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I would also like to thank my colleagues from the team of Nelson Rebola. I would like to thank 1990). On the other hand, homeostatic plasticity is defined by a set of mechanisms that allow neurons to sense how active they are and to adjust their properties to maintain stable function [START_REF] Davis | Maintaining the stability of neural function: A homeostatic hypothesis[END_REF][START_REF] Marder | Current compensation in neuronal homeostasis[END_REF][START_REF] Turrigiano | Homeostatic plasticity in neuronal networks: The more things change, the more they stay the same[END_REF]Turrigiano & Nelson, 2004). As a consequence, homeostatic plasticity acts on stabilizing the activity of a neuron or neuronal assembly in response to perturbations, such as changes in cell size or synapse number or strength, that alter neuronal excitability [START_REF] Turrigiano | The Self-Tuning Neuron: Synaptic Scaling of Excitatory Synapses[END_REF].

These various mechanisms underlying neuronal plasticity are not mutually exclusive. On the opposite, without stabilizing mechanisms operating at the level of neural circuits, activitydependent forms of plasticity -such as Hebbian plasticity -could drive neural activity towards runaway excitation or quiescence [START_REF] Miller | Synaptic economics: Competition and cooperation in synaptic plasticity[END_REF]Turrigiano & Nelson, 2004). Accordingly, selective changes in synaptic weights are difficult to achieve without building in some homeostatic mechanism to regulate total synaptic strength and excitability [START_REF] Bienenstock | Theory for the development of neuron selectivity: Orientation specificity and binocular interaction in visual cortex[END_REF][START_REF] Miller | Models of activity-dependent neural development[END_REF][START_REF] Oja | Simplified neuron model as a principal component analyzer[END_REF][START_REF] Von Der Malsburg | Self-organization of orientation sensitive cells in the striate cortex[END_REF].

Plasticity therefore occurs at various organizational levels of the nervous system and is not only necessary for neuronal networks to acquire new functional properties, but also for them to remain robust and stable during adulthood [START_REF] Hübener | Neuronal plasticity: Beyond the critical period[END_REF][START_REF] Kalia | Development of pattern vision following early and extended blindness[END_REF][START_REF] Bernhardi | What is neural plasticity[END_REF], conferring to plasticity an essential role in the proper development of sensory, motor, and cognitive functions (Hensch, 2005a).

Indeed, adult performance is highly reflective of how the neuronal connections -and therefore synaptic transmission -are shaped, especially during its early life experience.

1.1.2. The Critical Periods: how neuronal circuits are pruned by early experience

Plasticity is particularly enhanced during a specific time window of early post-natal development called the critical period (CP) during which specific changes of the neuronal network can be induced by exposure to environmental stimuli (Hensch, 2005a). These CPs therefore occur during early development, before sensory structures reached complete maturity, and have the ability to induce long-lasting influence on the organization of brain circuits into adulthood. This explains why CPs of the sensory cortices constitute privileged models for the study of plasticity, both in normal and pathological conditions.

Functional organization of sensory cortices

In the mammalian primary sensory neocortices, the inputs responsible for relaying sensory information are very well organized. Indeed, the distribution of sensory inputs is mapped with topographic precision, and these cortical maps are established during the CPs of development specific for visual, auditory and somatosensory areas [START_REF] Caviness | Architectonic map of neocortex of the normal mouse[END_REF][START_REF] Crair | The role of visual experience in the development of columns in cat visual cortex[END_REF]Erzurumlu & Gaspar, 2012). To understand the mechanisms underlying how these sensory inputs reach mature organization, and therefore how neuronal circuits are shaped by sensory experience, it is important to know the organization of the patch of sensory information in the central nervous system (CNS). Typically, and oversimplified, the sensory information originates in the sensory organs (the retina for the visual system) and is transmitted to the thalamus in the CNS (dorsolateral geniculate nucleus or dLGN for the visual system), which relays the information to the primary visual cortex (V1). Here, the information is decoded and processed. In general, the thalamus sends its projections to the layer 4 (L4)

which constitutes the main input layer of the neocortex [START_REF] Douglas | Neuronal circuits of the neocortex[END_REF]. L4 neurons then project onto L2/3 neurons which, by connecting with other associative cortical areas, will integrate feedback modulations to the information. This information is then transferred onto L5 neurons, and further on to L6, where neurons are sending excitatory feedback to the thalamus [START_REF] Alitto | Corticothalamic feedback and sensory processing[END_REF]) (Fig 1.3.).

Therefore, our work aimed at understanding the mechanisms that refine neuronal connectivity upon re-opening of CP-like plasticity in adult was performed in the mouse visual cortex.

1.1.4. The Ocular Dominance Plasticity: a model to study experience-dependent plasticity

The overlapping regions of visual space viewed from each of the two eyes define a binocular zone. The binocular zone is defined as the site where the inputs of the two eyes physically converge and compete in V1 (Torsten N. [START_REF] Wiesel | Responses in Striate Deprived of Vision Cortex of One Eye[END_REF]. In most mammals, retinal information from the right or left eye are transferred to the thalamic nucleus dLGN, which in turn project and cluster its inputs onto L4 cells of the mature cortex in alternating "ocular dominance" columns (D. H. [START_REF] Hubel | Functional architecture of area 17 in normal and monocularly deprived macaque monkeys[END_REF][START_REF] Shatz | Ocular dominance in layer IV of the cat's visual cortex and the effects of monocular deprivation[END_REF]. In the mouse, owing to the rather limited binocular field of view, thalamocortical projections segregate into a single binocular zone that receives mixed input from both the ipsilateral and contralateral eyes [START_REF] Seabrook | Architecture, Function, and Assembly of the Mouse Visual System[END_REF]. Binocular vision is highly dependent on the visual experience that both eyes are undergoing during the CP for visual system, and shaped during early postnatal life (Hensch, 2005a).

In the visual system, ocular dominance plasticity (ODP) can be defined as an activitydependent competitive process between the two eyes to drive and integrate cortical responses [START_REF] Trachtenberg | Competition, inhibition, and critical periods of cortical plasticity[END_REF]. ODP, induced by sensory deprivation of one eye, is one of the most commonly studied mechanism for experience-dependent cortical plasticity (T. N.

Wiesel & Hubel, 1965). In binocular V1, neurons respond to inputs from both eyes but are dominated by the contralateral eye [START_REF] Drager | Observations on monocular deprivation in mice[END_REF][START_REF] Dräger | Receptive fields of single cells and topography in mouse visual cortex[END_REF]. In mice, as brief monocular deprivation (MD) up to 4 days during the CP -between postnatal days 23 and 32 [START_REF] Smith | Experience-dependent binocular competition in the visual cortex begins at eye opening[END_REF] -induces a shift in the ocular dominance of binocular neurons towards the open eye [START_REF] Gordon | Experience-dependent plasticity of binocular responses in the primary visual cortex of the mouse[END_REF][START_REF] Wang | Critical Period Plasticity Matches Binocular Orientation Preference in the Visual Cortex[END_REF].

Such MD during early life results in physiological changes in ocular dominance in L4 and L2/3, with separate sites and mechanisms for plasticity in these layers (C. H. [START_REF] Liu | Cannabinoid Receptor Blockade Reveals Parallel Plasticity Mechanisms in Different Layers of Mouse Visual Cortex[END_REF][START_REF] Maffei | Selective reconfiguration of layer 4 visual cortical circuitry by visual deprivation[END_REF][START_REF] Maffei | Multiple modes of network homeostasis in visual cortical layer 2/3[END_REF]. ODP can occur in Plasticity in adult V1 can occur but is limited. Indeed, ODP can also be triggered in adult mice, although using different mechanisms and to a lessened extent [START_REF] Sato | Distinctive features of adult ocular dominance plasticity[END_REF][START_REF] Sawtell | NMDA receptordependent ocular dominance plasticity in adult visual cortex[END_REF]. Manipulation of several molecular "brakes" that actively limit plasticity during adulthood can also re-open plasticity in the mature V1 [START_REF] Bavelier | Removing brakes on adult brain plasticity: From molecular to behavioral interventions[END_REF][START_REF] Morishita | Critical period revisited: impact on vision[END_REF]. These manipulations will be described in another section (see section 1.5.1.,Introduction).

In the meantime, in order to better understand the plastic mechanisms underlying the remodeling of V1 circuits, we will here provide a general description of the neuronal networks that constitute the visual system.

1.2. The visual system: a reference structure for the study of plasticity 1.2.1. The thalamocortical circuit: dialogue between the dLGN and the primary visual cortex

In mammals, the visual pathway initiates with visual input within the retinal ganglion cells (RGCs) of the retina, that project onto a number of subcortical regions, including the superior colliculus, the suprachiasmatic nucleus and the dorsal lateral geniculate nucleus (dLGN). Given its importance with regard to our project, we will here specifically focus on the thalamocortical (TC) circuit from the dLGN onto V1.

As the principal relay of retinal information, the proper development of the dLGN is crucial for further appropriate regionalization of V1 [START_REF] Seabrook | Architecture, Function, and Assembly of the Mouse Visual System[END_REF]. In mice, RGCs send ipsilateral and contralateral inputs to dLGN. Ipsilateral connections are surrounded by a larger area of contralateral inputs, although binocular overlap in the dLGN also exists [START_REF] Howarth | Binocular integration in the mouse lateral geniculate nuclei[END_REF]. The dLGN is composed of excitatory TC neurons -also called relay neuronsand GABAergic interneurons. TC neurons are four times more abundant than GABAergic interneurons in the dLGN. These GABAergic interneurons locally inhibit TC neurons and other dLGN interneurons through dendrodendritic and axodendritic synapses [START_REF] Bickford | Synaptic development of the mouse dorsal lateral geniculate nucleus[END_REF][START_REF] Morgan | The Fuzzy Logic of Network Connectivity in Mouse Visual Thalamus[END_REF][START_REF] Rafols | The structure of the dorsal lateral geniculate nucleus in the mouse. A golgi and electron microscopic study[END_REF], while TC neurons preferentially project to V1 and send collaterals to thalamic reticular neurons (TRNs). TRNs Following this summarized characterization of the dLGN circuit and its projections onto V1, we will now provide an overview of how excitatory and inhibitory connections are organized within local circuit in V1.

1.2.2. The organization of intracortical connections within the primary visual cortex 1.2.2.1.

Local excitatory connectivity

Cortical circuits are composed of highly interconnected neurons, with around 80% of glutamatergic (excitatory) cells -referred as principal neurons (PNs) -that share similarities in their morphological and electrophysiological properties [START_REF] Connors | Kainate receptors coming of age: Milestones of two decades of research[END_REF][START_REF] Peters | Motor organization in pharynx of Helix pomatia[END_REF]. Typically, two main groups of PNs can be distinguished: the pyramidal (PYR) cells, and the spiny stellates (SS) cells (Feldman, 1984), which differ from each other by the size and shape of their cell body, the extent of their dendritic arborization and the density of their excitatory connections [START_REF] Defelipe | The pyramidal neuron of the cerebral cortex: Morphological and chemical characteristics of the synaptic inputs[END_REF][START_REF] Spruston | Pyramidal neurons: Dendritic structure and synaptic integration[END_REF].

PNs use amino acid glutamate as their primary neurotransmitter to drive excitatory signals onto their targets. These cells receive local inhibitory inputs on their soma and axons, depending on the interneuron type, and excitatory inputs from various origins on their dendrites within specific structures called "spines" [START_REF] Gray | Electron microscopy of synaptic contacts on dendrite spines of the cerebral cortex[END_REF][START_REF] Yuste | From the neuron doctrine to neural networks[END_REF]. These structures constitute the sites for activity-dependent changes of synaptic efficacy [START_REF] Rochefort | Dendritic spines: From structure to in vivo function[END_REF]. Essentially, PNs receive inputs from local source on their proximal dendrites while its distal apical dendritic tufts -mainly extending into L1 -are mostly contacted by long-range, top-down connections from distant cortical and/or subcortical areas [START_REF] Deneux | Context-dependent signaling of coincident auditory and visual events in primary visual cortex[END_REF][START_REF] Larkum | A cellular mechanism for cortical associations: An organizing principle for the cerebral cortex[END_REF][START_REF] Major | Active properties of neocortical pyramidal neuron dendrites[END_REF][START_REF] Palmer | Layer-specific regulation of cortical neurons by interhemispheric inhibition[END_REF]. PN dendrites have specific passive and active biophysical properties that determine their input-output functions by influencing the integration of synaptic signals through temporal and spatial summation [START_REF] Major | Active properties of neocortical pyramidal neuron dendrites[END_REF]. PNs typically exhibit regular spiking pattern, meaning that they show adapting action potentials, followed by a steady-state regular firing in response to depolarizing current pulses [START_REF] Mccormick | Comparative electrophysiology of pyramidal and sparsely spiny stellate neurons of the neocortex[END_REF].

dynamics of synaptic inputs and outputs differ among INs (Michael Beierlein & Connors, 2002;[START_REF] Markram | Organizing principles for a diversity of GABAergic interneurons and synapses in the neocortex[END_REF]. Also, specific IN types make synapses with GABA receptors differing in subunit composition, which can affect the kinetics of the GABAergic response [START_REF] Ali | Synaptic 5 Subunit-Containing GABAA Receptors Mediate IPSPs Elicited by Dendrite-Preferring Cells in Rat Neocortex[END_REF][START_REF] Freund | Interneuron Diversity series: Rhythm and mood in perisomatic inhibition[END_REF]. All these properties affect IN responses to excitatory inputs and their postsynaptic impact onto target cells. IN subtypes also differ in the expression of molecules such as calcium-binding proteins and neuropeptides [START_REF] Ascoli | Petilla terminology: Nomenclature of features of GABAergic interneurons of the cerebral cortex[END_REF][START_REF] Kawaguchi | GABAergic cell subtypes and their synaptic connections in rat frontal cortex[END_REF][START_REF] Kepecs | Interneuron cell types are fit to function[END_REF][START_REF] Kubota | Untangling GABAergic wiring in the cortical microcircuit[END_REF][START_REF] Markram | Interneurons of the neocortical inhibitory system[END_REF]. Therefore, despite the fact that they only represent 10-15% of total cells in the rodent cortex, their large diversity endows them with specific activity patterns that confer them a crucial role in information processing within cortical circuits [START_REF] Ascoli | Petilla terminology: Nomenclature of features of GABAergic interneurons of the cerebral cortex[END_REF].

