The progressive loss of photoreceptors in patients with retinitis pigmentosa and other retinal degenerative diseases is a major cause of blindness. Strides have been made recently in applying optogenetics to restore vision in animal models by targeting opsin expression to remaining photoreceptors, intermediate layer bipolar cells, and output layer retinal ganglion cells. In later stages of the disease, few photoreceptors remain, and targeting ganglion cells limits the normal visual processing that can be preserved. For example, when an opsin is expressed in ganglion cells, OFF ganglion cells, sensitive to light decrease in the normal retina, will switch polarity and become ON, i.e. sensitive to light increase. Current vision restoration strategies thus only restore a limited amount of retinal processing. Here we present a vision restoration strategy where we target the AII amacrine cell. This interneuron connects the On and Off visual pathways through both sign-preserving and sign-inverting synapses.

Our results, from ex vivo mouse retina multielectrode array recordings, show that optogenetic stimulation of AII amacrine cells can generate both ON and OFF ganglion cell responses in both normal and degenerated retinas. By comparing responses to normal light stimulation with responses to optogenetic stimulation, we found that the majority of ganglion cells, responsive to both stimuli, maintained their polarity between the two conditions, suggesting that similar pathways are activated in normal and optogenetic stimulation. We show that this strategy also allows restoring the diversity of ganglion cell responses, beyond their ON-OFF nature. These results indicate that the AII could be a useful target for vision restoration in the future.

Résumé

La perte progressive des photorécepteurs chez les patients atteints de rétinite pigmentaire et d'autres maladies dégénératives de la rétine est une cause majeure de cécité. Des progrès ont été réalisés récemment dans l'application de l'optogénétique pour restaurer la vision dans des modèles animaux exprimant des protéines optogénétiques dans les photorécepteurs restants, les cellules bipolaires de la couche intermédiaire ou les cellules ganglionnaires de la couche de sortie de la retine, afin de les rendre sensibles à la lumière. Aux stades avancés de la maladie, il reste peu de photorécepteurs et le ciblage des cellules ganglionnaires limite le traitement visuel normal qui peut être préservé. Par exemple, lorsqu'une opsine est exprimée dans les cellules ganglionnaires, les cellules ganglionnaires OFF, sensibles à la diminution de la lumière dans la rétine normale, vont changer de polarité et devenir ON, c'est-à-dire sensibles à l'augmentation de la lumière. Les stratégies actuelles de restauration de la vision ne restaurent donc qu'une quantité limitée du traitement rétinien. Nous présentons ici une stratégie de restauration de la vision dans laquelle nous ciblons les cellules amacrines de type AII. Cet interneurone est conecte aux cellules bipolaires On et Off par des synapses préservant et inversant le signe, respectivement. Nos résultats, issus d'enregistrements multiélectrodes ex vivo sur la rétine de souris, montrent que la stimulation optogénétique des cellules amacrines AII permet de générer des réponses ON et OFF chez les cellules ganglionnaires dans les rétines normales et dégénérées. En comparant les réponses à une stimulation lumineuse normale avec les réponses à une stimulation optogénétique, nous avons constaté que la majorité des cellules ganglionnaires, sensibles aux deux stimuli, conservaient leur polarité entre les deux conditions, ce qui suggère que des voies similaires sont activées dans la stimulation normale et optogénétique. Nous montrons que cette stratégie permet également de restaurer la diversité des réponses des cellules ganglionnaires, au-delà de leur nature ON-OFF. Ces résultats indiquent que l'AII pourrait être une cible utile pour la restauration de la vision dans le futur.

Figure 1.1 Anatomy of the eye. Light is focused by the cornea and lens onto the retina. In primates the fovea forms a pit in the macula, providing the clearest central vision (from [START_REF] Blausen | Light-induced modulation of coupling between AII amacrine cells in the rabbit retina[END_REF].

The retina is the thin layer of neural tissue in the back of the eye (Figure 1.1) which detects light and processes it into a visual signal before relay to the brain. It is organized into three cellular layers each separated by a synaptic layer (Figure 1.2). In the outer nuclear layer, light is detected by photoreceptors (PRs) which synapse with bipolar (BP) cell dendrites in the outer plexiform layer. In turn, bipolar cells in the inner nuclear layer synapse with retinal ganglion cell (RGC) dendrites in the inner plexiform layer. Two types of interneurons, horizontal cells (HCs) and amacrine cells (ACs), provide lateral inhibition at these two stages of transmission. Horizontal cells modulate the output of photoreceptors to bipolar cells. Amacrine cells modulate both bipolar cell and ganglion cell activity. Finally, ganglion cell axons are bundled to form the optic nerve which transmits retinal output to the brain. (BPs, blue) in the outer plexiform layer (OPL). Horizontal cells (HCs, yellow) provide lateral inhibition in the OPL. The cell bodies of BPs are found in the inner nuclear layer (INL). BPs make synaptic contacts with retinal ganglion cells (RGCs, dark purple) in the inner plexiform layer (IPL). Amacrine cells (ACs, orange) provide lateral inhibition in the IPL to BPs and RGCs. The cell bodies of RGCs are found in the ganglion cell layer (GCL). RGC axons bundle in the nerve fiber layer (NFL), forming the optic nerve (from Wassle, 2004).

Photoreceptors

Light passes through the inner layers of the retina to cells specialized for phototransduction called photoreceptors. Photoreceptors have a cell body, the inner segment, which terminates in synaptic contacts with bipolar cells. Glutamate is continuously released in the dark from photoreceptor terminals. In addition, photoreceptors have an outer segment made of membranous discs containing opsins. Opsins are g-protein coupled receptors bound to the chromophore retinal. When retinal absorbs a photon, it changes confirmation from cis to trans activating a signal transduction cascade, hyperpolarizing the cell, and preventing the release of glutamate. The outer segments are in close contact with the retinal pigment epithelium (RPE), a layer of support cells that supplies photoreceptors with cis-retinal and phagocytoses old discs at the end of the outer segment daily. Phototransduction consumes a lot of energy, so RPE cells help photoreceptors manage oxidative stress as well as photo-damage. There are two different kinds of photoreceptors, named according to the shape of their outer segments: Rods and Cones. Rods express a more light-sensitive opsin and are necessary for night vision.

Cones are only active in daylight, but they are responsible for color vision, expressing different chromatic opsins, depending on the species. Mouse cones express one or two different opsins (S or S/M, tuned to UV and green light, respectively), while human Cones express one of three possible opsins.

Bipolar cells

Rods and Cones synapse onto their own specific types of bipolar cells. There is one type of Rod bipolar cell (RBC), but at least 12 different Cone bipolar cell types (Figure 1.3) distinguished by polarity (On/Off), response kinetics, and synaptic connectivity. Rod bipolar cells depolarize after light onset in response to a decrease in glutamate release from photoreceptors. Cone bipolar cells depolarize in response to either light onset (On-Cone BPs) or offset (Off-Cone BPs), depending on whether they express ionotropic glutamate receptors (sign-conserving) or metabotropic glutamate receptors (sign-inverting).

Figure 1.3 The different subtypes of bipolar cells. Bipolar cells are typed based on which

layers of the inner plexiform layer (IPL) they form synapses in, the kinds of photoreceptors they receive input from, and their response kinetics to stimuli (from [START_REF] Euler | Retinal bipolar cells: elementary building blocks of vision[END_REF].

