representative visual-evoked cortical potentials in response to a 100 ms flash, in which typical P0, N1 and P1 deflections are visible. (Middle) Representative sonogenetic evoked potentials for 15 MHz US stimuli of various durations (1.27 MPa). (Right) Representative responses of a non-transfected (NT) rat to a 100 ms 15 MHz US stimulus (1.27 MPa). Black traces represent the mean evoked potential over 100 trials. Each gray trace represents one trial. The black arrow indicates the start of the stimulus. The scale bars represent 50 µV/50 ms. (F) Duration of sonogenetic µEcog responses for stimuli of 10, 20 and 50 ms (n=49, 32 and 26 trials on 4 animals, US pressure: 1.27 MPa). (G) N1 peak amplitude for increasing US pressure, (I) increasing duration (1.27 MPa) and (J) frequency (Stimulus duration: 10 ms, 1.27 MPa) (n=4 animals). (J) Pseudo-color activation maps for stimuli of increasing US pressure and (K) for a horizontal displacement of 0.8 mm of the US transducer (the arrow indicates the direction of the displacement). Each black dot represents an electrode of the electrode array. The color bar represents N1 peak amplitude in µV. (L) Area activated for various US pressure values (n=4 animals, 50 ms stimulus duration). (M) Displacement of the activation center relative to the previous position following movement of the US transducer by 0.4 mm. p<.0001, one-sample t test, n=29 positions on 4 animals (50 ms, 1.27 MPa). (N) Representative spike density function (SDF) of responses to visual and US stimuli for MscL and nontransfected rats; the scale bars represent 50 Hz. (O) SDF of responses to stimuli of different durations (top) and frequencies (bottom). The top line shows the firing rate of the responses to stimuli with a duration of 10 to 100 ms (1 Hz stimulus frequency) and the bottom line shows the firing rate for a frequency of 1 Hz to 13 Hz (10 ms stimulus duration). The rows at the bottom indicate the pattern of the stimuli. US pressure: 1 MPa. (P) (Top) Mean latency of response to the start of the US stimulus (n=13 cells, 3 animals, US pressure: 1-1.27 MPa). (Bottom) Depth of US-responding cells (n=13) in MscL-expressing rats (n=3) (US pressure: 1-1.27 MPa). For all panels, error bars represent the SEM. The scale bars represent 200 and 50 µm (lower right) in (C), 600 µm in (D).

Figure E2 -

 E2 Figure E1 -Retinal expression of MscL. (A) Whole-mount retina expressing MscL WT (red) and labeled with the RGC-specific anti-RBPMS antibody (green), with DAPI staining of the nucleus (white). Yellow boxes represent the 8 zones selected for the counting of MscL-and RBPMS-positive cells. . (B) Optical section of a confocal stack showing MscL expression limited to the ganglion cell layer. The scale bars represent 1 mm in (A), 50 µm in (B).