Cortical INs can be classified in functional subgroups (Fig 1.8.). Somatostatin-expressing (SST)

INs regroup Martinotti cells [START_REF] Markram | Interneurons of the neocortical inhibitory system[END_REF]Y. Wang et al., 2004) and neurogliaform (NGF) cells (Y [START_REF] Kawaguchi | GABAergic cell subtypes and their synaptic connections in rat frontal cortex[END_REF][START_REF] Oláh | Output of neurogliaform cells to various neuron types in the human and rat cerebral cortex[END_REF] that target the dendrites of PYR neurons and are therefore ideally predisposed to filter synaptic glutamatergic inputs on PYR cell dendrites [START_REF] Defelipe | The pyramidal neuron of the cerebral cortex: Morphological and chemical characteristics of the synaptic inputs[END_REF]. Also, basket cells (BCs) -that represent around 50% of all cortical INs -contact PYR cells on their soma and proximal dendrites [START_REF] Freund | Perisomatic Inhibition[END_REF], thus setting the timing of action potentials of PYR neurons. This specific connectivity confers to BCs a crucial role in monitoring neuronal output and promoting synchronous discharge of a large population of PNs [START_REF] Cardin | Driving fast-spiking cells induces gamma rhythm and controls sensory responses[END_REF][START_REF] Freund | Perisomatic Inhibition[END_REF][START_REF] Sohal | Parvalbumin neurons and gamma rhythms enhance cortical circuit performance[END_REF]. BCs can be subdivided in two major, non-overlapping subtypes with different physiological properties. Parvalbumin-expressing basket cells (PV BCs) can sustain high-frequency firing (hence their fast-spiking or FS denomination) and are efficiently recruited by strong and fast glutamatergic input during cortical activity [START_REF] Bartos | Synaptic mechanisms of synchronized gamma oscillations in inhibitory interneuron networks[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF]; J. R. [START_REF] Geiger | Submillisecond {AMPA} receptor-mediated signaling at a principal neuron-interneuron synapse[END_REF]. Given their importance in our project, we provided an exhaustive description of the properties and role of PV BCs in cortical circuits in the following section (see section 1.3,Introduction). Other perisomatic targeting INs express cannabinoid receptor type 1 (CB1Rs) and the neuropeptide cholecystokinin (CCK). These INs cannot sustain highfrequency firing, are contacted by less glutamatergic synapses and their soma-targeted synapses tend to release GABA asynchronously and unreliably, often resulting in prolonged inhibition of target cells [START_REF] Daw | Asynchronous transmitter release from cholecystokinin-containing inhibitory interneurons is widespread and target-cell independent[END_REF]. Another type of IN called chandelier cells, also expressing PV, initiates axo-axonic connections with the axonal initial segment of PNs [START_REF] Ascoli | Petilla terminology: Nomenclature of features of GABAergic interneurons of the cerebral cortex[END_REF][START_REF] Kawaguchi | GABAergic cell subtypes and their synaptic connections in rat frontal cortex[END_REF][START_REF] Markram | Interneurons of the neocortical inhibitory system[END_REF][START_REF] Somogyi | A specific "axo-axonal" interneuron in the visual cortex of the rat[END_REF], conferring to these INs a powerful role as controllers of PYR cells output. Importantly, vasoactive intestinal polypeptide-expressing (VIP) INs preferentially silence dendrite-targeting SST INs -although they also inhibit PV cells to a lower extent [START_REF] Kepecs | Interneuron cell types are fit to function[END_REF][START_REF] Pfeffer | Inhibition of inhibition in visual cortex: The logic of connections between molecularly distinct interneurons[END_REF] -thus releasing PNs from inhibition within cortical circuits [START_REF] Karnani | Opening holes in the blanket of inhibition: Localized lateral disinhibition by vip interneurons[END_REF][START_REF] Kepecs | Interneuron cell types are fit to function[END_REF][START_REF] Lee | A disinhibitory circuit mediates motor integration in the somatosensory cortex[END_REF][START_REF] Pfeffer | Inhibition of inhibition in visual cortex: The logic of connections between molecularly distinct interneurons[END_REF][START_REF] Pi | Cortical interneurons that specialize in disinhibitory control[END_REF]. VIP-mediated disinhibition could occur to allow a window of integration for longrange feedback information and local excitatory inputs. Such permissive role would consequently enable plasticity on the distal dendrites of PYR neurons (L. [START_REF] Jiang | Brain connectivity plasticity in the motor network after ischemic stroke[END_REF][START_REF] Letzkus | Disinhibition, a Circuit Mechanism for Associative Learning and Memory[END_REF]. At the global network level, the correct dialogue between interneurons and PNs not only allows for the correct circuit computations that underlie sensory processing [START_REF] Isaacson | How inhibition shapes cortical activity[END_REF], but is also crucial for setting excitation to inhibition (E/I) balance within cortical network. As a result, malfunction of inhibitory INs impairs the E/I balance and has been associated with several neuropsychiatric (schizophrenia, autism, mood disorders) [START_REF] Benes | GABAergic interneurons: Implications for understanding schizophrenia and bipolar disorder[END_REF][START_REF] Croarkin | Evidence for GABAergic inhibitory deficits in major depressive disorder[END_REF][START_REF] Levitt | Regulation of neocortical interneuron development and the implications for neurodevelopmental disorders[END_REF][START_REF] Orekhova | Excess of High Frequency Electroencephalogram Oscillations in Boys with Autism[END_REF][START_REF] Sanacora | GABAergic Contributions to the Pathophysiology of Depression and the Mechanism of Antidepressant Action[END_REF] and neurological (epilepsy, and Rett syndrome) diseases [START_REF] Ben-Ari | The multiple facets of γ-aminobutyric acid dysfunction in epilepsy[END_REF][START_REF] Chao | Dysfunction in GABA signalling mediates autism-like stereotypies and Rett syndrome phenotypes[END_REF].

1.3. The parvalbumin-expressing basket cells: a crucial cell type for cortical function PV BCs can be identified by their parvalbumin expression, which is a Ca 2+ binding protein that controls both synchronous and asynchronous GABA release [START_REF] Manseau | Desynchronization of neocortical networks by asynchronous release of GABA at autaptic and synaptic contacts from fast-spiking interneurons[END_REF]. The extended PV cell dendritic arborization in several cortical layers allows them to be recruited by different excitatory pathways [START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF].

Excitatory synapses are formed on dendritic shafts of PV cells, which may facilitate the generation of fast excitatory postsynaptic potentials (EPSPs) (J. R. [START_REF] Geiger | Submillisecond {AMPA} receptor-mediated signaling at a principal neuron-interneuron synapse[END_REF]. The dendrites of PV cells exhibit a high ratio of K + to Na + channels [START_REF] Martina | Distal initiation and active propagation of action potentials in interneuron dendrites[END_REF][START_REF] Stuart | Active propagation of somatic action potentials into neocortical pyramidal cell dendrites[END_REF][START_REF] Vervaeke | Gap junctions compensate for sublinear dendritic integration in an inhibitory network[END_REF], with K + channels being primarily of the Kv3 type and thus characterized by high activation threshold, fast activation, and fast deactivation [START_REF] Rudy | Kv3 channels: Voltage-gated K+ channels designed for high-frequency repetitive firing[END_REF]. Therefore, in the thin PV cell dendrites, excitatory synaptic conductances that generate local EPSPs with large peak amplitude [START_REF] Norenberg | Distinct nonuniform cable properties optimize rapid and efficient activation of fast-spiking GABAergic interneurons[END_REF] efficiently activate dendritic Kv3 channels [START_REF] Hu | Dendritic mechanisms underlying rapid synaptic activation of fastspiking hippocampal interneurons[END_REF][START_REF] Rudy | Kv3 channels: Voltage-gated K+ channels designed for high-frequency repetitive firing[END_REF], resulting in an accelerated decay time course of the EPSP and a shortened the time period of temporal summation which promote action potential initiation with high speed and temporal precision [START_REF] Fricker | EPSP amplification and the precision of spike timing in hippocampal neurons[END_REF][START_REF] Hu | Dendritic mechanisms underlying rapid synaptic activation of fastspiking hippocampal interneurons[END_REF]. K + channel activation also conveys sublinear integration [START_REF] Hu | Dendritic mechanisms underlying rapid synaptic activation of fastspiking hippocampal interneurons[END_REF], which may allow PV cells to accurately sample PN activity over a wide range. PV cells also receive inhibitory inputs on their soma and dendrites, primarily from other PV INs although inhibitory inputs from VIP and SST INs are also present [START_REF] Hioki | Cell type-specific inhibitory inputs to dendritic and somatic compartments of parvalbumin-expressing neocortical interneuron[END_REF][START_REF] Pfeffer | Inhibition of inhibition in visual cortex: The logic of connections between molecularly distinct interneurons[END_REF]. PV cells also exhibit tightly interconnected dendrites by gap junctions [START_REF] Galarreta | A network of fast-spiking cells in the neocortex connected by electrical synapses[END_REF][START_REF] Jr | Two networks of electrically coupled inhibitory neurons in neocortex[END_REF], allowing for speeding of the EPSP time course and widening of the spatial range of detection of PN activity [START_REF] Galarreta | Electrical synapses between GABA-releasing interneurons[END_REF]. Also, PV cells exhibit many synaptic contacts with themselves (autapses) that modulate their own spike frequency and greatly contribute to improve precise spike-timing [START_REF] Cardin | Driving fast-spiking cells induces gamma rhythm and controls sensory responses[END_REF][START_REF] Deleuze | Strong preference for autaptic self-connectivity of neocortical PV interneurons entrains them to γ-oscillations[END_REF][START_REF] Pfeffer | Inhibition of inhibition in visual cortex: The logic of connections between molecularly distinct interneurons[END_REF][START_REF] Sohal | Parvalbumin neurons and gamma rhythms enhance cortical circuit performance[END_REF]. Besides, PV cells have an extensive axonal arbor from which emerges a huge number of "en passant" terminals [START_REF] Karube | Axon Branching and Synaptic Bouton Phenotypes in GABAergic Nonpyramidal Cell Subtypes[END_REF].

Because PV cells innervate a large number of PNs near the site of action potential initiation, they can generate a particularly powerful inhibition onto PNs [START_REF] Bezaire | Quantitative assessment of CA1 local circuits: Knowledge base for interneuron-pyramidal cell connectivity[END_REF]. PV cells exhibit a gradual density increase of Na + channel distribution from the soma to the distal axon [START_REF] Hu | Fast-spiking, parvalbumin+ GABAergic interneurons: From cellular design to microcircuit function[END_REF]. Thus, PV cells show a weakly excitable somatodendritic domain, with graded synaptic potentials, and a highly excitable axonal domain, with all-ornone action potentials. This high Na + channel density increases the speed of action potential

propagation and the maximal action potential frequency during sustained somatic current injection [START_REF] Hu | Fast-spiking, parvalbumin+ GABAergic interneurons: From cellular design to microcircuit function[END_REF], thus contributing to rapid signaling in PV cells. The axon of PV cells also contain voltage-gated K + channels with properties similar to those in the dendrites of PV cells [START_REF] Goldberg | Specific functions of synaptically localized potassium channels in synaptic transmission at the neocortical GABAergic fast-spiking cell synapse[END_REF][START_REF] Hu | Fast-spiking, parvalbumin+ GABAergic interneurons: From cellular design to microcircuit function[END_REF], with high activation threshold and fast deactivation that ensure fast action potential repolarization in the axon. Also, the initial axonal segment of PV cells expresses the Kv1 channels [START_REF] Goldberg | K+ Channels at the Axon Initial Segment Dampen Near-Threshold Excitability of Neocortical Fast-Spiking GABAergic Interneurons[END_REF][START_REF] Lorincz | Cell-type-dependent molecular composition of the axon initial segment[END_REF], with low activation threshold and slow channel gating that may define the typical input-output conversion properties in PV cells. Indeed, long current pulses will activate Kv1 channels, suppressing the initiation of action potentials, while fast EPSPs will bypass activation of these channels, leading to action potential initiation with short delay. Thus, Kv1 channels may implement a fast coincidence detection mechanism in PV cells [START_REF] Goldberg | K+ Channels at the Axon Initial Segment Dampen Near-Threshold Excitability of Neocortical Fast-Spiking GABAergic Interneurons[END_REF]. Given these characteristics, PV cells can display high firing frequency (several hundred Hz) in response to depolarizing current steps. Indeed, PV FS cells can fire up to 600-800 Hz in vivo during seizure activity [START_REF] Timofeev | The role of chloride-dependent inhibition and the activity of fast-spiking neurons during cortical spike-wave electrographic seizures[END_REF], and exhibit typically nonadapting spike train and large and fast afterhyperpolarization action potentials in vitro (McCormick et al., 1985) (Fig 1.10.).

not fixed but can increase over an order of magnitude depending on the strength of FFI mediated by PV cells [START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF]. FFI may also hinder the occurrence of spike responses from a given afferent input and thus reduce synchrony of parallel activated nearby neurons [START_REF] Renart | The asynchronous state in cortical circuits[END_REF]. Overall, FFI has been proven to be crucial for faithful representation of tactile stimuli in the somatosensory cortex (S1) [START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF], the formation of receptive fields during development [START_REF] Alonso | Thalamocortical specificity and the synthesis of sensory cortical receptive fields[END_REF], and coincidence detection in postsynaptic target by favoring synchronization of asynchronous thalamic inputs [START_REF] Bruno | Synchrony in sensation[END_REF][START_REF] Bruno | Cortex is driven by weak but synchronously active thalamocortical synapses[END_REF][START_REF] Wilent | Synaptic Responses to Whisker Deflections in Rat Barrel Cortex as a Function of Cortical Layer and Stimulus Intensity[END_REF].

Neuronal gain modulation

The ability to perform complex cognitive tasks relies on the flexibility of single PYR neurons to modulate their gain, i.e., to adapt their output spiking activity, without changing their selectivity or receptive field characteristics [START_REF] Salinas | Gain modulation in the central nervous system: Where behavior, neurophysiology, and computation meet[END_REF], in response to changing input upon environmental contextual changes [START_REF] Ferguson | Mechanisms underlying gain modulation in the cortex[END_REF]. Gain modulation is a canonical neuronal operation that serves as a nonlinear tool to combine and/or integrate information from different sensory, motor, and cognitive modalities [START_REF] Carandini | Normalization as a canonical neural computation[END_REF][START_REF] Silver | Neuronal arithmetic[END_REF]. Alterations in gain modulation are translated mathematically into a modification in the slope of the neural input-output relationship [START_REF] Ferguson | Mechanisms underlying gain modulation in the cortex[END_REF][START_REF] Silver | Neuronal arithmetic[END_REF]. Several reports using optogenetic approaches have reported that PV cells specifically play a key role in gain modulation [START_REF] Atallah | Parvalbumin-Expressing Interneurons Linearly Transform Cortical Responses to Visual Stimuli[END_REF]Ferguson & Cardin, 2020) (Fig 1.11.). Indeed, perisomatic INs have been reported to alter the responses of PYR neurons via divisive or subtractive inhibition, although this vision is still debated in the visual cortex [START_REF] Atallah | Parvalbumin-Expressing Interneurons Linearly Transform Cortical Responses to Visual Stimuli[END_REF][START_REF] El-Boustani | Response-dependent dynamics of cell-specific inhibition in cortical networks in vivo[END_REF]; S. H. [START_REF] Lee | Activation of specific interneurons improves V1 feature selectivity and visual perception[END_REF][START_REF] Wilson | Division and subtraction by distinct cortical inhibitory networks in vivo[END_REF]. Interestingly, the modulation of gain induced by fast synaptic inhibiting PV cells is likely even more prominent during transition from steady-state to active-state, as it was observed during brain state transitions (sleep to wakefulness), or changes in the environmental context (attention-demanding tasks)

(reviewed in [START_REF] Ferguson | Mechanisms underlying gain modulation in the cortex[END_REF]). Thus, fast synaptic inhibition sets the sensitivity of individual cortical neurons during sensory, motor and cognitive tasks and constitutes a key modulator of neuronal computation.

to decrease cognitive flexibility in mice [START_REF] Cho | Gamma rhythms link prefrontal interneuron dysfunction with cognitive inflexibility in dlx5/6+/-mice[END_REF]. Specifically, PV cells appear to be the key drivers of synchronous and rhythmic g-activity in the cortex. Indeed, PV cells contact many PYR neurons at their perisomatic compartment and thus synchronize a large network composed of many PNs. Importantly, PV cells can produce high-frequency trains -resonating at g-frequencies -of fast spikes and are tightly coupled with each other. These characteristics likely underlie the emergence of synchronous and rhythmic network activity. Indeed, PV cells can synchronize themselves through their gap junctions as an inhibitory network exclusively composed of PV cells, and can self-inhibit massively through autapses that are crucial for regulating their own spike-timing and synchronization [START_REF] Deleuze | Strong preference for autaptic self-connectivity of neocortical PV interneurons entrains them to γ-oscillations[END_REF][START_REF] Manseau | Desynchronization of neocortical networks by asynchronous release of GABA at autaptic and synaptic contacts from fast-spiking interneurons[END_REF]. Such characteristics confer them a role of pacemaker in cortical networks by governing the emergence and dissolution of fast oscillations in cell assemblies in spatially arranged networks [START_REF] Cardin | Driving fast-spiking cells induces gamma rhythm and controls sensory responses[END_REF][START_REF] Sohal | Parvalbumin neurons and gamma rhythms enhance cortical circuit performance[END_REF]. Therefore, PV cells generate and pace brain rhythms that underlie many aspects of cognition [START_REF] Buzsáki | Neural Syntax: Cell Assemblies, Synapsembles, and Readers[END_REF][START_REF] Buzśaki | Mechanisms of gamma oscillations[END_REF][START_REF] Cobb | Synchronization of neuronal activity in hippocampus by individual GABAergic interneurons[END_REF][START_REF] Freund | Perisomatic Inhibition[END_REF]. Importantly, impairment of g-oscillations has been linked to several brain diseases and, in particular, is among the most prominent symptoms of schizophrenia subjects [START_REF] Cho | Gamma rhythms link prefrontal interneuron dysfunction with cognitive inflexibility in dlx5/6+/-mice[END_REF][START_REF] Gonzalez-Burgos | Alterations of cortical GABA neurons and network oscillations in schizophrenia[END_REF][START_REF] Lewis | Cortical parvalbumin interneurons and cognitive dysfunction in schizophrenia[END_REF]. PV cells are involved in the regulation of plasticity and learning. Indeed, PV cell-mediated inhibition was shown to play a critical role for associative fear learning [START_REF] Donato | Early-and Late-Born Parvalbumin Basket Cell Subpopulations Exhibiting Distinct Regulation and Roles in Learning[END_REF][START_REF] Donato | Parvalbumin-expressing basket-cell network plasticity induced by experience regulates adult learning[END_REF] and activation of PV cells in the prefrontal cortex accelerates extinction of reward seeking behavior [START_REF] Toyoizumi | A Theory of the Transition to Critical Period Plasticity: Inhibition Selectively Suppresses Spontaneous Activity[END_REF].