Bipolar cells make glutamatergic synapses with RGCs in the inner plexiform layer which can be divided into an Off-layer closer to bipolar cells and an On-layer closer to RGCs. Each bipolar cell pools input from between 1 to 100 photoreceptors [START_REF] Field | Nonlinear signal transfer from mouse rods to bipolar cells and implications for visual sensitivity[END_REF] and each RGC in turn pools input from up to a few hundred bipolar cells, although these numbers greatly vary depending on the subtypes and species [START_REF] Sterling | Architecture of rod and cone circuits to the on-beta ganglion cell[END_REF][START_REF] Tsukamoto | Microcircuits for night vision in mouse retina[END_REF].

Horizontal cells

Horizontal cells provide a first stage of lateral inhibition between photoreceptors and bipolar cells. They take input from photoreceptors and inhibit photoreceptor synapses laterally.

Thanks to this, bipolar cells will have a center surround structure, and they also play a role in reshaping the temporal component of the photoreceptor signal [START_REF] Drinnenberg | How Diverse Retinal Functions Arise from Feedback at the First Visual Synapse[END_REF]. There is only one subtype of horizontal cell in the mouse retina (two in the primate). Horizontal cells are coupled by gap junction, but this coupling varies with the light level.

Amacrine cells

Amacrine cells can be divided in 40 to 50 morphological subtypes [START_REF] Macneil | Extreme diversity among amacrine cells: implications for function[END_REF]. The name "amacrine" stems from the initial observation that they have no axon, but further observation revealed that some subtypes have one. They can be divided in several classes depending on several factors:

-size: amacrine cells are usually either "narrow-field" or "widefield" depending on the extent of their dendritic tree in a whole-mount view.

-neurotransmitter type: most amacrine cells are either glycinergic or GABAergic. However, other neurotransmitters are also expressed or co-expressed: the starburst amacrine cells are both cholinergic and GABAergic. Other subtypes can express dopamine, Nitric Oxide, serotonin.

-function: each subtype of amacrine cell seems to serve a different function, but for most subtypes, their specific role is still unclear. Starburst amacrine cells are crucial to enabling direction selectivity in specific types of direction selective cells. Multiple AC subtypes seem to be involved in surround suppression, which makes RGCs selective to different object sizes.

Several studies have suggested that ACs are critical for RGCs to perform elaborate computations on the visual stimulus (Gollsch and Meister, 2010).

Retinal Ganglion Cells

RGCs are the output cells of the retina whose axons are bundled together into the optic nerve.

Their dendrites receive input from bipolar cells in the On-and Off-layers which determines their selectivity. There are more than 30 different subtypes of RGCs distinguished morphologically, genetically, and functionally [START_REF] Baden | The functional diversity of retinal ganglion cells in the mouse[END_REF]. Each RGC subtype extracts a specific feature of the visual scene to transfer it to the brain through one parallel channel.

Each RGC has a receptive field, which is a specific region of the visual space that when stimulated produces a spiking response in the cell. The receptive fields of all the cells of a given subtype form a mosaic that tiles the visual field, allowing for a particular feature to be extracted and transmitted to the brain, wherever it appears in the visual field.

The first division between RGC subtypes is between On-and Off-RGCs. On-RGCs respond to a light increment of the visual stimulus, while Off-RGCs respond to light decrement. Onand Off-RGC dendrites are found in different strata of the IPL. However, some RGCs also respond to both an increase and decrease of light (termed On-Off cells), and in this case the On-Off selectivity depends strongly on the context: a recent work [START_REF] Matías | Context-dependent selectivity to natural scenes in the retina[END_REF] has shown that they might be contrast encoders.

Beyond the On-Off classification, different RGC subtypes can respond to very elaborate features of the visual scene. The most studied example is direction selective (DS) ganglion cells, that respond selectively to one direction of motion. Other subtypes exist that respond selectively to other features, for example approaching motion (Munch, 2009) or differential motion (Olveckzy, 2003).

Different RGC subtypes also project to different areas of the brain, and [START_REF] Martersteck | Diverse Central Projection Patterns of Retinal Ganglion Cells[END_REF] found up to 50 retinorecipient regions in the mouse brain. More than 90% of ganglion cells project to the superior colliculus, and ⅔ of them branch out to the lateral geniculate nucleus (LGN).

AII Amacrine Cells

RBC-AII Pathway

A major challenge for the retina is to process information across a very broad range of light intensities. In scotopic conditions, when background light is very low, only rods are activated.

An important pathway to transmit information in this case, and a key component to convey information from Rods to RGCs, is the RBC-AII pathway.

In the primary pathway for rod vision, Rods transfer their signal to Rod bipolar cells through a sign inverting metabotropic glutamate receptor (see above). Rod bipolar cells make excitatory dyad synapses with two post-synaptic amacrine cells: A17, which makes reciprocal synapses with the RBC and AII, a narrow-field bistratified amacrine cell that is the most common amacrine cell in the retina [START_REF] Demb | Intrinsic properties and functional circuitry of the AII amacrine cell[END_REF]. 

Receptive Field and Coupling

The AII amacrine cell has a characteristic morphology (Figure 2.2) that makes it recognizable in Electron Microscopy studies [START_REF] Helmstaedter | Connectomic reconstruction of the inner plexiform layer in the mouse retina [published correction appears in[END_REF]. The cell soma is located at the bottom of the INL, and it has thick globular dendrites (width < 30 mum) [START_REF] Tsukamoto | Functional allocation of synaptic contacts in microcircuits from rods via rod bipolar to AII amacrine cells in the mouse retina[END_REF]. When the light level is increased further, it triggers a decrease of the dimension of the Receptive Field, back to the dimensions it had under scotopic conditions, together with a decrease in the coupling strength between AII cells (Bloomfield, 1997;[START_REF] Bloomfield | Rod vision: pathways and processing in the mammalian retina[END_REF]. Gap junction strength is modulated by the release of dopamine by dopaminergic amacrine cells, which are themselves modulated by light level [START_REF] Witkovsky | Dopamine and retinal function[END_REF].

Figure 2.3 Coupling between AII cells changes with background light level. A) In dim light

(scotopic), only a small number of AII amacrine cells are coupled. B) Retinas that are light adapted at low photopic light levels display the greatest degree of AII coupling. C) When light-adapted at the cone threshold/daylight, the extent of AII/AII coupling decreases to a value similar to in the dim light condition (from [START_REF] Farsaii | AII Amacrine Cells[END_REF].

The Rod signal is thus propagated to all the Cone bipolar cells by the AII amacrine cell, allowing the Rods to modulate nearly all subtypes of RGCs. AII amacrine cells are thus able to activate or modulate the activity of most RGC subtypes in the retina, directly or indirectly.

Inherited Retinal Degeneration

Incidence, Causes, and Progression

The most common causes of blindness in the world for those over 50 years of age are cataracts (35.15%), refractive errors (20.28%), glaucoma (8.49%), and age-related macular degeneration (5.93%). In high-income subregions the proportions are a little different with fewer unremoved cataracts (<22%) and uncorrected refractive errors (<14%), leaving glaucoma (>13%) and age-related macular degeneration (>14%) to account for more of the total incidence of blindness [START_REF] Flaxman | Global causes of blindness and distance vision impairment 1990-2020: a systematic review and meta-analysis[END_REF]. Age-related macular degeneration (AMD) is a retinal degenerative (RD) disease where the progressive loss of central vision starts late in life. Retinitis pigmentosa is another inherited form of RD which is not as prevalent (effecting about 1 in 4,000 people), but the loss of vision can start in childhood and progresses from the periphery to the center [START_REF] Verbakel | Non-syndromic retinitis pigmentosa[END_REF]. There are 260 different genes associated with an RD phenotype (RetNet). Despite the differences between RD diseases all essentially stem from disfunction in the retinal pigment epithelium (which provides metabolic support to photoreceptors) and/or disfunction in photoreceptors themselves, resulting in cell death and atrophy of the retinal circuit.