Figure E4 -

 E4 Figure E4 -Simulated acoustic fields and temperature increases. (A) Characterization of the radiated field for the 0.5 MHz transducer used in this study. (top) Longitudinal view of the maximal pressure for a monochromatic acoustic field radiated at 0.5 MHz by a 25.4 mm Ø, 31.75 mm focus transducer. Pressure maximum is reached at 25.9 mm, slightly nearer the focal point which is a documented effect 50. (middle) Transverse section of the maximal pressure field at depth z=25.9 mm. (bottom) One dimensional profile of this transverse section giving the full width at half maximum (FWHM) of the focal spot (4.36 mm at 0.5 MHz). (B) Same characterization for the 2.25 MHz 12.7' Ø 25.4 mm focus transducer. (C) Same characterization for the 15 MHz 12.7' Ø 25.4 mm focus transducer. Notice that the maximum pressure is reached very close to the geometrical focus (25.21 mm compared to 25.4 mm for the geometrical focus) for this configuration. FWHM of the focal spot is 0.276 mm. (D) Simulations are first conducted using an infinite propagation medium with same acoustic properties than water, to mimic the conditions obtained when calibrating the transducers in a water tank. (E) Comparison between a water tank measurement at focus (black) obtained with the 2.25 MHz transducer and reaching -1.11 MPa peak negative pressure, and a simulated waveform at focus (blue) reaching the same negative pressure. The two waveforms match very well (0.42% error) ensuring adequacy of our simulation setup and physical parameters. (F) Power spectral density of the measured (black) and simulated (blue) waveforms, showing that simulation enable to estimate the importance of the non-linear propagation. A second harmonic 20 dB below the fundamental indicates a factor 100 in terms of energy, meaning that absorption can be calculated in a linear approximation. (G) Thermal simulations are performed using a two-fold process corresponding to a worst-case scenario (see methods): propagation in a water medium, and thermal absorption in a brain mimicking medium. (H) 3D temperature map at the end of a 200 ms stimulation (at 15 MHz and 1.27 MPa). (I) Temperature rise at focus for a 15 MHz 200 ms stimulation with the 7 values of pressure used Fig 1I (0.26, 0.39, 0.54, 0.74, 0.96, 1.15, 1.27 MPa). A zoom on the increasing curve reveals the fluctuations due to the 1 kHz on-off cycles. (J) Temperature rise at focus for a 15 MHz 50 ms stimulation with the same 7 values of pressure. (K) Temperature rise at focus for 15 MHz 10ms stimulations (1 kHz modulation) at a repetition rate of 8 and 13 Hz (used in Figure 3O), for focus pressures of 0.96 MPa and 0.54 MPa. This shows that stimulation patterns compatible with video rate applications elicit very moderate thermal effect (max 0.3°C), emphasizing the safety of the technique.

Figure 25 :

 25 Figure 25: Physical properties of ultrasound waves in biological tissues. Physical properties of US (a) and light (b) travelling in a biological tissue. (c) Fundamental trade-off between ultrasound resolution and penetration depth as a function of frequency in brain tissue (penetration depth was assessed based on a 60 decibel round-trip attenuation). At an ultrasound frequency of 15 MHz, US can penetrate 2 cm into the brain with a 100 m resolution. Source: (Maresca et al., 2018)

  Figure 26 illustrates that, in our experimental conditions, acoustic US intensity (red square) stays in the lower range of intensities

Figure 26 :

 26 Figure 26: US frequencies and intensities used in the literature for US neuromodulation. The spatial peak temporal average US intensity (I spta ) and the corresponding US frequency are represented with a point for each of the reviewed studies listed in Table1. The studies are grouped inin vitro, and in vivo preparations (and are further classified according to the organism that is targeted: human, non-human primates, rodents or others). On the right, a magnification for low frequency US (up to 1 MHz). The red square on the left panel represents the parameters that have been used for in vivo MscL-based sonogenetic stimulation in our work.

  

  The Visual System . . . . . . . . . . . . . . . . . . . 1.1.1 General structure . . . . . . . . . . . . . . . 1.1.1.1 The retina . . . . . . . . . . . . . . 1.1.1.2 The primary visual cortex . . . . . 1.1.2 Blinding retinal diseases . . . . . . . . . . . 1.1.3 Vision restoration techniques . . . . . . . . 1.2 Ultrasound waves for neuromodulation . . . . . . Acoustic Intensity, Mechanical an Thermal index . . . . . . . . . . . 1.2.1.4 Ultrasound wave delivery . . . . . 1.2.2 Interaction of US with biological structures 1.2.3 A brief history of medical ultrasound . . . 1.2.4 US neuromodulation . . . . . . . . . . . . . Sonogenetics . . . . . . . . . . . . . . . . . . . . . . Selecting the right sonogenetic actuator . . 1.3.3 The Mechano-sensitive channel of Large conductance (MscL) . . . . . . . . . . . . . 1.3.4 AAV gene therapy for sonogenetics . . . . 1.4 Main objectives of the thesis . . . . . . . . . . . . . Summary . . . . . . . . . . . . . . . . . . . . . . . . 60 2.2 Research study . . . . . . . . . . . . . . . . . . . . . 62 The sonogenetic actuator choice . . . . . . . . . . . 86 3.2 A sonogenetic actuator to increase spatiotemporal resolution . . . . . . . . . . . . . . . . . . . . . . . . 88 3.2.1 MscL leads to high temporal resolution . . 88 3.2.2 Choice of ultrasound frequency . . . . . . . 89 3.3 Application for visual restoration . . . . . . . . . . 91 3.4 Other applications in the Central Nervous System 95 bibliography Figure 1 Simplified diagram of the primate visual pathway. . . . . . . . . . . . . . . . . . . . Figure