Importantly, during the CP in V1, PV cells are transiently inhibited after MD and this downregulation has been reported to be necessary to enable ODP [START_REF] Ackman | Role of emergent neural activity in visual map development[END_REF][START_REF] Gogolla | Sensory Integration in Mouse Insular Cortex Reflects GABA Circuit Maturation[END_REF]. Overall, suppression of PV cells (i.e., disinhibition of PYR neurons) appears necessary for certain forms of plasticity, whereas activation of PV cells may hinder plasticity, underlying the key role endowed by PV cells in inhibitory control of plasticity [START_REF] Hu | Fast-spiking, parvalbumin+ GABAergic interneurons: From cellular design to microcircuit function[END_REF].

Early during development, inhibitory innervation in V1 is weak, and cortical neurons are spontaneously active with high synchronicity which drives their precise wiring within the circuit [START_REF] Ackman | Role of emergent neural activity in visual map development[END_REF]. Once the eyes open, around P14 in mice [START_REF] Espinosa | Development and Plasticity of the Primary Visual Cortex[END_REF], the precise timing of visual inputs will allow optimization of cortical networks through experience-dependent plastic mechanisms, thus improving visual processing through increased acuity and finely tuned binocular vision. Interestingly, in order to initiate the CPfrom P23-P32 in mice [START_REF] Smith | Experience-dependent binocular competition in the visual cortex begins at eye opening[END_REF] -, a minimal level of synaptic inhibition must be reached [START_REF] Hensch | Local GABA circuit control of experience-dependent plasticity in developing visual cortex[END_REF]. Indeed, the maturation of PV cell-mediated inhibition is thought to both control the timing precision of PN responses and actively suppress spontaneous activity while leaving visual response strength unchanged during the CP [START_REF] Saiepour | Ocular dominance plasticity disrupts binocular inhibition-excitation matching in visual cortex[END_REF]. Such increased PV cell activity reduces the time window of temporal integration and spike-timing-dependent plasticity of neuronal responses [START_REF] Pouille | Enforcement of Temporal Fidelity in Pyramidal Cells by Somatic Feed-Forward Inhibition Linked references are available on JSTOR for this article : Enforcement of Temporal Fidelity in Pyramidal Cells by Somatic Feed-Forward Inhibition[END_REF].

This phenomenon results in stable, well-tuned, and efficient visual networks with limited noise during adulthood. Interestingly, PV cell-mediated inhibition does not simply increase during the CP but is strongly influenced by visual input. Like excitatory neurons, PV cells shift their ocular preference upon MD [START_REF] Kameyama | Difference in binocularity and ocular dominance plasticity between GABAergic and excitatory cortical neurons[END_REF][START_REF] Saiepour | Ocular dominance plasticity disrupts binocular inhibition-excitation matching in visual cortex[END_REF][START_REF] Yazaki-Sugiyama | Bidirectional plasticity in fast-spiking GABA circuits by visual experience[END_REF]. PV cells also become temporarily suppressed upon a brief period of MD [START_REF] Kuhlman | A disinhibitory microcircuit initiates critical-period plasticity in the visual cortex[END_REF], allowing for disinhibition of weak inputs from the open eye and expansion of the time window for synaptic integration. This rapid downregulation of PV cell activity is crucial for inducing OD plasticity and disappears with CP closure [START_REF] Kuhlman | A disinhibitory microcircuit initiates critical-period plasticity in the visual cortex[END_REF]. Interestingly, it may actually help to further recruit and strengthen synaptic inputs after MD and such rewiring is likely allowing re-optimization of visual processing in V1. CP occurrence can be interfered by modulating specific signaling cascades specifically in PV cells [START_REF] Carulli | Animals lacking link protein have attenuated perineuronal nets and persistent plasticity[END_REF][START_REF] Mcgee | Neuroscience: Experience-driven plasticity of visual cortex limited by myelin and nogo receptor[END_REF][START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF][START_REF] Stephany | Plasticity of binocularity and visual acuity are differentially limited by nogo receptor[END_REF][START_REF] Ye | Experience-dependent development of perineuronal nets and chondroitin sulfate proteoglycan receptors in mouse visual cortex[END_REF]) (Fig 1 .12.). Indeed, the onset of plasticity can be delayed by directly preventing maturation of GABAergic transmission with gene-targeted deletion of GABA-synthetic enzyme (GAD65) or by dark-rearing from birth (Hensch, 2005a). In adult mice, after the CP, suppression of PV cell activity re-introduces the ability of the V1 network to show ODP [START_REF] Kuhlman | A disinhibitory microcircuit initiates critical-period plasticity in the visual cortex[END_REF][START_REF] Roux | Tasks for inhibitory interneurons in intact brain circuits[END_REF].

Interestingly, at any age in mice, enhancement of inhibition by benzodiazepines (agonists of GABAA receptors) re-opens a CP for ODP [START_REF] Gianfranceschi | Visual cortex is rescued from the effects of dark rearing by overexpression of BDNF[END_REF]. Also, transgenic overexpression of brain-derived neurotrophic factor BDNF in mice results in a precocious deprivation during the critical period, net inhibition provided by PV interneurons decreases, so that TC feedforward connections can undergo plastic changes (indicated by the red spot), which is sufficient for learning. In the adult visual system, perceptual learning is reinforcement-dependent and may involve plasticity of feedback connections providing contextual information about the feedforward inputs that are reinforced (in this example, the left black bar). This plasticity is facilitated by reduced inhibition from SST interneurons resulting from their inhibition from VIP interneurons, whose activity depends on the behavioral state of the animal (adapted from van Versendaal & Levelt, 2016).

Various forms of plasticity can thus be induced in adult V1, such as adult ODP, retinal lesioninduced plasticity, perceptual learning and stimulus-selective response plasticity. In retinal lesion-induced plasticity, V1 initially becomes unresponsive to the lesioned part of the retina but, over time, the lesion projection zone progressively starts to respond to stimuli in neighboring visual-field positions [START_REF] Giannikopoulos | Dynamics and specificity of cortical map reorganization after retinal lesions[END_REF][START_REF] Kaas | Reorganization of retinotopic cortical maps in adult mammals after lesions of the retina[END_REF]. This form of plasticity is also thought to involve the reorganization of horizontal connections in V1 [START_REF] Gilbert | Adult Visual Cortical Plasticity[END_REF]. On the other hand, stimulus-selective response plasticity relies on the increased responsiveness of neuronal responses to a particular visual stimulus upon its repeated presentation, and results in eye-specific changes of cortical responsiveness that may also involve plasticity at TC connections [START_REF] Frenkel | Instructive Effect of Visual Experience in Mouse Visual Cortex[END_REF]. In line with the idea that PV cells are involved in regulating plasticity of feed-forward connections, stimulus-selective response plasticity has recently been found to involve changes in PV cell-mediated inhibition [START_REF] Kaplan | Contrasting roles for parvalbumin-expressing inhibitory neurons in two forms of adult visual cortical plasticity[END_REF].

In V1, the decline of ODP after the CP may require "brakes" on plasticity mediated by specific molecular mechanisms to close the critical period and their continuous application to keep it [START_REF] Giamanco | Deconstructing the perineuronal net: Cellular contributions and molecular composition of the neuronal extracellular matrix[END_REF][START_REF] Köppe | Characterization of proteoglycan-containing perineuronal nets by enzymatic treatments of rat brain sections[END_REF]Kwok, Carulli, & Fawcett, 2010;[START_REF] Kwok | Extracellular matrix and perineuronal nets in CNS repair[END_REF][START_REF] Yamaguchi | Lecticans: Organizers of the brain extracellular matrix[END_REF] (Fig 1.15.).

Hyaluronan is a linear polysaccharide highly expressed in the ECM. It is synthesized and anchored to the membrane by HASs which are located in the plasma membrane [START_REF] Kwok | In vitro modeling of perineuronal nets: Hyaluronan synthase and link protein are necessary for their formation and integrity[END_REF]. Lecticans constitute a particular family of proteoglycans (PGs) that binds hyaluronan proteins anchored to the cell membrane and surround the cell body and proximal neurites of the PNN-expressing neurons. Indeed, PGs are composed of core protein with glycosaminoglycan (GAG) side chains and have been proven to play a key role in numerous cellular processes including cell adhesion, receptor binding, growth, migration, barrier formation, and interaction with other ECM molecules [START_REF] Smock | Roles of glycosaminoglycans as regulators of ligand/receptor complexes[END_REF].

Mammals express four subtypes of lecticans within their CNS including aggrecan, versican, neurocan and brevican [START_REF] Jaworski | BEHAB, a new member of the proteoglycan tandem repeat family of hyaluronan-binding proteins that is restricted to the brain[END_REF][START_REF] Rauch | Cloning and primary structure of neurocan, a developmentally regulated, aggregating chondroitin sulfate proteoglycan of brain[END_REF]. HAPLNs stabilize interactions between the hyaluronan structure of the PNNs and lecticans and are exclusively detected in PNN-expressing neurons (Carulli et al., 2006;[START_REF] Galtrey | Distribution and synthesis of extracellular matrix proteoglycans, hyaluronan, link proteins and tenascin-R in the rat spinal cord[END_REF]. Tenascins-R (TN-R) are extracellular matrix glycoproteins that belong to a subtype of the Tenascin family. TN-R are highly expressed in the nervous system [START_REF] Tucker | The regulation of tenascin expression by tissue microenvironments[END_REF], and form trimers that bind particular domains of lecticans [START_REF] Lundell | Structural basis for interactions between tenascins and lectican C-type lectin domains: Evidence for a crosslinking role for tenascins[END_REF]. One trimer can bind up to three lectican molecules -themselves anchored to the membrane through hyaluronan proteinconferring a strong structural integrity to the PNN structure. The majority of neurons surrounded by PNNs in the cortex are GABAergic interneurons, while a smaller number of neurons surrounded by PNNs are PYR cells [START_REF] Beebe | Extracellular molecular markers and soma size of inhibitory neurons: Evidence for four subtypes of GABAergic cells in the inferior colliculus[END_REF][START_REF] Härtig | Cortical neurons immunoreactive for the potassium channel Kv3.1b subunit are predominantly surrounded by perineuronal nets presumed as a buffering system for cations[END_REF]. PV cells form the largest population of PNN-positive cells in the brain, and in V1, these cells are selectively surrounded by PNNs [START_REF] Lensjø | Differential expression and cell-type specificity of perineuronal nets in hippocampus, medial entorhinal cortex, and visual cortex examined in the rat and mouse[END_REF]. PV cell maturation is known to play a central role in determining the time window for the CP by affecting the E/I balance within local neuronal networks [START_REF] Bavelier | Removing brakes on adult brain plasticity: From molecular to behavioral interventions[END_REF][START_REF] Fagiolini | Specific GABAA Circuits for Visual Cortical Plasticity[END_REF][START_REF] Harauzov | Reducing intracortical inhibition in the adult visual cortex promotes ocular dominance plasticity[END_REF][START_REF] Hensch | Local GABA circuit control of experience-dependent plasticity in developing visual cortex[END_REF][START_REF] Yazaki-Sugiyama | Bidirectional plasticity in fast-spiking GABA circuits by visual experience[END_REF]. Since PNN formation in V1 occurs postnatally at around the same time that synaptic connections stabilize and the CP ends and is activity-dependent [START_REF] Berardi | Molecular basis of plasticity in the visual cortex[END_REF]Hensch, 2005a;[START_REF] Hockfield | Expression of neural proteoglycans correlates with the acquisition of mature neuronal properties in the mammalian brain[END_REF][START_REF] Lander | A family of activity-dependent neuronal cell-surface chondroitin sulfate proteoglycans in cat visual cortex[END_REF][START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF], PNNs may restrict plasticity in the adult brain by specifically modulating PV cell function. Indeed, when PNNs are enzymatically disrupted with Chondroitinase ABC -an enzyme that cleaves the GAG side chains in CSPGs and the HA backbone of PNNs and other ECM structures [START_REF] Brückner | Acute and long-lasting changes in extracellular-matrix chondroitin-sulphate proteoglycans induced by injection of chondroitinase ABC in the adult rat brain[END_REF][START_REF] Deepa | Composition of perineuronal net extracellular matrix in rat brain: A different disaccharide composition for the netassociated proteoglycans[END_REF] -in adult V1, the E/I balance is altered and plasticity is increased, resembling a reset to a juvenile state of V1 [START_REF] Lensjø | Removal of Perineuronal Nets Unlocks Juvenile Plasticity Through Network Mechanisms of Decreased Inhibition and Increased Gamma Activity[END_REF][START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF]. Also, PNN enzymatic disruption after the CP in the spinal cord promotes functional recovery following spinal cord injury [START_REF] Bradbury | Chondroitinase ABC promotes functional recovery after spinal cord injury[END_REF][START_REF] Massey | Chondroitinase ABC digestion of the perineuronal net promotes functional collateral sprouting in the cuneate nucleus after cervical spinal cord injury[END_REF] and erasure of fear memory in the amygdala allows [START_REF] Gogolla | Perineuronal nets protect fear memories from erasure[END_REF][START_REF] Pizzorusso | Erasing fear memories[END_REF].