AMD can be either dry or wet and the former condition often progresses into the latter.

Dry AMD is characterized by the accumulation of extracellular protein deposits, termed drusen (German for pebbles), underneath the RPE. Proteins in these deposits include complement components, immunoglobulins, glycoproteins, and amyloid beta. In addition, macrophages and microglia invade the tissue. Inside of RPE cells a pigment molecule associated with ageing, lipofuscin, accumulates along with a biproduct of the retinoid cycle which produces oxygen free radicals. Apart from inflammation and oxidative damage, with wet AMD there is also neovascularization and macular edema. Photoreceptors without proper support from the RPE die starting in the fovea, eventually to include the entire macula (Medeiros, 2001).

Retinitis pigmentosa can similarly be caused by lack of RPE support of photoreceptors or by a mutation directly effecting photoreceptor function. Depending on the specific mutation the accumulation of misfolded protein and/or metabolic stress leads to cell death [START_REF] Newton | Mechanisms of Photoreceptor Death in Retinitis Pigmentosa[END_REF]. Photoreceptors in the periphery are lost first then in the center, followed by ganglion cells, and inner retinal neurons. In patients with severe degeneration inner retinal neurons (78%) remain intact longer than RGCs (30%) (Santos, 1997;[START_REF] Humayun | Morphometric analysis of the extramacular retina from postmortem eyes with retinitis pigmentosa[END_REF]. Substantial retinal remodeling occurs, leading to oscillations which may explain the hallucinations experienced by some patients [START_REF] Stasheff | Clinical Impact of Spontaneous Hyperactivity in Degenerating Retinas: Significance for Diagnosis, Symptoms, and Treatment[END_REF].

Experimental Models

There are multiple mouse models of AMD each tackling a different aspect of the disease from knockouts of complement components, chemokine receptors, and superoxide dismutases to laser induced neovascularization. There are also two colonies of non-human primates, one with early and the other with late onset macular degeneration [START_REF] Zeiss | Animals as models of age-related macular degeneration: an imperfect measure of the truth[END_REF]. A non-human primate model of Retinitis pigmentosa is not available. The two commonly used mouse models of Retinitis pigmentosa both have mutations in the Phosphodiesterase 6 (PDE6) b subunit which is necessary for phototransduction in rods. In the rd1 mouse line there is a nonsense mutation, and in the rd10 mouse line a missense mutation. These mice provide fast and somewhat slower disease progression, respectively. Rods are lost by p17 in rd1 but remain until p30 in rd10 [START_REF] Baehr | Naturally occurring animal models with outer retina phenotypes[END_REF]. In rd1 30% of Rod bipolar cells are lost from the central retina by p90 but RGCs remain [START_REF] Strettoi | Modifications of retinal neurons in a mouse model of retinitis pigmentosa[END_REF]. This differs from progression of the disease reported in post-mortem human retinas where RGCs were lost prior to cells in the inner retina (Santos, 1997;[START_REF] Humayun | Morphometric analysis of the extramacular retina from postmortem eyes with retinitis pigmentosa[END_REF].

Treatment Options

Gene therapy can be an effective option if you simply need to provide a functional copy of the protein to prevent disease progression. If the presence of misfolded protein is causing a problem, then the solution is not as straight forward. The first FDA approved gene therapy for retinal degeneration provides a functional copy of retinal pigment epithelium associated protein 65 delivered by AAV (Russell, 2017). Delivery of neurotrophic/neuroprotective factors with AAV is another approach being explored. There are also phase I/II clinical trials where RPE or photoreceptors derived from retinal progenitor cells (RPCs), embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs,) or mesenchymal stromal cells (MSCs) are implanted to maintain/restore function (Wang, 2020). These gene and cell therapies would be most effective at early stages of retinal degeneration. For later stages, using optogenetics or improved retinal prosthetic implants to stimulate cells is most promising.

RGC Targeted Therapies

Implants

In later stages of degeneration, after there is substantial loss of inner retinal neurons, restoring photoreceptor input to the circuit is no longer possible. It then makes sense to stimulate RGCs directly. There are two epiretinal implants currently on the market: Argus II (Second Sight, Sylmar, California) and IRIS II (Pixium Vision, Paris, France). Argus II has 60 electrodes, 200um in diameter with 575um pitch, which on average are 180um distant from RGCs [START_REF] Ahuja | Factors Affecting Perceptual Threshold in Argus II Retinal Prosthesis Subjects[END_REF]Luo, 2013). The best visual acuity reported is 20/1260 which is still legally blind (over 20/400), but patients can pick out a bright object on a dark background and determine the direction of motion of a moving line (Humayan, 2012;Da Cruz, 2016).

Optogenetics

Targeting optogenetic expression to RGCs and stimulating them with light rather than electric current could greatly improve the spatial resolution achieved for patients. The best visual acuity restored using optogenetics in non-human primates so far is 20/249 [START_REF] Gauvain | Optogenetic therapy: high spatiotemporal resolution and pattern discrimination compatible with vision restoration in non-human primates[END_REF] see also [START_REF] Sahel | Partial recovery of visual function in a blind patient after optogenetic therapy[END_REF], but with further optimization this number is expected to improve. One model predicts that visual acuity could be 20/72 if the brain is able to adapt and effectively decode the information it receives. With soma-targeting of expression, the model predicts that visual acuity could even be 10/20, so long as the transfection ratio does not decrease below 10% in the fovea [START_REF] Ferrari | Towards optogenetic vision restoration with high resolution[END_REF].

RGCs can be targeted in mice and human/non-human primates using a ubiquitous promoter with delivery limited to the RGC layer by AAV2 [START_REF] Bi | Ectopic expression of a microbial-type rhodopsin restores visual responses in mice with photoreceptor degeneration[END_REF][START_REF] Ivanova | Evaluation of AAV-mediated expression of Chop2-GFP in the marmoset retina[END_REF]RST-001 Clinical Trial, 2015) or with an RGC-specific promoter and delivery by AAV2.7m8 for more efficiency [START_REF] Chaffiol | A New Promoter Allows Optogenetic Vision Restoration with Enhanced Sensitivity in Macaque Retina[END_REF]GSO30-MD Clinical Trial, 2017;[START_REF] Gauvain | Optogenetic therapy: high spatiotemporal resolution and pattern discrimination compatible with vision restoration in non-human primates[END_REF][START_REF] Sahel | Partial recovery of visual function in a blind patient after optogenetic therapy[END_REF].

The first studies to target RGCs expressed the microbial blue-light sensitive channel rhodopsin 2 (ChR2), but the light intensities reported were over the safety threshold established for use in humans [START_REF] Bi | Ectopic expression of a microbial-type rhodopsin restores visual responses in mice with photoreceptor degeneration[END_REF][START_REF] Ivanova | Evaluation of AAV-mediated expression of Chop2-GFP in the marmoset retina[END_REF]RST-001 Clinical Trial, 2015).