	contents	viii
	2.1 III Conclusions	85
	3 discussion and conclusions	86
	3.1	
	1 introduction	
	1.1 II Precise sonogenetic stimulation for vision restoration	
	2 precise sonogenetic stimulation for vision	
	restoration	
	vii	

1.2.1 Basic Ultrasound physics . . . . . . . . . . 1.2.1.1 Acoustic waveforms . . . . . . . . 1.2.1.2 Wave Propagation and Particle Motion . . . . . . . . . . . . . . . . 1.2.1.3 1.2.4.1 State of the art . . . . . . . . . . . 1.2.4.2 Underlying mechanisms . . . . . 1.2.4.3 Limits . . . . . . . . . . . . . . . . 1.3 1.3.1 State of the art . . . . . . . . . . . . . . . . . 1.3.2

Table

  Ultrasonic neuromodulation studies overview. 31 Table Overview on Sonogenetic literature. . . . 46 Table Mechano-sensitive ion channels overview. 50

	Part I
	Introduction Ultrasound waves for vision restoration
	xi

1 1

Table 1 :

 1 Ultrasonic neuromodulation studies overview. Studies are separated into in vitro and in vivo by a horizontal line. For US parameters: * states that a given parameter has been calculated from the one given in the cited reference. The reported US intensity values are the maximum values that have been used in a given reference. NR: not reported. Adapted from:[START_REF] Pasquinelli | Safety of transcranial focused ultrasound stimulation: A systematic review of the state of knowledge from both human and animal studies[END_REF].

	Reference	Target	Measured effects	US frequency (MHz)	Sonication duration	Inter stimulus interval	Nb of son-ications per trial	Pulse repetition frequency	Tone burst duration or Duty Cycle	Acoustic MI Ispta) and Isppa or sity(Ipa, inten-	Adverse effects
	(Tyler et al., 2008)	Hippocampal slices and isolated mouse brain	US-induced APs during whole-cell current clamp recordings in CA1 pyramidal neurons. Triggering of voltage-gated Na+ and Ca2+ channels, vesicle exocytosis and synaptic transmission. Addition of TTC and Cd2+ blocked Na+ and Ca2+ transients respectively.	0.44	5.6 ms-2.5 s (for con-tinuous tively)* respec-Hz PRF and 100	5 s	NR	Continuous-100 Hz	22.7 µs	Ipa:2.9 W/cm 2	NR
	(Menz et al., 2013)	Isolated salamander retina	US evoked strong responses of RGCs similar to visual response but with shorter latencies. US activated other important. only temporal-averaged power was MHz had no effect on responses; cells beyond RGCs. PRF 15 Hz to 1	43	1 s	2-66 ms	NR	Continuous, 10 Hz-1 MHz	50 ms-0.5 µs	Ispta/Ippa: up to 180 W/cm 2	

NR (

Kubanek et al., 2016)

  