Several possibilities have been proposed to explain how PNNs may restrict plasticity within the CNS, such as an action as a physical barrier to the formation of new synaptic contacts, an action as a scaffold for binding of other molecules restricting plasticity or an involvement in intracortical (IC) inhibitory pathways, and restriction of surface receptor mobility (Fig 1.18.). The first possible mechanism by which PNNs would limit plasticity is by acting as a physical barrier, notably to the formation of new neuronal contacts. This could be achieved directly due to CSPGs, strong inhibitory molecules and main components of the PNNs, that highly hider neural regeneration. As ChABC treatment successfully disrupts PNNs, it also improves the regeneration of axons [START_REF] Shinozaki | Combined treatment with chondroitinase ABC and treadmill rehabilitation for chronic severe spinal cord injury in adult rats[END_REF], suggesting that the role of plasticity brake of PNNs is partially attributed to the presence of CSPGs in the structure. Restricting the formation of new neuronal contacts could also be indirectly achieved through receptors of PNN components. Indeed, several proteins were identified as receptors for CSPGs [START_REF] Kwok | Extracellular matrix and perineuronal nets in CNS repair[END_REF] but the role of these receptors in plasticity remains unclear. PNN accumulation also protects neurons from oxidative stress [START_REF] Suttkus | Aggrecan, link protein and tenascin-R are essential components of the perineuronal net to protect neurons against iron-induced oxidative stress[END_REF], toxic protein species and from the toxicity of amyloid beta [START_REF] Miyata | Perineuronal nets protect against amyloid β-protein neurotoxicity in cultured cortical neurons[END_REF]. Importantly, PNNs act as an ionic buffer around FS PV cells [START_REF] Morawski | Ion exchanger in the brain: Quantitative analysis of perineuronally fixed anionic binding sites suggests diffusion barriers with ion sorting properties[END_REF]. Both HAs and CSs, highly negatively charged molecules, allow PNNs to act as a local buffer for cations close to the synapse [START_REF] Härtig | Cortical neurons immunoreactive for the potassium channel Kv3.1b subunit are predominantly surrounded by perineuronal nets presumed as a buffering system for cations[END_REF]. PNNs mostly envelope PV cells which have high activity at their synapses and therefore need buffering for the cations involved in neurotransmission. Indeed, PV cells activity is crucial to the IC inhibitory pathways of CP plasticity. In rats, reduction of GABAergic inhibition in adulthood reactivates ODP of the visual system [START_REF] Harauzov | Reducing intracortical inhibition in the adult visual cortex promotes ocular dominance plasticity[END_REF] and environmental enrichment of amblyopic animals reduced GABAergic inhibition and PNN densities in V1, leading to recovery of visual acuity and OD [START_REF] Sale | GABAergic inhibition in visual cortical plasticity[END_REF][START_REF] Sale | Environmental enrichment in adulthood promotes amblyopia recovery through a reduction of intracortical inhibition[END_REF].

A second potential mechanism underlying PNNs limitation of plasticity may result from being a scaffold binding to molecules affecting plasticity. CSPGs of PNNs interact with growthmodulating ligands in vitro [START_REF] Crespo | How does chondroitinase promote functional recovery in the damaged CNS[END_REF][START_REF] Deepa | Specific molecular interactions of oversulfated chondroitin sulfate E with various heparin-binding growth factors: Implications as a physiological binding partner in the brain and other tissues[END_REF] but whether these molecules also interact with PNNs in vivo remains unclear, with exception of the repulsive guidance molecule semaphorin 3A (Sema3A) [START_REF] De Wit | Semaphorin 3A displays a punctate distribution on the surface of neuronal cells and interacts with proteoglycans in the extracellular matrix[END_REF]. Indeed, Sema3A could exert effects on growth inhibition and synapse dynamics. Removal of the PNNs with ChABC removes Sema3A from the neuronal surface [START_REF] Vo | The chemorepulsive axon guidance protein semaphorin3A is a constituent of perineuronal nets in the adult rodent brain[END_REF], suggesting that PNNs use Sema3A onto approaching axons from other neurons as a repulsive signaling molecule [START_REF] De Winter | The Chemorepulsive Protein Semaphorin 3A and Perineuronal Net-Mediated Plasticity[END_REF]. Importantly, it was recently found that Sema3A antagonization mimics the effects of in vivo ChABC treatment on adult cortical plasticity [START_REF] Boggio | Inhibition of Semaphorin3A Promotes Ocular Dominance Plasticity in the Adult Rat Visual Cortex[END_REF]. The internalization of Otx2 was also found to regulate plasticity in the cortex and to be crucial for the maturation of PV cells. The time course of Otx2 accumulation in PV cells parallels that of PV cell maturation:

Otx2 protein is barely detected in V1 prior to CP onset, is increasingly concentrated by PV cells during the CP, and persists in adulthood. A recent study also demonstrates that the PNNs to future experiences [START_REF] Berardi | Molecular basis of plasticity in the visual cortex[END_REF][START_REF] Hensch | Critical period plasticity in local cortical circuits[END_REF][START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF]. Indeed, disruption of PNNs can reactivate plasticity in adult mice (T. [START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF]. However, the mechanisms through which PNNs restrict plasticity in adult remain unclear (D. [START_REF] Wang | The perineuronal net and the control of cns plasticity[END_REF].

1.5. The thalamocortical synapse: a key connection for the re-opening of cortical plasticity in primary visual cortex during adulthood 1.5.1. Manipulations to induce re-opening of windows of plasticity in adult

As previously mentioned (see section 1.3.3.,Introduction), several structural and functional molecular "brakes" actively limiting plasticity during adulthood and closing the CP of ODP in the visual cortex have been revealed by studying the rodent visual cortex [START_REF] Bavelier | Removing brakes on adult brain plasticity: From molecular to behavioral interventions[END_REF]Morishita & Hensch, 2008) (Fig 1.19.).

Structural brakes include:

• PNNs, that accumulate around PV cells and which disruption has been shown to restore experience-dependent plasticity in adult rats by altering the dynamics of local GABAergic inhibition in V1 (T. [START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF],

• Myelin-related inhibitory signaling mediated by Nogo receptor (NgR), which hindrance leads to the expansion of the CP time window in V1 [START_REF] Mcgee | Neuroscience: Experience-driven plasticity of visual cortex limited by myelin and nogo receptor[END_REF],

• PirB, a paired receptor with high affinity for Nogo, that is found to restrict ODP in V1, And functional brakes include:

• Nicotinic receptor binding protein Lynx1, for which an increased expression coincides with CP closure and removal re-opens CP-like plasticity in adult V1 [START_REF] Morishita | Lynx1, a cholinergic brake, limits plasticity in adult visual cortex[END_REF],

• Brain-derived neurotrophic factor (BDNF) that promotes GABAergic maturation [START_REF] Hanover | Brain-derived neurotrophic factor overexpression induces precocious critical period in mouse visual cortex[END_REF]Z. J. Huang et al., 1999) and for which increase in expression level is accompanied by a re-opening of CP-like plasticity in adult V1. Note that chronic selective serotonin reuptake inhibitor (SSRI) treatments in adult rats induces plasticity in V1 and that this effect is likely mediated through BDNF pathway [START_REF] Vetencourt | The antidepressant fluoxetine restores plasticity in the adult visual cortex[END_REF].

• Acetylcholinesterase inhibitor (AchEI), which injection in V1 of adult mice with amblyopia leads to restoration of vision [START_REF] Morishita | Lynx1, a cholinergic brake, limits plasticity in adult visual cortex[END_REF] likely by counteracting the nicotinic functional brake induced by Lynx1 on CP of plasticity,

• Histone deacetylase inhibitors (HDACI), which administration in adult mice re-opens CP-like plasticity in adult V1 [START_REF] Putignano | Developmental Downregulation of Histone Posttranslational Modifications Regulates Visual Cortical Plasticity[END_REF] possibly by regulating gene expression of molecular brakes such as myelin-related molecules, as histone modifications are involved in oligodendrocyte precursor cell differentiation during development (J. [START_REF] Liu | Epigenetic regulation of oligodendrocyte identity[END_REF][START_REF] Shen | Post-translational modifications of nucleosomal histones in oligodendrocyte lineage cells in development and disease[END_REF][START_REF] Shen | Histone modifications affect timing of oligodendrocyte progenitor differentiation in the developing rat brain[END_REF].

Apart from these molecular and functional brakes, environmental enrichment [START_REF] Greifzu | Environmental enrichment extends ocular dominance plasticity into adulthood and protects from strokeinduced impairments of plasticity[END_REF][START_REF] Sale | Environmental enrichment in adulthood promotes amblyopia recovery through a reduction of intracortical inhibition[END_REF] and dark exposure [START_REF] He | Experience-dependent recovery of vision following chronic deprivation amblyopia[END_REF] have also been reported to be efficient on amblyopia recovery in adult rats (Fig 1.19.). Importantly, darkrearing has been shown to reopen a window for juvenile-like plasticity -potentiation of the open eye responses together with a loss of responsiveness to the closed eye -in adult V1 [START_REF] Duffy | Darkness alters maturation of visual cortex and promotes fast recovery from monocular deprivation[END_REF][START_REF] He | Experience-dependent recovery of vision following chronic deprivation amblyopia[END_REF] and this reinstatement of juvenile-like plasticity is accompanied by a reduced level of inhibitory transmission. Indeed, in general, adult cortical plasticity seems to be favored by a decrease in the level of inhibitory neurotransmission, which is in line with the fact that maturation of synaptic inhibition in the cortex is an essential determinant of the closure of the CP [START_REF] Medini | Experience-dependent plasticity of visual cortical microcircuits[END_REF]. Overall, it is likely that these

interventions re-open CP-like plasticity by resetting the E/I balance in adult V1 [START_REF] Morishita | Critical period revisited: impact on vision[END_REF].

Cell adhesion proteins are expressed in diverse neuron types and in glial cells [START_REF] Biederer | Transcellular Nanoalignment of Synaptic Function[END_REF][START_REF] Kolodkin | Mechanisms and molecules of neuronal wiring: A primer[END_REF][START_REF] Missler | Synaptic cell adhesion[END_REF][START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF] and control synapse assembly and their maintenance in the maturing brain [START_REF] Mendez | N-cadherin mediates plasticity-induced longterm spine stabilization[END_REF][START_REF] Robbins | SynCAM 1 Adhesion Dynamically Regulates Synapse Number and Impacts Plasticity and Learning[END_REF]. Recent studies have proposed to shed some light onto the role of such proteins expressed at the TC synapse onto cortical cells in synaptogenesis and plasticity within V1.

Neuroligins are postsynaptic synapse organizers and transmembrane proteins that interact with presynaptic Neurexins [START_REF] Dean | Neurexin mediates the assembly of presynaptic terminals[END_REF][START_REF] Scheiffele | Neuroligin expressed in nonneuronal cells triggers presynaptic development in contacting axons[END_REF] and play a key role for synapse maturation and function [START_REF] Dean | Neurexin mediates the assembly of presynaptic terminals[END_REF][START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF].

They can modify both inhibitory and excitatory presynaptic functions, recruitment scaffolding components at the synapse and neurotransmitter receptors at the postsynaptic site [START_REF] Martenson | Assembly rules for GABAA receptor complexes in the brain[END_REF][START_REF] Poulopoulos | Neuroligin 2 Drives Postsynaptic Assembly at Perisomatic Inhibitory Synapses through Gephyrin and Collybistin[END_REF].

Neuroligin/Neurexin complexes interact with accessory extracellular linker proteins such as the glia-expressed Hevin [START_REF] Singh | Astrocytes Assemble Thalamocortical Synapses by Bridging NRX1α and NL1 via Hevin[END_REF]. Neuroligins cell-surface expression can be regulated by visual activity [START_REF] Peixoto | Transsynaptic Signaling by Activity-Dependent Cleavage of Neuroligin-1[END_REF], but it is specifically the removal of Hevin from V1 that impairs Neuroligin 1/Neurexin interaction and reduces the density of thalamic inputs [START_REF] Risher | Astrocytes refine cortical connectivity at dendritic spines[END_REF]Singh et al., 2016) (Fig 1.22.). Indeed, mice that lack Hevin show impaired OD and CP opening, suggesting that the assembly of TC synapses by Neuroligin 1/Neurexin/Hevin interactions controls the opening of the CP for visual plasticity [START_REF] Singh | Astrocytes Assemble Thalamocortical Synapses by Bridging NRX1α and NL1 via Hevin[END_REF].

Similar to Neuroligins, SynCAMs are transmembrane proteins that control both pre-and postsynaptic properties and contribute to excitatory synapse formation and maintenance in vivo across different brain regions [START_REF] Park | Excitatory synaptic drive and feedforward inhibition in the hippocampal CA3 circuit are regulated by SynCAM 1[END_REF][START_REF] Ribic | Synapse-Selective Control of Cortical Maturation and Plasticity by Parvalbumin-Autonomous Action of SynCAM 1[END_REF][START_REF] Ribic | Structural organization and function of mouse photoreceptor ribbon synapses involve the immunoglobulin protein synaptic cell adhesion molecule 1[END_REF][START_REF] Robbins | SynCAM 1 Adhesion Dynamically Regulates Synapse Number and Impacts Plasticity and Learning[END_REF]. Among the different member of the SynCAM family, SynCAM 1 cell adhesion complexes are expressed in different cortical areas and recent research have enlightened their role in timing the onset and offset of cortical CP in V1 [START_REF] Lyckman | Gene expression patterns in visual cortex during the critical period: Synaptic stabilization and reversal by visual deprivation[END_REF][START_REF] Ribic | Synapse-Selective Control of Cortical Maturation and Plasticity by Parvalbumin-Autonomous Action of SynCAM 1[END_REF][START_REF] Thomas | Expression and adhesion profiles of SynCAM molecules indicate distinct neuronal functions[END_REF]. SynCAM 1 recruits potent long-range TC excitatory inputs onto PV cells [START_REF] Park | Excitatory synaptic drive and feedforward inhibition in the hippocampal CA3 circuit are regulated by SynCAM 1[END_REF][START_REF] Ribic | Synapse-Selective Control of Cortical Maturation and Plasticity by Parvalbumin-Autonomous Action of SynCAM 1[END_REF] and PV-expressed SynCAM 1 is further regulated by visual activity. Mice that lack SynCAM 1 have fewer TC synapses and this results in poorly developed binocular vision and an extended visual CP. Interestingly, even a brief cell-specific removal of SynCAM 1 from PV 

Synaptic efficacy

The properties and organization of the glutamatergic TC synapses in L4 determine the primary level of cortical processing. TC synapses represent only 20% of all synapses formed onto cortical cells in L4 -with around 13% of thalamic contacts onto PV cells and 6% onto PNs (Ahmed, Anderson, [START_REF] Agmon | Thalamocortical responses of mouse somatosensory (barrel) cortex in vitro[END_REF][START_REF] Levay | Synaptic organization of claustral and geniculate afferents to the visual cortex of the cat[END_REF]. However, thalamic connections with PV cells constitute such powerful synapses that even one afferent can drive the firing of PV cells. In S1, one single thalamic input connects with the proximal dendritic arbor of PV cells through multiple contacts and each contact consists of a single bouton that can release up to seven vesicles simultaneously [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF]. TC axons have about 3 times more release sites than IC axons, and the mean release probability at TC synapses is about 1.5 times higher than that at IC synapses [START_REF] Gil | Differential regulation of neocortical synapses by neuromodulators and activity[END_REF][START_REF] Jr | Two networks of electrically coupled inhibitory neurons in neocortex[END_REF]. The mean paired-pulse ratio (response amplitude at the second pulse/response amplitude at the first pulse) (PPR) is on average lower for the TC synapses compared with the IC synapses [START_REF] Gil | Differential regulation of neocortical synapses by neuromodulators and activity[END_REF]. Overall, these properties make the TC connection greatly more effective and reliable than the IC connection and allow small numbers of TC axons to dominate the activity of cortical cells in L4 during sensory neurotransmission, likely contributing to the relative strength of glutamatergic TC inputs despite their numerical sparseness compared with glutamatergic IC connections [START_REF] Stratford | Excitatory synaptic inputs to spiny stellate cells in cat visual cortex[END_REF][START_REF] Ziv | Efficacy of thalamocortical and intracortical synaptic connections: Quanta, innervation, and reliability[END_REF].