Subsequent studies took advantage of newly developed variants of ChR2 such as ReaChr [START_REF] Sengupta | Red-shifted channelrhodopsin stimulation restores light responses in blind mice, macaque retina, and human retina[END_REF], CatCh [START_REF] Chaffiol | A New Promoter Allows Optogenetic Vision Restoration with Enhanced Sensitivity in Macaque Retina[END_REF], and ChrimsonR [START_REF] Gauvain | Optogenetic therapy: high spatiotemporal resolution and pattern discrimination compatible with vision restoration in non-human primates[END_REF]GSO30-MD Clinical Trial). The most red-shifted of these, ChrimsonR, allowed for stimulation at intensities well below the human safety-threshold. To use one of these microbial opsins in less than bright environments, light intensifying goggles are necessary. A newer variant could allow for use in ambient light conditions as well [START_REF] Ganjawala | Improved CoChR Variants Restore Visual Acuity and Contrast Sensitivity in a Mouse Model of Blindness under Ambient Light Conditions[END_REF].

Mammalian opsins, which amplify input as g-protein coupled receptors, could provide better light sensitivity; but response kinetics are dependent on which signaling pathway the ectopic receptor interacts with in target cells. Studies looking at the expression of mammalian rhodopsin or melanopsin in RGCs found response kinetics which were slow on the order of seconds [START_REF] Cehajic-Kapetanovic | Restoration of Vision with Ectopic Expression of Human Rod Opsin[END_REF][START_REF] Gaub | Optogenetic Vision Restoration Using Rhodopsin for Enhanced Sensitivity[END_REF][START_REF] Gaub | Optogenetic Retinal Gene Therapy with the Light Gated GPCR Vertebrate Rhodopsin[END_REF][START_REF] Lin | Restoration of visual function in retinal degeneration mice by ectopic expression of melanopsin[END_REF][START_REF] Liu | Human melanopsin-AAV2/8 transfection to retina transiently restores visual function in rd1 mice[END_REF]De Silva, 2018). Medium wavelength cone opsin showed faster kinetics, allowing for responses to short 25ms flashes. Responses were observed under dim, ambient, and bright light conditions [START_REF] Berry | Restoration of high-sensitivity and adapting vision with a cone opsin[END_REF]. Even with greater sensitivity to light, goggles will still be needed to optimize the input in other ways and to make-up for lost retinal processing.

While the two clinical trials underway in humans are using the simple approach of expressing a single excitatory opsin in all RGCs (RST-001 Clinical Trial, 2015;GSO30-MD Clinical Trial, 2017), other approaches have also been explored. In mice, expression can be successfully restricted to an RGC's soma or dendritic tree (Greenberg, 2011;[START_REF] Wu | rAAV-mediated subcellular targeting of optogenetic tools in retinal ganglion cells in vivo[END_REF].

When excitatory and inhibitory opsins are differentially localized between soma and dendrites, antagonistic center-surround receptive fields can be restored (Greenberg, 2011).

However, there is no way of distinguishing between On-and Off-RGCs genetically, so most approaches result in Off-center RGCs becoming On-responsive. In one mouse study, an excitatory and inhibitory opsin were co-expressed in RGCs, and depending on the combination of intrinsic and extrinsic factors cells could be On, Off, or On/Off responsive [START_REF] Zhang | Ectopic expression of multiple microbial rhodopsins restores ON and OFF light responses in retinas with photoreceptor degeneration[END_REF]. It was possible to restore Off responses in some Off-RGCs due to their ability to rebound after inhibition [START_REF] Margolis | Different mechanisms generate maintained activity in ON and OFF retinal ganglion cells[END_REF]). Yet the challenge may not be only to get a diversity of On and Off responses but also to preserve the normal polarity of individual cells.

The more specific the targeting of excitatory and inhibitory opsins between On-and Off-RGCs, the less potential adaptation in the cortex would be necessary (Rev. [START_REF] Schiller | Parallel information processing channels created in the retina[END_REF].

Inner Retina Targeted Therapies

Implants

There is an intermediate approach which lies between restoring photoreceptor input to the retina in early stages of degeneration and direct RGC activation in later stages, which is to activate cells in the inner retina. This approach is suitable for patients who have lost most of their photoreceptors but for whom bipolar and amacrine cell connections remain intact. There are two subretinal implants currently on the market for such patients: Alpha AMS (Retina Implant AG, Reutlingen, Germany) and Prima (Pixium Vision, Paris, France). Alpha AMS has 1600 pixels, 70um in width, and the best visual acuity reported is 20/546 [START_REF] Stingl | Interim Results of a Multicenter Trial with the New Electronic Subretinal Implant Alpha AMS in 15 Patients Blind from Inherited Retinal Degenerations[END_REF][START_REF] Edwards | Assessment of the Electronic Retinal Implant Alpha AMS in Restoring Vision to Blind Patients with End-Stage Retinitis Pigmentosa[END_REF]. Prima has 378 pixels, 100um in width, and the best visual acuity reported is 20/460 [START_REF] Palanker | Photovoltaic Restoration of Central Vision in Atrophic Age-Related Macular Degeneration[END_REF]. The theoretical limit of visual acuity with the pixels of each device is 20/280 and 20/420 respectively. Patients were able to distinguish bright objects and to read bright letters on dark backgrounds with each device, even though On and Off pathways are activated indiscriminately.

Optogenetics: On-Cone BPs

It is thought that targeting cells in the inner retina with optogenetics, while not achieving the same resolution as when targeting RGCs, could still outperform current subretinal implants.

Genetic targeting of the On pathway allows for distinct activation of a single pathway.

Because the On pathway inhibits the Off pathway, possibly both On and Off responses could be restored. Cones provide most of the photoreceptor input to central vision in humans so targeting On-Cone bipolar cells has been a priority.

The metabotropic glutamate receptor 6 (Grm6) is expressed exclusively in On-Cone and Rod bipolar cells [START_REF] Nakajima | Molecular characterization of a novel retinal metabotropic glutamate receptor mGluR6 with a high agonist selectivity for L-2-amino-4phosphonobutyrate[END_REF][START_REF] Nomura | Developmentally regulated postsynaptic localization of a metabotropic glutamate receptor in rat rod bipolar cells[END_REF][START_REF] Vardi | Localization of mGluR6 to dendrites of ON bipolar cells in primate retina[END_REF]. Multiple transgenic mouse lines use the Grm6 promoter for targeted expression in these cell types [START_REF] Siegert | Transcriptional code and disease map for adult retinal cell types[END_REF][START_REF] Van Wyk | Restoring the ON-switch in blind retinas: Opto-mGluR6, a next-generation, cell-tailored optogenetic tool[END_REF]. The murine Grm6 promoter has been shortened for use in AAV applications to a 200 base pair enhancer element which when placed before the basal simian virus 40 (SV40) promoter restricts expression to On-Cone and Rod bipolar cells in wild-type, rd1, and rd10 retinas (Kim, 2008;[START_REF] Lagali | Light-activated channels targeted to ON bipolar cells restore visual function in retinal degeneration[END_REF][START_REF] Doroudchi | Virally delivered channelrhodopsin-2 safely and effectively restores visual function in multiple mouse models of blindness[END_REF]. Expression can be increased with a 4x repeat of the Grm6 enhancer element [START_REF] Cronin | Efficient transduction and optogenetic stimulation of retinal bipolar cells by a synthetic adeno-associated virus capsid and promoter[END_REF], but depending on the mouse strain, delivery method, and even the protein being expressed there can be significant differences in expression.