	(Menz et al., 2017) (Prieto et al., 2018) (Yoo et al., 2011) (Yoo et al., 2011) (Kim et al., 2012) (Yang et al., 2012) (Younan et al., 2013) (Kim et al., 2014) (Kim et al., 2015) (Li et al., 2016) (Ye, Brown, and Pauly, 2016) (Deffieux et al., 2013) (Lee et al., 2018) (Yang et al., 2018) (Guo et al., 2018) (Sato, Shapiro, and Tsao, 2018) (Folloni et al., 2019) (Lee et al., 2016) (Lee et al., 2015) (	Xenopus ovocytes Isolated salamander retina Cell culture Rabbit SM and Visual area Rat Thalamus Rat abducens nerve Rat Thalamus Rat cortex ( target to elicit motor response, not corresponding to motor cortex) Rat somatomotor area Rat visual cortex Mouse motor cortex Mouse motor cortex Monkey frontal eye field Rat motor cortex (anesthetized and awake) Monkey S1 Various target including A1 and S1 in guinea pig Mouse visual cortex Monkey amygdala and anterior cingulate cortex (ACC) Sheep SM1 and V1 Human S1	US modulates reversibly the currents flowing through potassium and sodium mechano-sensitive ion channels by up to 23% depending on the channel and stimulus intensity. US stimulation results in micron-scale displacements. Efficacy increased with frequency, consistent with an ARF-mediated mechanism. Activation of Piezo1 but not NaV1.2 with US stimulation through membrane stress as a result of acoustic streaming. Low frequency and low intensities resulted in more robust EMG response. The EMG failure probability increased with shorter inter-stimulus intervarls, but decreased with multiple stimuli. BOLD activation was observed at a much lower acoustic intensity (Isppa: 3.3 W/cm 2 , Ispta:1.6 W/cm 2 ) compared to the intensity that resulted in forepaw movements (Isppa: 12.6 W/cm 2 , Ispta: 6.3 W/cm 2 ) The sonication reduced the time to emergence of voluntary movement from intraperitoneal ketamine-xylazine anesthesia. A preliminary test showed that a Isppa 3.3 W/cm 2 failed to decrease the duration of the anesthetic state. US frequency of 650 kHz and Isppa in the range 0.5-20 W/ cm2 did not elicit eye movement in any animals. Movements observed when fc=0.35 MHz and Isppa=8.6 W/cm 2 Extracellular GABA level started to decrease upon sonication and remained reduced compared to control group up to 100 min after the end of sonication. The same effect was not observed for extracellular glutamate level. A pressure threshold of 0.79 and 0.59 MPa was required to reach 50% of responsiveness, for deep or light anaesthesia stage, respectively, and the sigmoid response was less sharp in the light anaesthesia stage. These pressures corresponded to an average Isppa of 7.5 W/cm 2 . Motor responses were observed at minimum threshold (Isppa: 4.9-5.6 W/cm 2 ,Ispta:2.5-2.8 W/cm 2 ) in a limited range of sonication parameters (TBS: 1-5 ms, 50% of duty cycle, and SD:300 ms, at fc: 350 kHz). Pulsed sonication elicited motor responses at lower acoustic intensities than its equivalent continuous sonication (Isppa:7.73 W/cm 2 ). Isppa: 3 W/cm 2 with TB: 0.5 ms and PRF:100 Hz (5% duty cycle) successfully suppressed the VEP. Higher duty cycle (8.3%) increased the VEP. The same effect was observed at Isppa: 5W/ cm2. The peak EEG amplitude increased with increasing Ispta. Success rate decreases with frequency for given intensity. Focal spot size did not have consistent effect on success rates; most of the variance can be explained by frequency. Success strongly correlated with cavitation index and particle displacement but not ARF. Ultrasound increased antisaccade latencies in two monkeys. Different thresholds to evoke observed motor responses: Isppa: 3.4 ± 1.8 W/cm 2 for the awake condition (grand mean response rate 76.2%); Isppa: 10.2 ± 2.4 W/cm 2 (grand mean response rate 68.6%) or 12.4 ± 2.8 W/cm 2 (grand mean response rate 38.6%) for 2 different anaesthetics. Excitation effects with BOLD fMRI not only at the target but also off-target somatosensory and associated brain regions as a cause of modulation in