Glutamatergic postsynaptic receptors

Classically, glutamatergic synapses are composed of ionotropic receptors (iGluRs), such as the AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors (AMPARs) composed of GluA subunits, the NMDA (N-methyl-D-aspartate) receptors (NMDARs) composed of GluN subunits and kainate receptors (KARs) composed of GluK subunits. iGluRs assemble as tetramers that consist of four subunits forming a non-selective cation channel [START_REF] Traynelis | Glutamate receptor ion channels: Structure, regulation, and function[END_REF]. GluA and GluK subunits (Contractor, Mulle, & Swanson, 2011;[START_REF] Greger | Structural and Functional Architecture of AMPA-Type Glutamate Receptors and Their Auxiliary Proteins[END_REF] form homo-or heterotetrameric receptors that are rapidly activated by glutamate binding, which also triggers their desensitization. AMPARs mediate the majority of fast excitatory neurotransmission in the CNS and are crucial for nearly all aspects of brain function, including learning, memory, and cognition (for reviews, see [START_REF] Henley | Synaptic AMPA receptor composition in development, plasticity and disease[END_REF][START_REF] Huganir | AMPARs and synaptic plasticity: The last 25 years[END_REF]. They are highly mobile proteins that undergo constitutive and activity-dependent translocation at the synapse. They are composed of four separate subunits GluA1-4, all calcium-permeable with exception of GluA2. GluA2-lacking AMPARs -or calcium-permeable AMPARs (CP-AMPARs) -undergo a polyamine block at positive holding potentials, resulting in highly rectified AMPAR-mediated current in positive voltage-clamp mode. NMDARs are heterotetramers of two GluN1 subunits, that bind glycine or D-serine, and two GluN2 subunits that bind glutamate (for reviews, see [START_REF] Paoletti | NMDA receptor subunit diversity: Impact on receptor properties, synaptic plasticity and disease[END_REF]. Each GluN2 subunit has distinct biophysical properties, as described in the figure below (Fig 1.23.). This great heterogeneity of subunit association results in a large number of possible receptor subtypes. The GluN2 subunits can be replaced by GluN3 subunits that bind glycine or D-serine, and triheteromeric GluN1/N2/N3 receptors may serve to narrow the effect of GluN2 signaling or as a platform for metabotropic signaling pathways (Pérez-Otaño, Larsen, & Wesseling, 2016). Overall, the expression pattern of different iGluR subtypes varies in different brain regions but their expression is widespread, resulting in the expression of multiple different iGluR subtypes within individual cells [START_REF] Hadzic | Ionotropic glutamate receptors: Which ones, when, and where in the mammalian neocortex[END_REF]. [START_REF] Kullmann | Roles of distinct glutamate receptors in induction of anti-Hebbian longterm potentiation[END_REF]. Their glutamatergic synapses undergo "anti-Hebbian" NMDAindependent LTP when the postsynaptic cell is at a relatively negative potential [START_REF] Lamsa | Anti-hebbian long-term potentiation in the hippocampal feedback inhibitory circuit[END_REF]. Interestingly, group 1 metabotropic glutamatergic receptors (mGluRs) are required for "anti-Hebbian" LTP in PV FS cells.

Metabotropic receptors are important for transsynaptic organization and plasticity (for reviews, see [START_REF] Niswender | Metabotropic glutamate receptors: Physiology, pharmacology, and disease[END_REF]). mGluRs are divided into group I, II, or III subfamilies based on sequence homologies and their preferred Gα protein signaling partners. Group I mGluRs are primarily Gq-coupled, whereas group II and III mGluRs are Gi/o-coupled. With the exception of mGluR6, mGluRs are widely expressed throughout the nervous system, with distinct but highly overlapping patterns for each subtype [START_REF] Ferraguti | Metabotropic glutamate receptors[END_REF].

During early development of V1, an increase in group 1 mGluR -regrouping mGluR1 and mGluR5 -signaling coincides with increased sensitivity to MD (Z. Q. [START_REF] Wang | Expression of mGluR1 at primary visual cortex of monocular deprivation amblyopia rat and the observing of ultrastructure[END_REF]. Indeed, during CP and following 3 days of MD, postsynaptic mGluR5 signaling is required for NMDAR-dependent ODP and LTD in L4 of V1 [START_REF] Sidorov | Metabotropic glutamate receptor signaling is required for NMDA receptor-dependent ocular dominance plasticity and LTD in visual cortex[END_REF]. Importantly, several studies have highlighted the crucial role of group 1 mGluRs for induction of long-term synaptic plasticity in PV FS cells. Indeed, group 1 mGluR blockade has been reported to impair NMDAR-independent LTD in L2/3 [START_REF] Lu | Spike-Timing-Dependent Plasticity of Neocortical Excitatory Synapses on Inhibitory Interneurons Depends on Target Cell Type[END_REF]. Another study has shown that mGluR5 signaling during early development is necessary for NMDAR-independent LTP in L2/3 [START_REF] Sarihi | Metabotropic glutamate receptor type 5-dependent long-term potentiation of excitatory synapses on fast-spiking GABAergic neurons in mouse visual cortex[END_REF]. Finally, both CP-AMPAR and group 1 mGluR signaling have been proven to be necessary to induce LTP in hippocampal PV FS cells [START_REF] Hainmuller | Joint CP-AMPA and group I mGlu receptor activation is required for synaptic plasticity in dentate gyrus fast-spiking interneurons[END_REF].

During early postnatal development, it was estimated that 30-40% of TC synapses are silent and disappear over maturation of the circuit [START_REF] Isaac | Silent synapses during development of thalamocortical inputs[END_REF]. Indeed, during the CP, while functional ensembles undergo activity-dependent consolidation, silent synapses mature by recruiting and stabilizing AMPARs into the postsynaptic site, so that the proportion of silent synapses decreases with age and experience (X. [START_REF] Huang | Progressive maturation of silent synapses governs the duration of a critical period[END_REF][START_REF] Isaac | Silent synapses during development of thalamocortical inputs[END_REF][START_REF] Xu | Silent Synapse-Based Mechanisms of Critical Period Plasticity[END_REF]. Therefore, silent synapses mature from an initially silent to an unsilenced and finally stabilized state, thus allowing for experience-dependent refinement of cortical networks [START_REF] Changeux | Selective stabilisation of developing synapses as a mechanism for the specification of neuronal networks[END_REF]; Lawrence C. [START_REF] Katz | Development of cortical circuits: Lessons from ocular dominance columns[END_REF].

NMDA receptors and visual plasticity

NMDARs have attracted much attention because of their central implications in numerous physiological and pathological processes including synaptic plasticity [START_REF] Endele | Mutations in GRIN2A and GRIN2B encoding regulatory subunits of NMDA receptors cause variable neurodevelopmental phenotypes[END_REF][START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF][START_REF] Mony | Allosteric modulators of NR2B-containing NMDA receptors: Molecular mechanisms and therapeutic potential[END_REF][START_REF] Traynelis | Glutamate receptor ion channels: Structure, regulation, and function[END_REF]. In addition, extensive work has been performed to point out the importance attributed to NMDARs in developmental visual cortical plasticity. Thus, in PNs of V1, inhibition of NMDARs has been proven to result in efficient blockade of MD effects in developmental visual circuits [START_REF] Bear | Disruption of experience-dependent synaptic modifications in striate cortex by infusion of an NMDA receptor antagonist[END_REF][START_REF] Berardi | Molecular basis of plasticity in the visual cortex[END_REF]. Also, following MD, both depression of deprived eye and potentiation of open eye responses are observed in juvenile animals, whereas only potentiation of open eye responses is observed in adult mice. This potentiation is dependent on NMDAR function in PYR cells [START_REF] Frenkel | How monocular deprivation shifts ocular dominance in visual cortex of young mice[END_REF][START_REF] Sawtell | NMDA receptordependent ocular dominance plasticity in adult visual cortex[END_REF].

Interestingly, mice engineered to maintain prolonged NMDA responses by targeted deletion of GluN2A exhibit weaker OD shifts that are restricted to the CP and are delayed normally by dark-rearing from birth [START_REF] Fagiolini | Separable features of visual cortical plasticity revealed by N-methyl-D-aspartate receptor 2A signaling[END_REF]. Moreover, it was shown that NMDARs expressed onto PV cells play a critical role in the expression of stimulus-selective response potentiation resulting from enriched visual experience, but not in the induction or expression of adult ODP upon MD [START_REF] Kaplan | Contrasting roles for parvalbumin-expressing inhibitory neurons in two forms of adult visual cortical plasticity[END_REF]. Whereas the function of NMDARs in PYR cells is well established [START_REF] Kauer | A persistent postsynaptic modification mediates long-term potentiation in the hippocampus[END_REF][START_REF] Nakazawa | NMDA receptors, place cells and hippocampal spatial memory[END_REF], their function in PV cells has remained elusive. The role of NMDARs in PV has been mostly addressed in associative areas. In the hippocampus, NMDAR ablation on PV cells has been reported to impair synchrony, spatial representations, and working memory [START_REF] Korotkova | NMDA Receptor Ablation on Parvalbumin-Positive Interneurons Impairs Hippocampal Synchrony, Spatial Representations, and Working Memory[END_REF]. Also, it was shown that NR1 subunit knockout in cortical PV cell population results in schizophrenia-like phenotype [START_REF] Belforte | Postnatal NMDA receptor ablation in corticolimbic interneurons confers schizophrenia-like phenotypes[END_REF]. More recently, NMDAR ablation in prefrontal cortical PV cells has been proven

to trigger pathophysiological mechanisms related to schizophrenia [START_REF] Alvarez | InterneuronNMDAReceptorAblationInducesHippocampus-PrefrontalCortexFunctionalHypoconnectivityafter AdolescenceinaMouseModelofSchizophrenia[END_REF]. Overall these data suggest that despite the negligible contribution of NMDARs component in PV cells [START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF][START_REF] Kloc | Target-specific properties of thalamocortical synapses onto layer 4 of mouse primary visual cortex[END_REF], they might play a prominent role in TC synaptic integration.

Modulation of thalamocortical transmission upon Perineuronal Nets removal in adult

Extensive work has been performed in order to understand how PNNs restrict plasticity in the visual cortex during development [START_REF] Fawcett | The roles of perineuronal nets and the perinodal extracellular matrix in neuronal function[END_REF]Hensch, 2005a;[START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF].

Recent work from Faini et al. have proposed a mechanism by which PNNs could control plasticity of cortical visual circuits [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]. We will here recapitulate their main results.

In order to assess the effect of in vivo PNN removal on adult cortical circuit function, the authors recorded visually-evoked extracellular potentials in V1 of adult mice in response to that PNN disruption induced a specific increase of excitatory transmission onto PV cells. This effect was due to changes in spontaneous glutamatergic synaptic transmission but not to an increase in overall slice excitability. This was in contrast with previous studies showing an alteration of firing properties of cortical cells upon PNN disruption [START_REF] Balmer | Perineuronal Nets Enhance the Excitability of Fast-Spiking Neurons[END_REF][START_REF] Dityatev | Activity-dependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets[END_REF].

1.6. Aim of the study 1.6.1. What are the biophysical properties of TC glutamatergic synaptic transmission onto PV cells in physiological conditions in adult V1?

We have described that, in the primary sensory cortices, TC axons preferentially project onto L4 [START_REF] Casagrande | Static and dynamic views of visual cortical organization[END_REF][START_REF] Crocker-Buque | Experience-Dependent, Layer-Specific Development of Divergent Thalamocortical Connectivity[END_REF][START_REF] Seabrook | Architecture, Function, and Assembly of the Mouse Visual System[END_REF] where they form glutamatergic synapses onto cortical cells (Harvey A. [START_REF] Swadlow | Spike timing and synaptic dynamics at the awake thalamocortical synapse[END_REF] and particularly onto fast-spiking PV interneurons that exhibit large and reliable EPSCs following TC activation (M. [START_REF] Beierlein | Two Dynamically Distinct Inhibitory Networks in Layer 4 of the Neocortex[END_REF][START_REF] Beierlein | Short-Term Dynamics of Thalamocortical and Intracortical Synapses Onto Layer 6 Neurons in Neocortex[END_REF][START_REF] Ziv | Efficacy of thalamocortical and intracortical synaptic connections: Quanta, innervation, and reliability[END_REF]. As a result, the activity of even a single TC axon onto a PV cell can generate robust, widespread inhibition in S1 [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF][START_REF] Kloc | Target-specific properties of thalamocortical synapses onto layer 4 of mouse primary visual cortex[END_REF][START_REF] Swadlow | Thalamocortical control of feed-forward inhibition in awake somatosensory "barrel" cortex[END_REF][START_REF] Swadlow | The influence of single VB thalamocortical impulses on barrel columns of rabbit somatosensory cortex[END_REF], generating a robust feedforward inhibitory circuit [START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Inoue | Feedforward inhibitory connections from multiple thalamic cells to multiple regular-spiking cells in layer 4 of the somatosensory cortex[END_REF][START_REF] Sun | Barrel cortex microcircuits: Thalamocortical feedforward inhibition in spiny stellate cells is mediated by a small number of fast-spiking interneurons[END_REF] that controls the temporal window for integration of sensory inputs in PNs [START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF].

It is important to note that little is known about the properties of the TC glutamatergic synapse onto PV cells in adult V1, although extensive work has been performed around characterizing this synapse in S1 and have led to conclude that the TC synapse onto PV cells is one of the cortex's most powerful synapses [START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF][START_REF] Porter | Diverse types of interneurons generate thalamus-evoked feedforward inhibition in the mouse barrel cortex[END_REF][START_REF] Swadlow | Thalamocortical control of feed-forward inhibition in awake somatosensory "barrel" cortex[END_REF][START_REF] Swadlow | The influence of single VB thalamocortical impulses on barrel columns of rabbit somatosensory cortex[END_REF]. TC synaptic transmission onto PV cells was reported to be mainly carried by calcium-permeable AMPARs (CP-AMPARs) with little contribution of NMDARs throughout development [START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF][START_REF] Kloc | Target-specific properties of thalamocortical synapses onto layer 4 of mouse primary visual cortex[END_REF]. However, NMDARs expressed in PV interneurons were suggested to be essential for their correct inhibitory function [START_REF] Kinney | A specific role for NR2Acontaining NMDA receptors in the maintenance of parvalbumin and GAD67 immunoreactivity in cultured interneurons[END_REF].

Therefore, the first objective of my thesis was to provide a characterization of the TC synapse onto PV cells in L4 of adult V1. To be able to dissect the biophysical properties of this synapse, we implemented a minimal stimulation protocol that allowed for the activation of a single TC fiber onto L4 in coronal slices of V1 (see section 3.3.1, Results) and resulted in unitary TC-EPSCs in PV cells. Using such refined stimulation protocol, we were able to study efficacy, reliability and short-term plasticity of the TC synapse onto PV cells. We were also able to study the relative contribution of ionotropic glutamatergic receptors -AMPARs and NMDARs -at the level of a single TC connection onto PV cells in adult V1. 2) PNN could act as a scaffold for the binding of potentially inhibitory molecules at the presynaptic site in TC terminals or at the postsynaptic site in PV cells,

3) PNN could limit the mobility of postsynaptic glutamatergic receptors during TC transmission and therefore act on the exchange of desensitized receptors for naive functional ones from extrasynaptic sites in PV cells [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and short-term synaptic plasticity[END_REF].