One study found in wild-type C57/BL6 mice using AAV7m8 delivery that there was offtarget expression in AII amacrine cells (39%) and a strong preference (95%) for Rod over On-Cone bipolar cells [START_REF] Van Wyk | Present Molecular Limitations of ON-Bipolar Cell Targeted Gene Therapy[END_REF]. They found greater off-target expression using AAVBP2 for delivery (57%), with additional expression in wide-field glycinergic amacrine cells and horizontal cells. Expression in C3H/HeOu rd1 mice with either AAV remained strong in offtarget AIIs, but bipolar cell expression was almost completely lost. While in a previous study with C3H/HeN rd1 mice there was no reported off-target expression, and the expression in Rod and On-Cone bipolar cells was near equal in proportion (Mace, 2015). This was consistent with the expression reported in C3H/HeN rd1 mice using the 1xGrm6-SV40 promoter and in vivo electroporation [START_REF] Lagali | Light-activated channels targeted to ON bipolar cells restore visual function in retinal degeneration[END_REF].

Off-target expression in AIIs could help in obtaining both On-and Off-RGC responses (the AII itself excites On-Cone bipolar cells and inhibits Off-Cone bipolar cells). Several studies have expressed optogenetic proteins under a Grm6-SV40 promoter to restore visual responses in rd1 mice. Some obtained On-RGC responses and Off-RGC inhibition [START_REF] Lagali | Light-activated channels targeted to ON bipolar cells restore visual function in retinal degeneration[END_REF][START_REF] Gaub | Restoration of visual function by expression of a light-gated mammalian ion channel in retinal ganglion cells or ON-bipolar cells[END_REF] and others both On-and Off-RGC responses [START_REF] Cronin | Efficient transduction and optogenetic stimulation of retinal bipolar cells by a synthetic adeno-associated virus capsid and promoter[END_REF]Mace, 2015).

The murine 4xGrm6-SV40 promoter is not specific in human retina tissue with close to 86% off-target expression, particularly in photoreceptors, amacrine cells, and Off-Cone bipolar cells [START_REF] Van Wyk | Present Molecular Limitations of ON-Bipolar Cell Targeted Gene Therapy[END_REF][START_REF] Hulliger | Empowering Retinal Gene Therapy with a Specific Promoter for Human Rod and Cone ON-Bipolar Cells[END_REF]. A shortened human Grm6 promoter achieves roughly 90% on-target expression. It is hoped the promoter will still be specific in degenerated retinas to be useful clinically [START_REF] Hulliger | Empowering Retinal Gene Therapy with a Specific Promoter for Human Rod and Cone ON-Bipolar Cells[END_REF].

A New Promoter Targeting AII Amacrine Cells

Allows for Restoration of Retinal Computations with

Optogenetic Stimulation

Introduction

Blindness affects 45 million people worldwide. In many cases of inherited retinal degeneration, photoreceptors are lost but retinal ganglion cells (RGCs) as well as many interneurons (amacrine cells) are spared. This opens the possibility to stimulate the remaining RGC or amacrine cells directly to restore visual function. Retinal prostheses are a promising solution and have been found to restore some useful perception in blind patients. However, the acuity of the existing devices remains very low, below the level of legal blindness (Lorach, 2012). Patients also report that percepts caused by electrical stimulation of retinal neurons are not easily interpretable as visual stimuli [START_REF] Beyeler | A model of ganglion axon pathways accounts for percepts elicited by retinal implants[END_REF] and therefore are often not sufficient to identify objects or to navigate in complex environments. Optogenetic therapies provide a possible alternative to restore vision with a higher resolution and specificity that can better mimic the natural output of the retina. In this strategy, a light sensitive protein is expressed in targeted neural populations of a blind retina. Expressing light sensitive proteins in RGCs could be an efficient way to restore vision through the stimulation of these newly light-sensitive cells with patterned light to produce visual perception [START_REF] Bi | Ectopic expression of a microbial-type rhodopsin restores visual responses in mice with photoreceptor degeneration[END_REF][START_REF] Ivanova | Evaluation of AAV-mediated expression of Chop2-GFP in the marmoset retina[END_REF][START_REF] Sengupta | Red-shifted channelrhodopsin stimulation restores light responses in blind mice, macaque retina, and human retina[END_REF][START_REF] Chaffiol | A New Promoter Allows Optogenetic Vision Restoration with Enhanced Sensitivity in Macaque Retina[END_REF], although the first results show that the acuity is still low with this strategy [START_REF] Gauvain | Optogenetic therapy: high spatiotemporal resolution and pattern discrimination compatible with vision restoration in non-human primates[END_REF][START_REF] Sahel | Partial recovery of visual function in a blind patient after optogenetic therapy[END_REF]. It is still unclear how to optimize visual acuity and perceptual performance when restoring vision using optogenetics.

In a healthy retina, the RGC population can be divided into about 20 to 40 subtypes that each performs a different computation on the visual scene [START_REF] Sanes | The types of retinal ganglion cells: current status and implications for neuronal classification[END_REF][START_REF] Baden | The functional diversity of retinal ganglion cells in the mouse[END_REF]. Each subtype is classically assumed to be selective to a specific feature of the visual scene and therefore conveys a corresponding feature map to the brain (see also [START_REF] Deny | Multiplexed computations in retinal ganglion cells of a single type[END_REF].

Altering specifically one of these subtype populations can lead to specific impairments in visual perception and motor output, including specific defects in perceiving moving objects and eye movement control [START_REF] Merigan | Does primate motion perception depend on the magnocellular pathway?[END_REF][START_REF] Hillier | Causal evidence for retina-dependent andindependent visual motion computations in mouse cortex[END_REF]. In particular RGCs usually respond either to light increase (On-RGCs) or light decrease (Off-RGCs). Inactivating On-RGCs leads to a reduced ability to detect increase of luminance at the perceptual level, while ability to detect decrease of luminance is not affected [START_REF] Schiller | Functions of the ON and OFF channels of the visual system[END_REF]. Optogenetic strategies targeting RGCs will not restore the computations performed in the normal retina. In particular, making RGCs light-sensitive will result in a retina where all RGCs become de facto On-cells (only responding to light increase). It is unclear how this synthetic visual signal will affect the physiological processing performed by downstream areas in the brain and what will be the resulting restored perception, but this loss of retinal computations could severely impair perceptual performance.

To restore some of the response diversity found in normal retinas with optogenetic therapy, other cells such as "dormant" photoreceptors have been targeted [START_REF] Busskamp | Genetic reactivation of cone photoreceptors restores visual responses in retinitis pigmentosa[END_REF]. However, in many patients these cells are not a viable target, because these cells are affected by retinal degeneration. An alternative strategy to restore richer functional selectivity is to target cell types in the intermediate layers of the retina that are not affected by retinal degeneration.

Here we expressed an optogenetic protein in AII amacrine cells of the mouse retina to restore vision. AII amacrine cells are an ideal target because they contact both On-and Off-Cone bipolar cells with different types of synapses. AIIs form gap junctions with most On-Cone bipolar cell types (see chapter 2) and can therefore excite them when activated. At the same time, they form glycinergic inhibitory synapses with most Off-Cone bipolar cell types (see chapter 2). We introduce a new promoter which allows the specific targeting of AII amacrine cells and enables expression of an optogenetic protein after AAV injection (a viable method for translational purposes). We then show that this strategy restores retinal computations, and in particular On-Off selectivity. We demonstrate this in a normal wild-type retina where photoreceptor transmission is blocked with pharmacology, and then in a model of retinal degeneration. Our data shows that targeting AII amacrine cells is a promising strategy for vision restoration with optogenetics.