downstream brain regions. US responses were related to indirect cochlear fluid pathway rather than direct activation. Similar responses were recorded in A1 and SC1 independently of the stimulated location. US evoked responses were eliminated by removing cochlear fluid. Widespread neural activation through indirect auditory mechanism. Chemical deafening After sonication, the functional coupling of the stimulated areas, but not of control areas, was selectively reduced. This effect was measured by fMRI and lasted for more than 1 h after stimulation. greatly reduced motor outputs. MEP or VEPs were detected over a certain intensity threshold, which varied across animals and was always above diagnostic limits, and in some cases also above the physiotherapy limit. In both cases, higher Isppa result in stronger response amplitude. Tactile sensation that varied among subjects, mostly at the hand area controlateral to the sonicated hemisphere. 1 subject out of 12 did not report any sensation. Different peak amplitudes of EEG recording of SEP with and without stimulation.	10 43-15-2.25-0.5 , 43 0.5 0.69 0.65 0.65, 0.35 0.65 0.32 0.35, 0.65 0.35 1 and 5 0.3-2.9 0.32 0.6 0.25 0.22 0.5 0.25 0.25 0.25	1 s 1 ms -100 ms 200 ms 67 * (53) ms 0.5, 1, 1.5, 2, 9 s 20 min 200 ms 20 min 250 ms 150, 200, 300, 400 ms 150 s 300 ms 80 ms 100 ms 300 ms 300 ms 3-360 pulses per trial 80 ms 40 s 300 ms 300 ms	5 s 5, 15 s NR 10 s NR NR 1s NR 10 s 2 or 3 s 3 s 2 s 30 s 5-10 s 3 s 0.5-6 s NR NR 5s for motor cortex and 1 s for visual cortex 3 s	7-5 NR NR 180 * 1 1 10 1 NR NR 1 20 * NR 40 10 10 * NR NR 1 100 200	Continuous -pulsed 1 kHz Continuous Continuous 1.5 kHz 10, 20, 100, 1000 Hz 100 Hz 1.5 kHz 100 Hz 2 kHz 0.06-2.8 kHz and continu-ous 20, 100, 166 Hz 1 KHz Continuous 1 kHz 500 Hz 2 KHz 10 Hz-16 kHz (0.2-60 % duty cycle) 1.5 KHz 10 Hz 500 Hz 500 Hz *	NR NR NR 0.45 ms 0.05, 0.5, 10, 50 ms 0.5 ms 0.36 ms 0.5 ms 0.23 ms 0.25, 0.5, 1, 2, 3, 5 ms 0.5 ms 0.5 ms NR 1 ms 1 ms 0.252 ms 0.1 ms -10 ms 0.2 ms 30 ms 1 ms 1 ms	Isppa/Ispta:2 W/cm 2 (for con-tinuous stimula-tion); Ispta: 4.9 W/cm 2 (for pulsed stimula-tion) Isppa/Ispta: up to 100 W/cm 2 (43 MHz-15 MHz-2.25 MHz); Isppa: up to 10 W/cm 2 (0.5 MHz) Isppa, Ispta: 90 W/cm 2 Ispta: 0.142 W/cm 2 ; Isppa:0.211 W/cm 2 *; MI=0.13 (after cranial tx) Ispta: 1.6 W/cm 2 (for Isppa: 3.3 W/cm 2 ) ; Isppa=3.3, 6.4, 9.5, 12.6 W/cm 2 ; MI<0.5 (for Isppa: 3.3 W/cm 2 )in water Ispta: 0.3 W/cm 2 , Isppa: 6 W/cm 2 , MI: 0.61, after cranial tx Ispta: 4.6 W/cm 2 Isppa:8.6 W/cm 2 MI=0.9 after cranial tx (esti-mated) Ispta:0.175 W/cm 2 , Isppa:3.5 W/cm 2 , MI: 0.2, ( after cranial tx) Ispta:8.75 W/cm 2 * , Isppa:17.5 W/cm 2 , MI: 1.77*, (values to have 50% response, after cranial tx) Ispta: 11.2 W/cm 2 , Isppa: 22.4 W/cm 2 , MI: 1.38(after cranial tx) Ispta: 0.25 W/cm 2 , Isppa:5 W/cm 2 , MI: 0.75 (not clear if in water or after cranial tx) Ispta: 0.23 W/cm 2 , Isppa:0.46 W/cm 2 * (after cranial tx) Isppa -Ispta: 3.5 (for 0.3-0.6 MHz), 9.4 (for 0.6-1.4 MHz), 127 W/cm 2 (for 1.4-2.9 Ispta: cranial tx after MI: 0.6, W/cm 2 , Isppa: 4 W/cm 2 , 0.0135 MHz) Ispta:7.5 W/cm 2 , Isppa:14.9 W/cm 2 , MI: 1.38 (not clear if in water or after Ispta: 0.452 W/cm 2 , Isppa: 9.9 W/cm 2 , MI: 1.08 (after cranial tx) cranial tx) Isppa: 0.3 W/cm 2 Ispta: 4.2 W/cm 2 Ispta: 15.3, 5.3 W/cm 2 , Isppa:51, 17 W/cm 2 , MI: 2.64, 1.64* (after cranial tx, for amygdala and ACC respec-tively) Ispta:up to5,9/7.15 W/cm 2 *; Isppa=up to 11.8/14.3 W/cm 2 for SM1 Ispta: 1.25 W/cm 2 *; Isppa=2.5 W/cm 2 ; MI=0.62. Simulated values (after cranial tx) and V1 re-spectively; cranial tx) (after MI=0.5-14	NR NR NR NR NR NR NR NR One animal which underwent a sonication of Ispta:11.2 W/cm 2 for a short period of time (9 s using 1ms TBD, 50% duty cycle and 300 ms SD) showed signs of local bleeding. NR NR NR NR NR NR NR NR NR Four animals showed micro-hemorrhages in V1 after 600 sonications at Isppa= 6.6-10.5 W/cm 2 . NR