Therefore, in order to get insight on how PNN are limiting plasticity at this synapse, the second objective of my thesis was to assess the synaptic changes underlying the results described by Faini et al. at the TC synapse onto PV cells upon in vivo PNN disruption [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]. To this end, we investigated the synaptic properties of unitary TC-mediated EPSCs evoked in PV cells of adult mice in the presence and absence of PNNs (after in vivo ChABC injection), using the same minimal stimulation protocol as mentioned above. Precisely, we compared the efficacy, short-term plasticity and relative contribution of AMPARs and NMDARs during TC neurotransmission onto PV cells in V1 between Sham and PNN-depleted adult animals. We also studied the anatomy of TC connections onto PV cells a in V1 between Sham and PNNdepleted adult animals.

We tackled these questions using a multidisciplinary approach, combining in vivo stereotaxic Altogether, these results will improve our knowledge on the mechanisms underlying the hindrance of plasticity by PNN accumulation around PV cells in L4 of V1 during adulthood. This study is all the more interesting since there are now accumulating evidence revealing that abnormal activity of neuronal circuits involving PV cells are associated with the development of several neuropsychiatric disorders, including schizophrenia and autism [START_REF] Marín | Interneuron dysfunction in psychiatric disorders[END_REF].

Animals

Experimental procedures followed National and European guidelines and have been approved [START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF]. The control group for surgery (sham) was injected with PBS (from Sigma). The animals were injected intraperitoneally 10-20 min before starting the craniotomy with the analgesic buprenorphine (0.1 mg/kg -Buprecare®) and a nonsteroidal anti-inflammatory (5 mg/kg -Rymadil®). The animals were then placed in an induction cage for volatile anesthesia (3% isoflurane Iso-Vet®; 280 ml air) until they become completely insensitive to nociceptive stimuli (tail pinch). They were then placed on a heating pad in order to constantly control and maintain to 38°C their body temperature, and an ophthalmic ointment was applied on their eyes. While fixing the animals head onto the ear bars, they were delivered constant anesthesia (1.5-2.5% isoflurane; 290 ml air) through a mouth mask. The skull was carefully aligned in the X, Y and Z axis. An antiseptic (betadine) was applied on the skull skin before shaving, and liquid lidocaine (10 mg/kg -Xylovet® or Laocaine®) was subcutaneously injected locally at the future site of the incision. Then, after performing an incision in the skin, a small hole was drilled in the right hemisphere at 2.9 mm lateral and 0.5-0.6 mm anterior from Lambda. Beveled glass capillaries (external diameter of 40 μm; internal diameter of 60 μm) were filled with filtered milliQ H 2 O and placed into the injection syringe (Hamilton®, 1700-series, 10 μL) to avoid air bubbles. First, 250 nL of mineral oil or 500 nL of air was withdrawn, then 1 μL of ChABC (or PBS). A first injection of 350 nL (with a rate of 100 nL/min) was performed at a depth of 800 μm, and a second one at 400 μm, to insure the diffusion of ChABC or PBS into the whole V1. Each time, before removing the capillary from the brain, we waited 3 min to avoid backflow in the punctured channel. Finally, the skin was sutured with a non-absorbable 3/0 filament (Ethicon®), and antiseptic (betadine) was applied on the skin. The mouse was then placed in a heated chamber at 38°C until full recovery. For post-surgery recovery, the mice were given a nonsteroidal anti-inflammatory (1 mg/kg -Rymadil®) in their water. Brains were sliced for electrophysiology experiments 48 to 96 hours post-surgery.

In vivo expression of the light-sensitive channel ChR2 in the dLGN

We investigated the TC glutamatergic transmission through an optogenetic approach. Using blue light, illumination of ChR2, a selective cation channel, results in a depolarization of the cell and therefore induction of spiking activity in a millisecond time-scale [START_REF] Boyden | Millisecond-timescale, genetically targeted optical control of neural activity[END_REF]. We selectively expressed the light-sensitive cation For the experiment in elevated Ca 2+ /Mg 2+ ratio, recordings were performed in 4 CaCl2 / 0.5

MgSO4 and compared with recordings performed in physiological 1.5 CaCl2 / 1 MgSO4 concentrations in order to assess the potential changes of release probability at the TC synapse onto PV cells [START_REF] Del Castillo | Quantal components of the end-plate potential[END_REF]. Slices were incubated initially at 34°C for 15 min, and subsequently at room temperature, before being transferred to the recording chamber where recordings were obtained at 32-34°C. showed paired pulse depression, and displayed no supernormality (i.e., decrease in latency of the second EPSP elicited 100 ms or less after the first) [START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF].

Electrophysiology and thalamocortical activation

Optogenetic stimulation. ChR2 activation resulted from light flashes of 1.0 -2.0 ms, directly applied above the TC axonal tract. The technical devices used to perform optogenetic stimulations were the same as described above (see section 2.5.2.1., Materials and Methods).

We induced 10 Hz paired-pulse light flashes on the TC tract above the corpus callosum and below L6. Although TC axons innervating cortical L4 were severed from their cell bodies, activation of ChR2-expressing fibers generated robust responses onto postsynaptic PV INs [START_REF] Kloc | Target-specific properties of thalamocortical synapses onto layer 4 of mouse primary visual cortex[END_REF]. This method allowed us to selectively activate ChR2 that were not directly expressed on the presynaptic terminals. Using optogenetic, we therefore successfully induced an action potential-driven physiological depolarization of the TC axon terminal, which allowed us to record light-induced EPSCs from PV INs in L4. As described above, we verified the same three electrophysiological parameters of the response. However, the light flashes duration (1.0 -2.0 ms) introduced variability in the occurrence of the action potential-induced release of glutamate, and so of the recorded EPSCs. We therefore only considered EPSCs from PV INs in L4 that occurred at latencies below <5 ms (adapted from [START_REF] Gainey | Rapid Disinhibition by Adjustment of PV Intrinsic Excitability during Whisker Map Plasticity in Mouse S1[END_REF]).

Single thalamocortical axon recruitment. We performed minimal stimulation of the TC axons, using either optogenetic or extracellular stimulation, to isolate unitary thalamic EPSCs in PV INs in L4. The amplitude of unitary TC-EPSCs was defined as the amplitude of the successes measured over a stimulation range in which, starting from failures only, increasing stimulation intensity reduced failure rate without affecting the average amplitude of successes [START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF]. Microscopy. Immunofluorescence was then observed with an epifluorescence microscope (Nikon AZ100) and images were acquired. This post-hoc staining was used to check that PNNs is correctly degraded and slices were discarded if a clear disruption of the extracellular matrix was not evident.

Immunohistochemistry and microscopy

PNN in vivo enzymatic removal in V1 of adult mice. Most studies assess the effects of PNN removal on synaptic transmission by using direct in vitro ChABC incubation of brain slices [START_REF] Balmer | Perineuronal Nets Enhance the Excitability of Fast-Spiking Neurons[END_REF][START_REF] Dityatev | Activity-dependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets[END_REF]. This approach allows the dissection of its acute effects but fails to give an insight into the in vivo impact of PNN removal. Moreover, contradictory results have been reported following in vitro PNN elimination [START_REF] Balmer | Perineuronal Nets Enhance the Excitability of Fast-Spiking Neurons[END_REF]. On the other hand, stereotaxic in vivo injection of ChABC in the primary visual cortex of adult mice has been shown to be sufficient to locally disrupt PNNs 48-72h post-injection (T. [START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF].

Furthermore, it allows the in vivo changes induced by PNN removal on the synaptic transmission and the global circuitry in V1. It is actually following this protocol that Faini et al.

found that PNN enzymatic in vivo disruption leads to a specific increased recruitment of PV cells in L4 of adult V1 [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]. with clear staining of their proximal dendrites were imaged with 0.5 mm interval between each optical section, with a pixel size resolution of 90.14 nm 2 , and the pinhole size was set to 1. We analyzed the firing rate of the fluorescent patched cells in response to current injections.

Data analysis

Each cell patched was stimulated in current-clamp mode with 20 depolarizing current steps of 25pA increment, allowing for the construction of their individual frequency-current (f-i)

curves. The frequency rate for the cell population was averaged across all cells patched (n=14 cells from 4 animals).

Single thalamocortical stimulation

Properties of single TC evoked-EPSCs. We selectively studied the properties of ionotropic glutamatergic synaptic transmission using pharmacology (see section 2.5.1.2., Materials and methods). Properties of single TC evoked-EPSCs recorded from PV INs were analyzed with custom-made configurations implemented in NeuroMatic, an integrated software package of Igor Pro (WaveMetrics). All EPSCs were baselined over 20 ms, 1 ms before the stimulus onset.

On the one hand, in order to characterize the TC synaptic transmission and especially the latency of response, all single traces from extracellular stimulation-evoked EPSCs were aligned to the artefact of stimulation. On the other hand, for the analysis where both electrically-and optogenetically-driven EPSCs were pooled together or compared and due to the different response latency interval for each stimulation method, all single traces from each extracellular and optogenetic stimulation-mediated EPSCs were aligned to the average onset of response.

Then, average values were extracted from a single trace averaging at least 15 trials. The mean onset of response was measured on the average trace between the stimulus endpoint and the EPSC onset. The EPSCs were detected within a time window corresponding to the latency for direct TC-evoked responses -i.e. 3.5 ms or 5 ms following extracellular or optogenetic stimulations, respectively (see section 3.3.1., Materials and methods) -starting just after the stimulation endpoint. Within this time window, the maximum amplitude of response recorded at Vh -70mV was detected and averaged on 100 μs. The coefficient of variation of the amplitude of response (CV) was assessed by standard deviation of maximum EPSC amplitude/ maximum EPSC amplitude. As for the kinetics, the rise time was calculated over 20-80% of peak amplitude of the response. The decay time was assessed on the mean EPSC at both Vh -70mV and Vh +40mV using two different methods: i) by calculating the integral of the evoked EPSC response, ii) by using a double exponential fit function in Igor. For i), the deactivation time constant (Tauint) of the evoked response was calculated following this equation:

Tauint = ∫ ( )
Where tpeak is the time of the EPSC peak, t is the time at which the current had returned to baseline, and Ipeak the averaged EPSC peak amplitude.

For ii), the deactivation time constant was calculated by fitting the following double exponential equation f(x) to the data:

f(x) = AmpFast x e + AmpSlow x e
Where TauFast is the fast deactivation time constant, TauSlow is the slow deactivation time constant, AmpFast is the current amplitude of the fast deactivation component, and AmpSlow is the current amplitude of the slow deactivation component.

The weighted deactivation time constant (TauW) was calculated using the following equation:

TauW = x TauFast + x TauSlow
Using both methods comforted us with the values obtained. To measure short-term plasticity, we used the paired-pulse ratio, defined as maximum EPSC amplitude of peak 2/ peak 1.

AMPAR-mediated EPSCs. The amplitude of AMPAR-mediated EPSCs, isolated in AP5 (50 µM), was averaged on 100 μs around the maximum of the peak response at both Vh -70mV and Vh +40mV. We measured at Vh -70mV the amplitude and kinetics (rise time and decay) of the mean AMPAR-mediated EPSC as described above. We used the ratio of the mean amplitude of AMPAR-EPSC at Vh +40m -isolated in AP5 (50 µM) -over Vh -70mV in order to calculate the rectification index of these receptors at the synapse.

NMDAR-mediated EPSCs. The amplitude of NMDAR-mediated EPSCs was averaged on 2 ms, 3 ms after the onset of the response -considered to be mediated mostly by AMPARs -at Vh +40mV. We measured at Vh +40mV the decay of the mean NMDAR-mediated EPSC as described above. We used the ratio of the mean amplitude of NMDAR-EPSCs at Vh +40mV over the mean amplitude of AMPAR-EPSC at Vh -70mV in order to calculate the NMDA/AMPA ratio and assess the differential contribution of these receptors at this synapse.

Properties of qEPSCs.

For the quantal experiment, we recorded AMPAR-EPSCs isolated in AP5 (50 µM) at Vh -70mV exclusively. All EPSCs were baselined over 20 ms, 1 ms before the stimulus onset. We compared the amplitude and kinetics (rise time and decay) of the single TC-EPSCs evoked in physiological 1.5 CaCl2 / 1 MgSO4 concentrations with single TC-EPSCs evoked in 0.5 CaCl2 / 5 MgSO4. The mean EPSC properties were assessed as described above.

In order to correctly compare the responses evoked in 1.5 CaCl2 / 1 MgSO4 with the ones evoked in 0.5 CaCl2 / 5 MgSO4 without the bias of glutamate release stochasticity in 0.5 CaCl2 / 5 MgSO4, all single trial traces were aligned to the average onset of response. Neurons were discarded from the analysis if the EPSCs recorded in 0.5 CaCl2 / 5 MgSO4 occurred with a failure rate below 90%. Indeed, higher frequency of response is considered to be out of the quantic glutamate release regime (R. A. [START_REF] Silver | High-Probability Uniquantal Transmission at Excitatory Synapses in Barrel Cortex[END_REF]. Failures of unitary synaptic responses were not included in the analysis. 

Pvalb-tdTomato mice line characterization

Parvalbumin-expressing and tdTomato-expressing cells were counted using the FIJI adapted semi-automated pluggin called Bacci Genotyper that was developed specifically for our analysis by Hirath Company. For each acquisition of a brain slice, two images are generated simultaneously with both tdTomato and parvalbumin immunostainings, or tdTomato and WFA immunostainings. After manually determining the pia limits and counting of all cells in both images, the macro is launched and extracts 1) for each staining the number of cells, 2) the number of co-localizing and non-colocalizing cells and 3) for each cell its distance to the pia in order to determine in which layer it is localized.

The rate of tdTomato false positive cells was determined following this calculation:

𝑡𝑑𝑇𝑜𝑚𝑎𝑡𝑜 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑟𝑎𝑡𝑒 = #𝑃𝑉(-)𝑡𝑑𝑇𝑜𝑚𝑎𝑡𝑜(+) #𝑃𝑉(+)𝑡𝑑𝑇𝑜𝑚𝑎𝑡𝑜(+) + #𝑃𝑉(-)𝑡𝑑𝑇𝑜𝑚𝑎𝑡𝑜(+)

The rate of PV labelling efficiency was determined following this calculation:

𝑃𝑉 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = #𝑃𝑉(+)𝑡𝑑𝑇𝑜𝑚𝑎𝑡𝑜(+) #𝑃𝑉(+)𝑡𝑑𝑇𝑜𝑚𝑎𝑡𝑜(+) + #𝑃𝑉(+)𝑡𝑑𝑇𝑜𝑚𝑎𝑡𝑜(-)
Where #PV(-)tdTomato(+) is the number of cells negative for PV and positive for tdTomato, #PV(+)tdTomato(+) is the number of cells co-labelled for PV and tdTomato, and #PV(+)tdTomato(-) is the number of cells positive for PV and negative for tdTomato.

For the PNN quantification, we followed the same protocol and counted manually the number of PV-expressing cells enwrapped with PNNs. The program then extracted the total number of PV cells and for each cell its distance to the pia.

All values were checked for normal distributions and averaged per brain sections (3-6 per animal) and per animal (n=3 animals) before final statistical analysis.