Results

A New Promoter to Target AII Amacrine Cells

To identify a promoter that can drive expression in AII amacrine cells, we screened several promoters that are supposed to drive expression in specific cell types of the retina and incidentally found a sequence driving specific expression in AII amacrine cells, termed HKamac in the following. We cloned this fragment upstream of GFP in an AAV backbone.

We used 7m8, a genetic variant of AAV2, to deliver GFP in amacrine cells across the retinal layers, under the control of our HKamac promoter. C57BL/6J wild-type mouse eyes were injected intraocularly at 4 weeks of age. At 6 weeks post-injection, eye fundus showed high expression levels. Retinas were then harvested, fixed, and embedded in optical coherence tomography for histology and confocal microscopy 120-140 days post-injection.

Flat-mounts showed that a homogeneous population of cells with large somas expressed GFP (Figure 5.1A). In cross-sections the labeled cells showed dendritic stratification in both On and Off layers, a pattern reminiscent of AII morphology (see introduction). To determine precisely the subtype of amacrine cell, we first showed that they did not colocalize with GABAergic or with cholinergic amacrine cell markers (Figure 5.1B) but did with a glycinergic cell marker. To further confirm that they were AII amacrine cells, we co-labeled with Prox1, an antibody labeling both bipolar cells and AII amacrine cells, and found clear co-localization with the AII amacrine cells (Figure 5.1G).

We then subcloned the promoter upstream of ReachR by replacing GFP in an AAV backbone and delivered ReachR using the same AAV2.7m8 variant. ReachR was successfully expressed in AII amacrine cells, although it was detected in some RGCs as well (Figure 5 

Optogenetic Stimulation of AII Amacrine Cells Produces On and Off RGC

Responses

As explained above, AII amacrine cells can excite On-Cone bipolar cells through gap junctions and inhibit Off-Cone bipolar cells through glycinergic inhibitory synapses. We then We then increased the light intensity to activate ReachR (see methods) and observed both On and Off responses to light stimulation (Figure 5.2C) for a large fraction of RGCs. This activation (termed optogenetic stimulation in the following) was due to the stimulation of AIIs since stimulation at similar intensity in control retinas with the same pharmacology did not show any response. Activation of AIIs with optogenetic stimulation was thus able to produce both On and Off responses in the retina.

To understand if our strategy allows for some of the same computations performed in the normal retina, we categorized the cells as On or Off depending on their responses to photoreceptor stimulation. On-cells were defined as responding to the onset of the photoreceptor stimulation, and Off-cells as responding to the offset (see methods). We then asked if On-cells responded to the onset of the optogenetic stimulation, and Off-cells to the offset. If the responses were consistent for photoreceptor and optogenetic stimulation, this would suggest that AII stimulation is able to reactivate some of the circuits that are active during photoreceptor stimulation. For example, On-RGCs receive their inputs from On-bipolar cells. At the onset of AII stimulation, On-bipolar cells should be activated, and should therefore stimulate On-RGCs. Conversely, Off-bipolar cells, which provide the main excitatory input to Off-RGCs, should be inhibited during AII stimulation, and disinhibited at the offset of AII stimulation. As a result, they should be able to excite Off-RGCs at the offset of the AII stimulation. If this hypothesis is correct, On-RGCs should be activated at the onset of AII stimulation, and Off-RGCs at the offset.

The large majority of On-RGCs responded to the onset of AII stimulation (74% of the On population) while their responses to the offset were almost not present (only 2%), which is consistent with our hypothesis. A significant portion of Off-cells showed Off responses to optogenetic stimulation of AII (26% of the Off population). However, we also observed that a fraction of cells classified as Off based on response to photoreceptor stimulation, flipped to On for optogenetic stimulation (39%). We hypothesized that this could be due to the off-target expression of ReachR in RGCs observed in our histology experiments.

To demonstrate that the responses observed were truly due to optogenetic stimulation, we repeated the same protocol on retinas from wild-type mice with no opsin expressed (Figure 

Off-Target Expression Explains Change in On-Off Selectivity

If Off-cell responses at onset are due to off-target expression of ReachR in RGCs, these responses should still be present when glutamatergic transmission is blocked. To test if this was the case, we performed additional experiments where we used a pharmacological cocktail composed of CNQX and CPP (see methods) to block glutamatergic transmission to RGCs.

The Off-cell responses at onset were still present after the application of this cocktail (Figure 

Optogenetic Inhibition of AIIs Produces On and Off Responses

To further determine if the observed responses were mostly due to AII activation and not to off-target expression in RGCs, we performed experiments with an inhibitory opsin. We reasoned that if we hyperpolarize cells upon light stimulation, it will inactivate RGCs and off- 

Diversity of RGC Responses to AII Stimulation

AII stimulation can restore On and Off responses, but can it restore more features of the normal retinal response? Beyond the On and Off classification, previous work on normal retinas have shown that responses to more complex stimuli like "chirp" stimuli uncover a large diversity of responses, corresponding to the different types of RGCs. Is this diversity still present in retinas activated by our AII stimulation strategy? To test this, we displayed the chirp stimulus, previously used to classify different types of RGCs [START_REF] Baden | The functional diversity of retinal ganglion cells in the mouse[END_REF], at high light intensity so that it activates the ReachR protein expressed in AII amacrine cells. We found a large diversity of responses to this stimulus (Figure 5.5A). Beyond responses to onset and offset, some cells responded to different parts of this stimulus, showing different tunings to temporal frequencies. A few cells responded transiently while most of them had a more sustained response.

To quantify this, we first measured an index of how transient or sustained RGC responses were (see methods). We computed this index both on the responses to optogenetic stimulation and to normal photoreceptor responses. We found that a large majority of cells lost their transient component when activated through the AII pathway (Figure 5.5B). We also defined a relative sustained transient index, that measures how transient the response of an RGC is when activated with optogenetics compared to its normal photoreceptor response (Figure 5.5C). An analysis of the distribution of this index showed that On-RGCs are consistently more sustained in their optogenetic responses, while the result is less clear for Off-RGCs.

We then checked if the optogenetic stimulation of AIIs preserved or disrupted the functional organization of RGC subtypes. RGCs belonging to the same subtype are spatially arranged to cover uniformly the field of view and produce similar responses to the same stimuli. To check if this functional organization was still present, we looked at correlations of the responses of pairs of RGCs for both photoreceptor and optogenetic stimulation (Figure 5.5C). If the functional arrangement is still present, the correlations should not significantly vary across the two conditions. We used the Pearson Correlation Coefficient to estimate the correlation of two cells responses. We look at this coefficient for all the possible cell pairs with the same polarity in our population, for both photoreceptor and optogenetic responses. We observed that for most of the RGC pairs considered, response correlations were still present during optogenetic stimulation.

As a further estimation of the diversity of the responses, we estimated the dimensionality of the space of possible responses. For this we performed a PCA on the ensemble of RGC responses to the chirp stimulus. If all the cells responded the same way to the stimulus, the first principal component would explain all the variance in these responses. On the contrary, if the responses were very different, it would take a lot of components to explain most of the variance. We found that, for both normal and optogenetic retinas, we needed more than 6 components to explain more than 95% of the total variance in the response (Figure 5.5D). This shows that our strategy is able to restore a large part of the diversity in the responses. pure On (red), pure Off (blue), On-Off (magenta) or no responses (black).