NR (Tufail et al., 2010)

Mouse motor cortex Neuron's spike frequency and c-fos cell density increase and the activity of endogenous brain-derived neurotrophic factor were stimulated.

Legon et al., 2014)

  

	1.2.4.2 Underlying mechanisms								
	(Lee et al., 2016)	Human S1 and S2	Response rates of elicited sensations during US stimulation were different among subjects ( S1: 68 ± 28%, S2: 59 ± 22%, average ± SD).	0.21	500 ms	7 s	20	500 Hz	1 ms	Ispta <4.4 cranial tx) (after estimated W/cm 2 Isppa <8.8 W/cm 2 ,	NR
	(Lee et al., 2016)	Human V1	11 out of 19 participants reported the perception of phosphenes, and a clear fMRI response. EEG: 10/10 subjects reported phosphene sensation. Changes in VEP EEG peak.	0.27	300 ms	13 s (fMRI), 2.5 s (EEG)	50	500 Hz	1 ms	Ispta: 5.8 cranial tx) (after values simulated MI: 1.2 , W/cm 2 , Isppa: 11.6 W/cm 2 *,	NR
		Human S1	Amplitudes of sensory evoked potentials (recorded by EEG) elicited by median nerve stimulation were significantly attenuated. The spectral content of sensory-evoked brain oscillations were significantly modulated by US.	0.5	500 ms	NR	NR	1 kHz	0.36 ms	Ispta: 8.6 in water MI: 1.13, W/cm 2 , Isppa: 23.9 W/cm 2 * ,	NR

  Potential adverse effects that have been considered in the literature include: Blood-Brain Barrier (BBB) opening, bleeding, cell damage and irreversible effects on physiological neural activity. These side effects can be caused principally by either USinduced cavitation or tissue heating. Concerning BBB opening, no actual cases have been reported by any of the studies that investigated this potential side effect[START_REF] Kim | Noninvasive Transcranial Stimulation of Rat Abducens Nerve by Focused Ultrasound[END_REF][START_REF] Lee | Transcranial focused ultrasound stimulation of motor cortical areas in freely-moving awake rats[END_REF][START_REF] Yoo | Focused ultrasound modulates region-specific brain activity[END_REF]. On the other hand, local micro-haemorrhages have been reported in rats (0.35 MHz US, I sppa = 22.4 W/cm 2 , MI = 1.38)(Kim et al., 2014) and sheep for repeated stimulations (500 trials, 1 s inter stimulus interval)(Lee et al., 2016), following US stimulation. Acoustic intensity and inter-stimulus intervals appear to be important parameters to consider when designing a US sequence, in order to avoid potential bleeding. Concerning cell damage, US stimulation did not provoke any tissue damage in several works both in vivo and ex vivo (

Table 2 :

 2 Overview on Sonogenetic literature. For US parameters: * states that a given parameters has been calculated from the one given in the reference.