Thalamocortical puncta quantification onto PV interneurons

Single optical sections were analyzed using Fiji, as previously described [START_REF] Park | Excitatory synaptic drive and feedforward inhibition in the hippocampal CA3 circuit are regulated by SynCAM 1[END_REF][START_REF] Ribic | Synapse-Selective Control of Cortical Maturation and Plasticity by Parvalbumin-Autonomous Action of SynCAM 1[END_REF]. PV images were thresholded, and contours of PV cell proximal dendrites (< 50 μm from soma, [START_REF] Sancho | Functional Distinctions between Spine and Dendritic Synapses Made onto Parvalbumin-Positive Interneurons in Mouse Cortex[END_REF]) were manually outlined and used as ROIs.

vGlut2 images were automatically thresholded and the more accurate threshold (Moments)

was further used for the processing of all vGlut2 images within an experiment. The vGlut2 puncta size and density were detected within the dendritic ROIs using Particle Analyzer in Fiji, with a cutoff value of 0.2 μm 2 . We used 5 animals per condition. On average, 25 dendritic segments were collected from each animal from 4-6 brain sections. All values were checked for normal distributions and averaged per brain sections and per animal before final statistical.

Statistical tests

All statistical analysis were performed in Prism (GraphPad Software, Inc. [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF].

The increased recruitment of PV cells upon in vivo PNN disruption could be explained by several mechanisms, such as 1) an increase in the number of TC synaptic inputs onto PV cells, and/or 2) an increase in synaptic strength at the dLGN to PV cell synapses. In order to test the first hypothesis, we compared the biophysical synaptic properties at this connection between Sham and PNN-depleted animals (upon in vivo ChABC injection in adult V1). To this end, we used an electrophysiological approach and performed whole-cell patch-clamp recording in voltage-clamp configuration of single fiber (unitary) TC-EPSCs in PV cells in L4 of adult V1. We implemented single TC fiber activation protocols using either optogenetic or electrical minimal stimulation of the TC tract in coronal brain slices. Importantly, the establishment of such protocol not only permitted to assess the impact of PNN disruption on the properties of TC glutamatergic transmission in physiological conditions, but also allowed us to provide a characterization of the TC inputs onto PV cells in mature V1, for which little is known.

To test the second hypothesis, we performed a quantitative anatomical study and compared the number of putative TC connections onto PV cells in L4 of adult V1 between Sham and PNNdepleted animals by quantifying vGlut2 puncta along PV dendrites in L4. This experiment is still ongoing.

Altogether, these results gave us insight on the specific mechanisms underlying the PNNdependent hindrance of plasticity at the TC synapse onto PV cells in V1 during adulthood.

The Pvalb-tdTomato mouse line is a suitable model for studying the effect of PNN disruption around PV cells in V1 L4

Our study is fully focused on assessing the TC synaptic transmission onto PV cells in V1 of adult mice. We therefore used a mouse model where PV cells could be easily identified in acute brain slices. Indeed, we benefited from a mouse line expressing the fluorescent protein tdTomato in PV-expressing cells: the Pvalb-tdTomato mouse line, generated by Kaiser et al.

(Tobias Kaiser, Jonathan T. Ting, 2016). More precisely, the Pvalb-tdTomato mouse line is a bacterial artificial chromosome (BAC) transgenic mouse line expressing tdTomato under the control of endogenous regulatory elements of the PVALB gene locus, allowing the specific labeling of this interneuron type (Tobias Kaiser, Jonathan T. Ting, 2016). In this first section of results, we intended to verify that this mouse line is accurate for our study. Therefore, we verified whether 1) tdTomato effectively co-localizes with PV expression in V1 of adult mice, particularly in L4, and 2) the PNN distribution within the different layers of V1 and around PVexpressing cells is comparable to what has been described.

tdTomato expression is restricted to PV-expressing cortical cells

In their study, Kaiser et al. provide a characterization of the line (Tobias Kaiser, Jonathan T.

Ting, 2016). Indeed, they showed that tdTomato is expressed throughout the brain and that the labeling is confined to PV-expressing cells. They also found that neurons expressing tdTomato display the typical fast-spiking electrophysiological signature of PV interneurons in the neocortex, striatum and hippocampus, and concluded that the Pvalb-tdTomato line provides a valuable tool for the study of PV cell function in the brain.

Since they did not specifically analyze the tdTomato-positive cells in V1, we performed coimmunohistochemistry stainings for tdTomato and parvalbumin, and current-clamp recordings of tdTomato-expressing cells to assess their firing profile.

We performed immunohistochemistry stainings for parvalbumin and tdTomato in coronal It should be pointed out that, in the somatosensory cortex (S1), the reported PV labelling efficiency is higher with 91.2 ± 2.1% (Tobias Kaiser, Jonathan T. Ting, 2016).

We also tested whether those tdTomato-positive cells exhibited the typical fast-spiking phenotype of PV interneurons [START_REF] Hu | Fast-spiking, parvalbumin+ GABAergic interneurons: From cellular design to microcircuit function[END_REF]. Indeed, PV cells can be distinguished from other neuronal types by the high frequency of action potential (AP) discharge with little accommodation (Yasuo Kawaguchi, Katsumaru, [START_REF] Kawaguchi | Fast spiking cells in rat hippocampus (CA1 region) contain the calcium-binding protein parvalbumin[END_REF], due to the high density of voltage dependent Na + channels and the specific expression of the K + voltagedependent Kv3 subunit [START_REF] Hu | Fast-spiking, parvalbumin+ GABAergic interneurons: From cellular design to microcircuit function[END_REF].

We performed current-clamp whole-cell recordings of tdTomato-expressing cells in L4 of adult V1 to measure their input/output (I/O) curve. To do so, we injected the tdTomato-expressing fluorescent cells with 20 depolarizing current steps with a 25pA increment to extract the I/O curve (i.e., frequency-intensity or f-i curve). The I/O function describes the relationship between the inputs received by a given neuron -this can be EPSP or direct current injection -and the firing rate of that neuron. In all recorded tdTomato-positive neurons, we found that the neurons could generate high-frequency trains of APs (maximal firing frequency at 425 pA stimulation: 149 ± 27 Hz; n=14 neurons from N=4 animals) . This is consistent with typical fast-spiking behavior of PV cells [START_REF] Du | Developmental expression and functional characterization of the potassium-channel subunit Kv3.1b in parvalbumin-containing interneurons of the rat hippocampus[END_REF][START_REF] Kawaguchi | Fast spiking cells in rat hippocampus (CA1 region) contain the calcium-binding protein parvalbumin[END_REF]. These results suggest that the Pvalb-tdTomato mouse line can be used for the study of PV cells in adult V1. 

PNN distribution around PV-expressing cells is consistent in the different layers of adult V1

PNNs accumulate around PV cells and have been reported to be dynamically regulated by PV cell activity in adult mice (Devienne, Picaud, Cohen, Piquet, & Tricoire, 2019). We therefore confirmed that, in the Pvalb-tdTomato mouse line, PNNs also enwrapped PV-expressing cells during adulthood to the same extent as previously described in wild-type mice [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF][START_REF] Härtig | Wisteria floribunda agglutinin-labelled nets surround parvalbumin-containing neurons[END_REF][START_REF] Kosaka | Selective staining of a population of parvalbumin-containing GABAergic neurons in the rat cerebral cortex by lectins with specific affinity for terminal N-acetylgalactosamine[END_REF]. We also verified that the layer-specific PNN distribution in adult V1 was comparable to what was reported in wild-type mice [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF][START_REF] Liu | Expression of perineuronal nets, parvalbumin and protein tyrosine phosphatase σ in the rat visual cortex during development and after BFD[END_REF][START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF][START_REF] Ye | Experience-dependent development of perineuronal nets and chondroitin sulfate proteoglycan receptors in mouse visual cortex[END_REF], especially in L4 which constitutes the main cortical entry for TC sensory inputs and our layer of interest.

We quantified the number of PV cells surrounded by PNNs within the different layers of V1 in adult Pvalb-tdTomato mice. We performed immunostaining for parvalbumin and histochemistry staining for Wisteria Floribunda Lectin proteins -which binds to the N-acetylgalactosamine of PNNs -in coronal brain slices of V1 (Fig 3. [START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF]. Moreover, it also allows bypassing the limitation of in vitro PNN elimination that have produced contradictory results [START_REF] Balmer | Perineuronal Nets Enhance the Excitability of Fast-Spiking Neurons[END_REF][START_REF] Chu | The Impact of Perineuronal Net Digestion Using Chondroitinase ABC on the Intrinsic Physiology of Cortical Neurons[END_REF][START_REF] Dityatev | Activity-dependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets[END_REF]. Therefore, in order to specifically address what are the underlying synaptic changes described in Faini et al., we implemented a similar protocol to perform acute removal of PNN in adult V1 (see section 2.2., Materials and Methods).

In order to study exclusively the TC neurotransmission, we had to activate specifically the TC pathway onto PV cells in L4 of adult V1. Optogenetics is commonly used to control the activity of specific neuronal pathways. We used an adeno-associated virus to express the lightsensitive opsin ChR2 in the visual thalamus (dLGN) of adult mice [START_REF] Boyden | Millisecond-timescale, genetically targeted optical control of neural activity[END_REF]. After [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF][START_REF] Mao | Long-Range Neuronal Circuits Underlying the Interaction between Sensory and Motor Cortex[END_REF][START_REF] Petreanu | The subcellular organization of neocortical excitatory connections[END_REF]. We applied three different stimulation intensities: threshold (Th), 1.5x threshold (1.5xTh) and 2x threshold (2xTh). To minimize response variability due to potential differences in the level of ChR2 expression, for each recorded cell, we first set the threshold stimulation intensity as the light intensity that induced detectable responses with occasional failures. We then varied the stimulation intensity by a factor of 1. [START_REF] Cull-Candy | Role of Distinct NMDA Receptor Subtypes at Central Synapses[END_REF][START_REF] Paoletti | Molecular basis of NMDA receptor functional diversity[END_REF][START_REF] Traynelis | Glutamate receptor ion channels: Structure, regulation, and function[END_REF]. We also applied AP5 (50 µM) to confirm that the charge transferred at Vh +40mV is mainly carried by NMDARs (block of 97.04% ± 1.44%, n=3 cells; Fig 3 .3.F). This is consistent with PV interneurons expressing calcium permeable-AMPARs (CP-AMPARs), exhibiting classical intracellular spermine-dependent inward rectification [START_REF] Hollmann | Cloned glutamate receptors[END_REF][START_REF] Jonas | Molecular mechanisms controlling calcium entry through AMPA-type glutamate receptor channels[END_REF]. In both PBS and ChABC injected animals, we found that the AMPAR-mediated component was significantly increased when increasing stimulation intensity. Indeed, the AMPAR-mediated charge transfer was increased between Th and 1.5xTh (Fig 3.4 [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]. This increase synaptic drive could be either due to an increase in the number of synaptic contacts or/and increase in synaptic strength (i.e., the number of AMPARs activated upon glutamate release).

In both PBS and ChABC injected animals, we were able to induce a light-evoked NMDARmediated component at Vh +40mV that also significantly increases with stimulation intensities. Indeed, the NMDAR-mediated charge transferred was increased between Th and Taken together, these results confirm that PNN enzymatic disruption leads to an increase of AMPAR-mediated synaptic transmission onto PV cells following TC bulk activation. In contrast, we could not find any effect of PNN removal on the NMDAR-mediated synaptic transmission.

However, the increased TC synaptic transmission onto PV cells upon PNN removal could result from 1) an increase in the number of TC contacts onto PV cells, or 2) an increase in TC synaptic strength onto PV cells. In 1), the increased AMPAR-mediated component should be accompanied by an increase of NMDAR-mediated component of TC synaptic transmission, as opposed to 2), where the increased AMPAR recruitment could occur without affecting NMDAR recruitment at the synapse, as observed during activity-dependent synaptic activity. To dissect precisely the synaptic mechanisms underlying the increase in TC excitatory drive onto PV cells, we then aimed to study the properties of synaptic transmission in physiological conditions to determine how PNN removal affects AMPAR-and NMDAR-mediated components at TC synapses onto PV cells in adult V1. 

Implementation of a minimal stimulation protocol to study unitary TC neurotransmission onto PV cells in adult V1

Bulk optogenetic stimulation of fibers in the presence of TTX and 4-AP is widely used to probe specific long-range pathways, without evoking multisynaptic activity. Yet, understanding the actual biophysical properties of specific synaptic connections require the activation of single presynaptic axons by physiological APs. This can be done in simultaneous whole-cell, paired recordings between closely spaced neurons, but it is more challenging for synaptic input originating from distant brain areas. Here, we wanted to assess how the biophysical properties of the TC glutamatergic transmission are affected by PNN removal, and thus provide insight onto the mechanisms underlying the increased TC recruitment of PV cells described above. To do so, we set-up an experimental paradigm that allowed for the specific study of AP driven synaptic transmission between dLGN and L4 cells in V1. We developed two complementary stimulation protocols to study synaptic transmission in physiological conditions from a single dLGN TC fiber onto a PV cell. We define "unitary TC-EPSCs" the evoked EPSCs recorded in PV cells resulting from the activation of a single TC axon following minimal stimulation protocol.

Several pieces of information regarding the properties of synaptic transmission can be extracted from analyzing unitary TC-EPSCs. For example, assessing the amplitude of TC-EPSC can give insight on the efficacy of the synapse to convey information and testing the shortterm plasticity of the synapse using paired-pulse stimulation protocols. In addition, unitary TC-EPSC kinetics can provide information on the time course of sensory information transmission onto PV cells. Moreover, this approach would also allow us to assess precisely the relative contribution of AMPARs and NMDARs to TC neurotransmission in physiological conditions.

Single fiber recruitment of TC inputs onto L4 PV cells with optogenetic and electrical stimulation protocols

In order to trigger unitary TC-EPSC from the dLGN onto PV cells in adult V1, we developed two complementary protocols to recruit single TC fibers, using either optogenetic or extracellular minimal stimulations in coronal slices of V1. Unitary TC neurotransmission onto PV cells has been studied in S1 (Michael [START_REF] Beierlein | Short-Term Dynamics of Thalamocortical and Intracortical Synapses Onto Layer 6 Neurons in Neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF], but not in V1, as obtaining brain slices containing both the dLGN and V1 requires complex slicing paradigm that can sever most of TC axons [START_REF] Maclean | A visual thalamocortical slice[END_REF].