Discussion

We have reported a broadly applicable strategy that could potentially be used to restore visual function in patients suffering from photoreceptor degeneration. AII amacrine cells were targeted thanks to a novel promoter and expressed an optogenetic protein to make them lightsensitive. This strategy has the advantage of being mutation-independent and could be used for patients with different genotypes. Restoring this diversity of responses could be important for restoring visual perception.

Previous studies on the primate [START_REF] Schiller | Functions of the ON and OFF channels of the visual system[END_REF]Merigan, 1990) have shown that a selective impairment of retinal computations leads to specific deficits in visual perception. Inactivating On-cells in the macaque retina in vivo using pharmacology [START_REF] Schiller | Functions of the ON and OFF channels of the visual system[END_REF] affected the ability of the macaque to detect light increase but did not affect its ability to detect light decrease. Recent work (Smeds, 2019;Westo, 2021) looking at responses of mouse RGCs and behavior at scotopic light levels, suggests that the mouse relies on the responses of On-RGCs to detect light increase, and on Off-RGCs to detect light decrease. A striking finding by Smeds et al, 2019 was that mice engaged in a task where they had to detect light increase in darkness would not use the information available from Off-RGCs, even when they are more sensitive than On-RGCs. This means that there were cases where a small light increase could be detected by decoding a decrease in the firing rate of Off-RGCs, while no firing rate increase could be detected in On-RGCs, but the mouse could not report the light increase, and was ignoring the change in Off-RGC activity. This strongly suggests that On-RGCs are used to detect light increase and Off-RGCs to detect light decrease, at least in scotopic conditions.

These previous results suggest that restoring retinal computations might be necessary for a blind patient to perform complex visual tasks. To test this hypothesis, it would be interesting to see if rd1 mice where our AII-targeting strategy had been applied could perform complex visual tasks, and if they would perform better than rd1 mice where a strategy targeting RGCs had been used instead. Doing complex behavioral experiments is beyond the scope of this paper, but it would be interesting for future work to estimate how visual perception is influenced by On and Off pathways.

Previous studies have proposed alternative strategies targeting either "dormant" cones [START_REF] Busskamp | Genetic reactivation of cone photoreceptors restores visual responses in retinitis pigmentosa[END_REF] or bipolar cells. In many retinal dystrophies, photoreceptors are not present anymore, and bipolar cells can be partially degenerated. AII amacrine cell synaptic contacts may remain intact for a longer time and could therefore be used at more advanced stages of degeneration. Another advantage of the AII stimulation compared to these previous strategies is that it differentially activates both the On and Off pathways, as opposed to strategies where all cells become On responsive.

Ultimately, these advantages will have to be evaluated in primate models. It remains to be seen if the same level of expression and specificity found here can be achieved in primate models. We demonstrated specificity and expression in the mouse eye, but this does not guarantee that the same promoter will give the same result in the macaque eye, or the human retina, as promoter efficiency can be strongly dependent on the species (Juttner et al, 2021).

Nonetheless, our results show that targeting AII for optogenetic stimulation is a promising strategy for vision restoration.

Methods

AAV Productions

Recombinant AAVs were produced by the plasmid cotransfection method, and the resulting lysates were purified via iodixanol gradient ultracentrifugation as previously described (Dalkara, 2013). Briefly, 40% iodixanol fraction was concentrated and buffer exchanged using Amicon Ultra-15 Centrifugal Filter Units (Millipore, Molsheim, France). Vector stocks were then tittered for DNase-resistant vector genomes by real-time PCR relative to a standard.

Animals and Intravitreal Injections

All experiments were done in accordance with Directive 2010/63/EU of the European Parliament. The protocol was approved by the Local Animal Ethics Committee of Paris 5 (CEEA 34). All mice used in this study were C3H/HeN (rd1 mice) or C57Bl6J mice (wild type) from Janvier Laboratories (Le Genest Saint Isle, France). For injections, mice were anesthetized with isofluorane (5% induction, 2% during the procedure). Pupils were dilated, and an ultrafine 30-gauge disposable needle was passed through the sclera, at the equator and next to the limbus, into the vitreous cavity. Injection of 1.5 µl stock containing 3.04 × 10e12 particles of AAV was made with direct observation of the needle in the center of the vitreous cavity.

Immunohistochemistry

Mice were sacrificed in accordance with all animal facility protocols at the Institut de la

Vision by CO2 inhalation and cervical dislocation. Eyes were removed and fixed 2-3 hrs in 4% formalin solution at RT. Eyes for sectioning were cryopreserved in 30% sucrose prior to embedding in Neg50 (Thermofisher, Waltham MA) and cut into 12µm sections. Slides were warmed 10min, blocked 6-8hrs for GFP-tissue or 1hr for ReaChR-tissue in 6% NDS/1% BSA/0.5% triton/PBS at 4C, and incubated O/N in 50% block solution with anti-Prox1 1:500 (Biolegend, San Diego, CA; Rb), anti-ChAT 1:1K (Chemicon, Gt), washed 3x5min PBS, incubated in secondary and DAPI 1:2K for 1-2hrs at RT, washed 3x5min, and coverslipped in Permafluor (Thermofisher). The same procedure was used for flat-mounts but primary incubation was for 3 days and secondary incubation for 1 day using anti-GFP 1:500 (Abcam, Cambridge, UK; Chk).

Multi-Electrode Array

MEA recordings were obtained from ex-vivo isolated flat mounted retinae of rd1 mice aged from 132 to 324 days. Mice were sacrificed by quick cervical dislocation, and eyeballs were removed and placed in Ames medium (Sigma-Aldrich, St Louis, MO; A1420) bubbled with 95% O2 and 5 % CO2 at room temperature. Isolated retinas were placed on a cellulose membrane and gently pressed against a MEA (MEA256 100/30 iR-ITO; Multi-Channel Systems, Reutlingen, Germany), with the RGCs facing the electrodes. Pharmacology was used to block photoreceptor to bipolar cell transmission with 5µM LAP4 and 1µM ACET, followed by 200 µM CNQX and 10 µM CPP in some experiments to block all transmission to RGCs (Tocris, Bristol UK).

Light Stimulation

To estimate RGC receptive fields, we used a stimulus consisting of a grayscale checkerboard (51 by 38 checks, check size equal to 50 microns) with each check luminance varying independently according to a normal distribution. The stimulus was played for several minutes (between 20 and 40 minutes depending on the experiment).

To quantify the effect of optogenetic activation we used a flickering stimulus (referred to as flicker in the following) consisting of a series of white flashes of one second duration, interleaved with one second intervals of darkness. Flashes were played both at low (0.11 uW/cm 2 ) and high (2.7 uW/cm 2 ) light intensities.

To study the diversity of the cell responses, we used a chirp stimulus. This is a full field stimulus, lasting 25 seconds, designed to test the response of RGCs to changes in light intensity at different regimes of contrast and frequency. During the first part of the stimulus the light intensity varies at constant speed and increasing contrast; during the second half, it oscillates with constant contrast and increasing frequency.

Spike Sorting and Preprocessing

All of the multi-electrode array recordings were processed with the spyking-circus software (Yger, 2018) to sort out the recorded spikes and obtain templates of individual RGC responses.

Receptive Fields

We processed RGC responses to the checkerboard stimulus to extract spike-triggered averages of the stimulus luminance. A linear defactorization was performed to obtain a spatial and a temporal component of the spike-triggered average. We modeled the receptive field center of RGCs with an ellipse, obtained by fitting a two-dimensional gaussian distribution to the spatial component of the spike-triggered average, and considering the region of interest delimited by one standard deviation.