			Experimental preparation			Sonogentic preparation					US parameters			
	Reference	Target	Measured effects	Temporal latency of the response	Sonogenetic actuator	Mechanism of action upon US stimulation	Transfection method	US fre-quency (MHz)	Sonication dura-tion	Inter stimu-lus interval	Pulse repeti-tion fre-quency	Duty Cycle	Acoustic inten-sity	Peak nega-tive pres-sure (MPa)
	(Ibsen et al., 2015)	C. elegans	Neuron-specific mis-expression of TRP-4 in C. Elegans sensitizes neurons to ultrasound stimulus in presence of microbubbles, resulting in behavioural outputs.		TRP-4	TRP-4 is a stretch-sensitive pore-forming cation channel that opens upon membrane US induced stretch of cell	Plasmid transfection	2.25	10 ms			W/cm 2 * 54 Continuous Ispta/Isppa:	0.9
	(Ye et al., 2018)	Cultured rat hippocampal neurons	Low pressure ultrasound pulses activate neurons expressing MscL. The gain-of-function MscL mutation, I92L, lowered the pressure activation threshold.	Latency is dependent on the peak negative US pressure (26.8 ± 4.1 ms at 0.45 Mpa)	MscL I92L (increased mechano-sensitivity) form E.coli	US induced stress on the bilayer's internal profile cause a helix movement and the opening of a pore ions and small molecules allowing the passage of of 30 Åin diameter,	Lentiviral vector	29.92	50-400 ms	0.1-1 s			* W/cm 2 13.5 Ispta,Isppa:	0.45
	(Prieto et al., 2018)	Chinese hamster ovary cells and HEK cells	Piezo1 channels are activated by continuous wave US at 43 MHz and 50 or 90 W/cm 2 through cell membrane stress caused by acoustic streaming.		Piezo1	Acoustic streaming caused by US stimulation and ion influx cause channel opening	Plasmid transfection	43	200 ms			Continuous	I: 90 W/cm 2	

(Qiu et al., 2019)

  

	(Yang et al., 2020) (Qiu et al., 2020)	HEK293T cells and mouse brain (somatosensory cortex) HEK293T cells, cultured mouse primary neurons, Mouse brain	Ultrasound can selectively activate cells in vitro and neurons in vivo when they are genetically modified to express TRPV1. TRPV1 is activated by spatiotemporal control of ultrasound induced heating and requires long stimulus durations (>4s). The expression of the MscL G22S channel led to Ca 2+ influx and activation in cultured neurons and HEK cells. In vivo, expressing MscL G22S into cortical neurons (M1 region) and the dorsomedial striatum compared to control animals. following US stimulation targeted up-regulation c-Fos led to EMG responses and to a	Latency of several seconds dependent on stimulus duration (2.1± 0.3 s for 4 s continuous wave stimulation)	TRPV1 MscL ion channel (G22S mutation).	Sensitive to temperature rise, opens if temperature raise>42°C The MscL channel is a non selective mechano-sensitive ion channels that opens with membrane. deformation of cell US-induced mechanical	Lentiviral vector Plasmid transfection (in vitro), AAV vectors (in vivo)	1.7 0.5	7-15 s (for pulsed sonica-tion), 1-4-7 s (for con-tinuous sonica-tion) 300 ms	80 s 10 s	10 1 kHz	40% DC 40% DC*	Ispta: 45 W/cm 2 , 112.6 W/cm 2 for pulsed and con-tinuous sonica-tion respec-*. tively Isppa: 0.08-8.11 * W/cm 2	1.3 0.05-0.5 MPa
	(Huang et al., 2020)	HEK293T cells and mouse brain (VTA region)	Low pressure ultrasound induced calcium responses in cultured cells expressing Prestin protein and can non-invasively stimulate target neurons in deep brain regions in mice expressing Prestin.		Engineered mPrestin(N7T, N308S muta-tions). Prestin is hair cell the outer protein of brane trasnmem-a	Prestin oscillation induced by US can create calcium influx and amplify it thanks to a positive electromotility feedback loop due to its	Plasmid transfection (in vitro), AAV vectors (in vivo)	0.5	3 s (in vitro), 5 s (in vivo)		10 Hz	25% DC*	* W/cm 2 4.16 Ispta:	0.5
	(Wu et al., 2020)	HEK293T Mouse brain	Ultrasound activates Piezo1 expressed in HEK293T and neurons increasing Ca2+ influx and C-fos levels. Ca2+ influx depends on acoustic pressure. Neurons with Prestin expression stimulated with US were 6-fold more likely to exhibit c-Fos staining than cells without Prestin expression.		Piezo1 Engineered mPrestin(N7T, N308S muta-tions). Prestin is a hair cell the outer protein of brane trasnmem-	US induced stress on the bilayer's internal profile cause channel opening an ion influx Prestin oscillation induced by US can create calcium influx and amplify it thanks to a positive feedback loop due to its electromotility	Plasmid transfection US induced BBB opening to deliver prestin encoding microbubbles into plasmid loaded	0.5 0.5	200 ms 1 min	10 s	1 kHz 1 Hz	40% DC 1% DC*	Ispta: 6.66 W/cm 2 * * W/cm 2 0.16 Ispta:	0.5 0.5