Activation Index

To quantify the effect of a stimulus s on our population of RGCs, we defined a binary cell activation index. We computed this score as follows.

First, we considered a control window of 300 ms right before the stimulus onset.

For a given cell c, we calculated the average firing rate fr_control c,s and standard deviation σ_control c,s across stimulus repetitions in this time interval. We defined an activation threshold as: thres c,s = max(fixed_thres, fr_control c,s + 5σ_control c,s )

with fixed_thres equal to 5Hz.

Then, we looked at a response window of 300ms after the presentation of the stimulus (specifically, right after the stimulus onset for On-cells, and after the stimulus offset for Offcells), and computed the Post-Stimulus Time Histogram psth s,c of these responses (time bin equal to 50 ms).

We assigned an activation index A s,c equal to one to cell c if its response psth s,c exceeded its activation threshold thres c,s for at least one time bin, or a score equal to zero otherwise.

On-and Off-RGC Classification

We used the activation index described above to classify On-and Off-RGCs. We labeled as On (Off) all the cells with a positive activation index on the onset (offset) of the white flashes, and a zero activation index on the offset (onset).

Cells activated at both onset and offset (On-Off) and cells that were not activated at all were not labelled and were not considered in the population analysis presented in this paper.

Optogenetic Activation: Population Analysis

To assess the effect of the optogenetic stimulation on our population of RGCs, we displayed the flicker stimulus described earlier at dim and bright luminance intensities. Then, for each luminance level, we looked at the responses of retinal ganglion cells, and computed their activation indexes both at the onset and offset of the flashes. Finally, we calculated the percentage of On-and Off-cells activated at the different light levels to assess the impact of the stimulation.

We ran the same analysis to test both the opsins Reachr and GtACR1, and for all the control protocols with Lap4, Acet, CNQX, and CPP.

For the control experiments on rd1 mice, since the photoreceptor responses are not available, we could not classify the RGCs as On or Off. Therefore, we show the percentage of population activation at the onset and offset of the stimulus, without any subdivision of the RGC population.

Off-Target Expression in RGCs

To identify RGCs that were directly stimulated due to off-target expression, we looked at RGC responses to the flicker stimulus after application of CNQX and CPP. We computed the activation indices on these responses and removed all those cells with a positive activation index at the onset and/or offset of the stimulus.

Sustained-Transient Index

We defined a sustained-transient index to assess which component is prevailing (transient or sustained) in the responses of a given ganglion cell c to a certain stimulus s.

We considered two response windows after the presentation of the stimulus: the first one capturing transient responses (from 0ms to 300ms after stimulus onset for On-cells or after stimulus offset for Off-cells) and a second one for sustained responses (from 300ms to 600ms after onset for On-cells or after offset for Off-cells).

We 

Sustained-Transient Analysis

Our goal here was to assess how RGC responses to optogenetic stimulation of AIIs differed from their normal responses to photoreceptor stimulation.

For this analysis, we only considered the subset of the cell population with a positive activation index to the chirp stimulus for both the photoreceptor and optogenetic responses.

We also excluded all the cells for which optogenetic responses showed a different polarity with respect to the photoreceptor responses, and all those cells shown to be directly activated.

We then calculated the sustained-transient index described above for all the cells in the considered population for both optogenetic and photoreceptor responses and compared the distribution of the index under the two conditions using the Wilcoxon rank sum test. We found that for the population of On-RGCs these two distributions were significantly different (the test rejects the null hypothesis that they have equal medians with p value < 1e05). For the population of Off-RGCs, we did not observe a significant difference among the two distributions.

We defined a relative sustained-transient index that measures how the optogenetic responses of a cell change with respect to its normal photoreceptor responses. 

Analysis of complexity of the responses

Here we wanted to quantify how the complexity of RGC responses changed between normal photoreceptor stimulation and optogenetic AII stimulation.

We addressed this problem by computing the principal component analysis of the RGC responses to the chirp stimulus, for both photoreceptor and optogenetic stimulation, and then compared the number of components needed to explain different percentages of variance.

We considered the same population of cells used for the sustained-transient analysis described above (so we only kept cells consistently responding to both photoreceptor and optogenetic stimulation and excluded all the cells directly stimulated).

As we did not want to account for experimental variation in the principal component analysis, we ran the analysis independently for all three experiments available.

To make the results comparable, we wanted to keep the population size constant across the different experiments. We decided to run the principal component analysis on each experiment on a sampled subpopulation of fixed size (20 elements). We repeated this procedure 100 times, and for each experiment we computed the average curve showing the variance explained by each number of principal components (shown in Figure 5.5D) under both normal and optogenetic conditions.

We then obtained the final result by averaging the curves across all three experiments (opaque lines in Figure 5.5D).

Figure 1 . 2
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  AII amacrine cells are an important relay from Rod bipolar cells to the rest of the retinal circuit. They send their signals to On-Cone bipolar cells through gap junctions and to Off-Cone bipolar cells through inhibitory, glycinergic synapses (Figure 2.1). Cone bipolar cells transfer the signal to the ganglion cell layer using the regular cone circuitry (review in Wassle, 2004). The AII amacrine cell is thus a key component to relay rod signals to the retina.
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 2 Figure 2.1 AII amacrine cells receive inputs from Rod bipolar cells. They connect to On-Cone

Figure 2

 2 Figure 2.2 AII amacrine cell reconstructed with electron microscopy. The AII makes synaptic
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  Figure 5.4 AII activation is responsible for the diversity of responses, it is not a failure of
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 56 Figure 5.6 Optogenetic activation of AIIs produces On-and Off-RGC responses in retinas

  Compared to RGC targeting, which is currently in clinical trial, we have shown that we could restore a significant part of the retinal computations performed by a normal retina. Specifically, our strategy restores both On-and Off-RGC responses. We also observed diverse responses (e.g. sustained and transient), presumably corresponding to the activation of several different cell types and pathways in the retinal circuit, similar to what occurs in the healthy retina.

  computed the Post-Stimulus Time Histogram of the responses (time bin equal to 50 ms) on both windows: psth_transient s,c representing the transient component, and psth_sustained s,c representing the sustained component. We then computed the sustained-transient index ST s,c as the ratio ST s,c = max(psth_sustained s,c ) / (max(psth_sustained s,c ) + max(psth_transient s,c )) An index ST s,c close to one indicates that cell c produces a sustained response to the stimulus s. Conversely, an index close to zero means the response is predominantly transient.

For a given

  photoreceptor responses are similar, value close to 1 if the cell has an optogenetic response

  

  tested if stimulation of AII amacrine cells with optogenetics could produce On and Off responses in RGCs.

	For this we recorded RGC spiking activity from wild-type retinas expressing ReachR under
	the HKamac promoter on a multielectrode array. To test if AII stimulation could activate
	similar circuits to photoreceptor stimulation, we first measured RGC responses to stimuli at
	low light intensity, which could only activate photoreceptors and not ReachR. We observed
	both On and Off responses (Figure 5.2B). We then blocked synaptic transmission from
	photoreceptors to bipolar cells using pharmacology (LAP-4 to block transmission from

photoreceptors to Rod and On-Cone bipolar cells, and ACET to block transmission from photoreceptors to Off-Cone bipolar cells, see methods). RGC responses disappeared since photoreceptor input had been blocked, and the light intensity was too low to activate ReachR.