Table 3 : Mechano-sensitive ion channels overview. Channel Role Selectivity Expression Mechanical gating DEG/ ENaC channels family (eukaryotic)
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	MEC-4 and MEC-10	Senses touch (Árnadóttir and Chalfie, 2010)

A Promoter is a site in a DNA molecule at which RNA polymerase and transcription factors bind to initiate transcription of messenger RNA. A cellspecific promoter performs its function only in a certain cell type and makes it possible to restrict transgene expression.

The P23H is a rat model for autsomal dominant retinitis pigmentosa.

2.2 research study

A standing or stationary wave derives from the combination of two waves moving in opposite directions and having the same amplitude and frequency. Standing waves originate from interference. For waves that are moving in opposite directions, interference produces an oscillating wave that is fixed in space (the nodes are the fixed positions) with an amplitude that is equal to the sum of the amplitudes of the single waves.
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Abstract

The non-invasive, remote and precisely controlled activation of the brain is the fundamental challenge of Brain-machine interfaces, especially within the development of rehabilitation strategies for diverse neurological disorders. Ultrasound waves can be used to modulate neuronal activity of deep brain regions (Deffieux et al., 2013;Lee et al., 2016;Legon et al., 2018Legon et al., , 2014;;Mehić et al., 2014;Tufail et al., 2010Tufail et al., , 2011)), but they require high acoustic energy deposition and lack spatial resolution and cell selectivity. Following the expression of ultrasound-sensitive proteins by gene therapy, sonogenetic strategies have been shown to provide higher sensitivity to ultrasound in addition to cell selectivity, but, to date, such strategies have been subject to severe limitations in terms of spatiotemporal resolution in vivo (Huang et al., 2020;[START_REF] Perozo | Gating prokaryotic mechanosensitive channels[END_REF]Yang et al., 2020) preventing a real potential for rehabilitation therapies. We show here that by combining high-frequency ultrasonic stimulation with the expression of the mechanosensitive ion channel of large conductance (MscL), we can selectively activate neurons with high spatiotemporal resolution following millisecond stimulations in both the ex vivo retina and in vivo primary visual cortex. This high spatiotemporal resolution was generated at energy levels associated with negligible tissue heating and far below those leading to complications in ultrasound neuromodulation (Kim et al., 2014;Lee et al., 2016). Our findings demonstrate that this sonogenetic therapy is compatible with millisecond pattern presentation for visual restoration at the cortical level. It represents an important step towards very high throughput, precise and distant transfer of information to cortical and subcortical brain regions with a wide range of applications in neurological disorders.

competing interest declaration

The authors have filled a patent for devices and methods for sonogenetic stimulation.