Electrical stimulation

We performed single TC axon extracellular stimulation using a small diameter glass pipette [START_REF] Silver | Intracellular and extracellular changes of [Ca2+] in hypoxia and ischemia in rat brain in vivo[END_REF]) in whole-cell voltage-clamp configuration in PV cells in L4. Single fiber inputs were obtained using short pulse (100 µs) with an intensity stimulation set just above threshold using a constant voltage stimulus isolator [START_REF] Cathala | Maturation of EPSCs and Intrinsic Membrane Properties Enhances Precision at a Cerebellar Synapse[END_REF]. EPSCs were considered monosynaptic if the latency was less than 3.5 ms [START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF]. However, electrical stimulation in this region can also activate other projections. We took advantage of the specific short-term depression described for this synapse in S1 which differs from the short-term facilitation observed for the cortico-cortical (CC) and cortico-thalamic (CT) synapses (Michael [START_REF] Beierlein | Short-Term Dynamics of Thalamocortical and Intracortical Synapses Onto Layer 6 Neurons in Neocortex[END_REF]. Thus, to verify that the isolated single fiber inputs are indeed TC inputs, we delivered a paired-pulse (10 Hz) stimulation onto the TC tract to check for the presence of short-term depression and the lack of supernormality by assessing the relative latency of the second EPSC (M. [START_REF] Beierlein | Two Dynamically Distinct Inhibitory Networks in Layer 4 of the Neocortex[END_REF][START_REF] Beierlein | Short-Term Dynamics of Thalamocortical and Intracortical Synapses Onto Layer 6 Neurons in Neocortex[END_REF]. Indeed, when an axon is activated, the relative refractory period is sometimes followed by a period during which a second AP shows a small increase in conduction velocity and a decrease in threshold; this is the supernormal period (H. A. [START_REF] Swadlow | Modulation of impulse conduction along the axonal tree[END_REF][START_REF] Swadlow | Observations on impulse conduction along central axons[END_REF]. Since CT axons display clear supernormal conduction [START_REF] Beierlein | Short-Term Dynamics of Thalamocortical and Intracortical Synapses Onto Layer 6 Neurons in Neocortex[END_REF] as opposed to TC neurotransmission, the absence of supernormality is an additional parameter for TC signature. These three parameters that are synaptic delay, short-term plasticity and supernormality have been classically verified for the characterization of monosynaptic TC-mediated responses [START_REF] Agmon | Thalamocortical responses of mouse somatosensory (barrel) cortex in vitro[END_REF][START_REF] Beierlein | Two Dynamically Distinct Inhibitory Networks in Layer 4 of the Neocortex[END_REF][START_REF] Beierlein | Short-Term Dynamics of Thalamocortical and Intracortical Synapses Onto Layer 6 Neurons in Neocortex[END_REF][START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF].

Optogenetic stimulation

To confirm that the minimal stimulation responses evoked with an extracellular electrode originated from single TC fibers, we performed single-fiber stimulation of TC input using an optogenetic approach. We selectively expressed of the light-sensitive cation channel ChR2 in the glutamatergic neurons of the dLGN projecting onto V1 L4. However, we did not use TTX Stimulating at a remote location from the TC terminals allowed us to trigger one AP on the axon that propagates and then evokes glutamate release at the TC synapse, therefore allowing the recording of physiologically evoked TC-EPSCs in the postsynaptic PV cell. This stimulation protocol is particularly usefully as it preserves the physiological characteristics of synaptic transmission. Single fiber inputs were obtained using a 2 ms light pulse. The evoked EPSCs occurred with more jitter compared to electrical stimulation but contributed for time delay between AP-driven unitary TC-EPSCs and therefore facilitated single fiber isolation and monosynaptic characterization (Fig 3 .5.C-D). To ensure that the recorded EPSCs originated from monosynaptic TC inputs, we only considered EPSCs within 5 ms delay after the onset of light-induced stimulation [START_REF] Gainey | Rapid Disinhibition by Adjustment of PV Intrinsic Excitability during Whisker Map Plasticity in Mouse S1[END_REF] as the time of occurrence of AP in TC axons can be delayed and is lacking the temporal precision obtained with electrical stimulation. We also performed optogenetic paired-pulse stimulation (10 Hz) of the TC axons to verify that the short-term plasticity was consistent with a TC origin of the inputs.

Overall, both electrical and optogenetic stimulation can be used to record monosynaptic These experiments demonstrated that we could successfully evoke single-fiber (unitary) TC inputs onto PV cells in L4 of V1 using both electrical and optogenetic stimulation methods.

This approach allowed studying the unitary components of long-range TC inputs onto a specific cortical cell type. First, we compared the amplitude and coefficient of variation of the EPSC amplitude (CV) of unitary TC-evoked EPSCs. EPSC amplitude is indicative of the efficacy of synaptic transmission onto a post synaptic cell at a given synapse and the CV is an indicator of the reliability of the synapse to convey synaptic transmission [START_REF] Faber | Applicability of the coefficient of variation method for analyzing synaptic plasticity[END_REF]. We found no difference neither in the amplitude (Fig the PPR that provides information on short-term plasticity at the synapse [START_REF] Thomson | Facilitation, augmentation and potentiation at central synapses[END_REF][START_REF] Zucker | Short-term synaptic plasticity[END_REF] and found no difference between optogenetic-or electrical-synaptic transmission (Fig 3 .6.F,G; Table 3.3; p=0.7270; Unpaired t test).

Overall, those results indicate that optogenetic and electrical minimal stimulation protocols provide comparable data set and can be both used for the study of the biophysical properties of unitary TC neurotransmission onto PV cells in L4 of adult V1. 

Characterization of unitary TC synaptic transmission onto PV cells in adult V1

3.4.1. TC synaptic connections onto PV cells are efficient and reliable

Despite the extensive work that has been performed in characterizing the TC synapse in the somatosensory cortex [START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF][START_REF] Porter | Diverse types of interneurons generate thalamus-evoked feedforward inhibition in the mouse barrel cortex[END_REF][START_REF] Swadlow | Thalamocortical control of feed-forward inhibition in awake somatosensory "barrel" cortex[END_REF][START_REF] Swadlow | The influence of single VB thalamocortical impulses on barrel columns of rabbit somatosensory cortex[END_REF], little is known about the properties of the TC synapse onto PV cells in the adult V1 since it is challenging to obtain a TC slice in which connectivity between dLGN and V1 [START_REF] Maclean | A visual thalamocortical slice[END_REF]. Our protocols allow to circumvent this technical problem. However, here we focus our analysis on unitary TC-EPSCs obtained from electrical stimulation, since AP occurrence cannot be assessed with optogenetic stimulation. Unitary TC-EPSCs were studied following alignment of all single events recorded in a given cell to the artefact of stimulation. We found a synaptic delay of 3.4; TauW = 2.27 ± 0.31 ms). Finally, we characterized the short-term plasticity of this synapse and found a PPR of 0.37 ± 0.04 for 100 ms interval between the two presynaptic AP (Fig 3 .7.G,H; Table 3.4).

These data are comparable to the results obtained with EPSC aligned on the EPSC onset described in the previous section indicating that they can provide a good approximation of the biophysical properties of TC inputs. TC inputs are powerful and reliable synapses. The fast rise time, indicative of the time course of release, and the low PPR show that TC synapses onto V1 PV interneurons are fast synapses with high release probability. We found that TC inputs are powerful and reliable consistent with what has been described for TC inputs in S1 [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF][START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF]. However, the amplitude of unitary TC-EPSCs in V1 appears to be three times smaller than in S1 [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF] but within the range of what has been described in vivo in V1 [START_REF] Lien | Cortical direction selectivity emerges at convergence of thalamic synapses[END_REF]. We found that the TC synapse onto PV cells had a low PPR, indicating a high release probability from TC axon terminals in physiological concentrations of external calcium and magnesium

(1.5 mM Ca 2+ /1 mM Mg 2+ , (C. [START_REF] Nicholson | Potassium, calcium, chloride and sodium changes in extracellular space during spreading depression in cerebellum [proceedings][END_REF][START_REF] Silver | Intracellular and extracellular changes of [Ca2+] in hypoxia and ischemia in rat brain in vivo[END_REF]. It was shown that elevating external Ca 2+ /Mg 2+ ratio leads to increased release probability at the synapse (del Castillo & [START_REF] Del Castillo | Quantal components of the end-plate potential[END_REF][START_REF] Dodge | Co-operative action of calcium ions in transmitter release at the neuromuscular junction[END_REF][START_REF] Silver | Locus of frequency-dependent depression identified with multiple-probability fluctuation analysis at rat climbing fibre -Purkinje cell synapses[END_REF]. We therefore tested whether increasing Ca 2+ /Mg 2+ ratio could increase the strength and change the PPR of TC inputs.

We found no statistical difference neither in the amplitude ( recording conditions. For all data values, see Table 3 [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and short-term synaptic plasticity[END_REF].

We therefore tested whether single-fiber TC EPSC onto PV could be shaped by glutamate diffusion from the synaptic cleft. To assess whether glutamate spillover contributes to synaptic transmission, we compared decay kinetics of unitary TC-EPSCs with their quantal responses, i.e. responses induced by the release of single synaptic vesicles [START_REF] Digregorio | Erratum: Spillover of glutamate onto synaptic AMPA receptors enhances fast transmission at a cerebellar synapse[END_REF][START_REF] Silver | High-Probability Uniquantal Transmission at Excitatory Synapses in Barrel Cortex[END_REF]. This approach was used to study glutamate spillover in the cerebellum at mossy-fiber to granule-cell synapses, which share structural properties with TC synapses onto PV cells and display high release probability [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF]. At this cerebellar synapse, both direct release and glutamate activation of neighboring synapses have been shown to contribute to the overall evoked transmission [START_REF] Cathala | Changes in synaptic structure underlie the developmental speeding of AMPA receptor-mediated EPSCs[END_REF][START_REF] Digregorio | Erratum: Spillover of glutamate onto synaptic AMPA receptors enhances fast transmission at a cerebellar synapse[END_REF].

We studied quantal synaptic transmission at the TC synapse onto PV cells by performing the protocol for single TC axon recruitment as previously described in presence of AP5 (50 µM) to isolate the AMPAR-component of the glutamatergic response at -70mV. We compared unitary TC-EPSCs evoked in physiological conditions (TC-eEPSCs) (1.5 mM Ca 2+ /1 mM Mg 2+ ) with TC-qEPSCs evoked in low release probability conditions (EPSC success rate less than 10% in 0.5 mM Ca 2+ /5 mM Mg 2+ ). In low release probability conditions, the average EPSC generated from all successful trials is a good approximation of the quantal current amplitude and time course (R. A. [START_REF] Silver | High-Probability Uniquantal Transmission at Excitatory Synapses in Barrel Cortex[END_REF].

Unitary TC-qEPSCs recorded at the soma had a mean peak amplitude of 13.83 ± 0.85 pA, a 20-80% RT of 0.14 ± 0.02 ms, and a decay of 0.94 ± 0.09 ms (Fig 3.9;Table 3.6;n=7). We found These results suggests that glutamate spillover could contribute to unitary TC neurotransmission onto PV cells. Indeed, due to the small sample size, a larger number of experiments will be necessary to firmly conclude on the occurrence of glutamate spillover at the TC synapse onto PV cells in L4 of adult V1. Moreover, complementary experiments using low competitive antagonists should be performed to corroborate the presence of glutamate spillover at this synapse [START_REF] Cathala | Changes in synaptic structure underlie the developmental speeding of AMPA receptor-mediated EPSCs[END_REF][START_REF] Digregorio | Erratum: Spillover of glutamate onto synaptic AMPA receptors enhances fast transmission at a cerebellar synapse[END_REF]. negative potentials. Consequently, AMPAR-mediated EPSCs had on average a low AMPA RI (Fig 3.10.B;Table 3.7;0.04 ± 0.02;n=6). This strong inward rectification of AMPAR-mediated currents is consistent with their calcium-permeable nature [START_REF] Isaac | The Role of the GluR2 Subunit in AMPA Receptor Function and Synaptic Plasticity[END_REF].

On the other hand, we found that the amplitude of NMDAR-mediated EPSCs was on average higher than AMPAR-mediated EPSCs at Vh +40mV Table 3.7;9.71 ± 4.16 pA;n=10) and that NMDAR-mediated EPSCs exhibited rapid decay (Fig 3.10.F;Table 3.7;21.77 ± 3.47 ms;n=5).

We assessed the relative contribution of AMPARs and NMDARs (i.e., the NMDA/AMPA ratio)

to unitary TC neurotransmission for each recorded cell and found it to be of 0.12 ± 0.04 at this synapse (Fig 3.10.G;Table 3.7;n=10). We could not find a correlation between the mean NMDA/AMPA ratio and AMPAR-EPSC amplitude (Fig 3.10.H;Table 3.7;p=0.9701;Pearson correlation;n=10), suggesting that the relative contribution of AMPARs and NMDARs to TC synaptic transmission is constant in PV cells and independent of synaptic strength.

Taken together, these results show that CP-AMPARs and NMDARs are recruited during unitary synaptic transmission at the TC synapse, consistent with what has been reported at this synapse in S1 [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF][START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF]. In order to assess the potential changes of the NMDAR recruitment upon in vivo PNN disruption, we used the single TC fiber stimulation protocol and we recorded unitary TC-EPSCs in PV cells at Vh +40mV in both Sham and PNN-depleted animals.

We found no difference between unitary NMDAR-EPSCs in PNN-depleted and Sham animals, neither in the amplitude (Fig 3 .12.A,B; Table 3.9; p=0.3653; Unpaired t test) nor in the kinetics (Fig 3 .12.C; Table 3.9; p=0.4452; Mann-Whitney test), suggesting that PNN removal does not change the contribution of NMDARs to unitary TC neurotransmission onto PV cells between PNN-depleted and Sham animals. We verified that the lack of effect was not due to a different sampling of synaptic strength between the two conditions by estimating the relative contribution of NMDARs and AMPARs using the NMDA/AMPA ratio between Sham and PNNdepleted animals. We found no difference in the relative contribution of NMDARs and AMPARs during unitary TC neurotransmission onto PV cells between the two conditions (Fig

3.

12.D,E; Table 3.9; p=0.2915; Mann-Whitney test). This was further comforted by the fact that we did not find any correlation between this NMDA/AMPA ratio and AMPAR-EPSC amplitude (Fig 3 .12.F, Table 3.9, PBS: p=0.4934; Pearson correlation, ChABC: p=0.1485;

Pearson correlation).

Taken together, these results demonstrate that PNN disruption does not affect the contribution of NMDARs to the unitary TC neurotransmission onto PV cells both in term of synaptic strength and subunit composition. In addition to an increase in synaptic strength at single contacts, the increased recruitment of PV cells in L4 by TC axons in adult V1 [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF] could be due to an increased number of TC axons contacting PV cells in L4 of adult V1. To test this hypothesis, we examined the distribution of TC synaptic contacts along the dendrites on PV cells using a protocol that allows to specifically visualize TC boutons in the visual cortex [START_REF] Ribic | Synapse-Selective Control of Cortical Maturation and Plasticity by Parvalbumin-Autonomous Action of SynCAM 1[END_REF] in both PBS and ChABC treated animals (Fig 3 .13.A-C). TC inputs express the vesicular glutamate transporter 2 (vGlut2) [START_REF] Fremeau | The expression of vesicular glutamate transporters defines two classes of excitatory synapse[END_REF] and we used this presynaptic marker to label putative TC boutons.

We performed double immunohistochemistry on adult coronal slices of V1 for the PV protein and the presynaptic vesicular glutamate transporter 2 (vGlut2). We then mapped the surface density of vGlut2 puncta along proximal dendritic segments of PV-labelled cells in V1 L4 (i.e., the number of vGlut2 puncta per 100 µm 2 of PV dendritic compartments <50 µm from their soma) (Fig 3 .13.D). Indeed, TC axons preferentially contact PV cells on their proximal dendrites [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF]. vGlut2 puncta were detected over 3-6 brain slices of 10 mice total (5 PBS-and 5 ChABC-injected animals).

In PBS-injected animals (i.e., control group), we found 20. These preliminary results suggest that the number of vGlut2 puncta, used here as a proxy for the number of synaptic contacts, is not affected by PNN removal. There are several limitations to our approach. First, the puncta detection is limited by the resolution of the confocal imaging. Second, vGlut2 labelling may not provide an accurate readout of synaptic contacts, especially if they are organized in cluster onto PV cells [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF]. Third, given that we did not run any staining for the postsynaptic compartment in combination with the presynaptic vGlut2 labeling, our assessment of the TC connections onto PV cells are only resulting from the counting of vGlut2 puncta onto PV dendritic segments. Therefore, we cannot exclude the possibility of a bias in our results, due to false positive vGlut2 puncta that would actually not be located at the TC synaptic site.

To rule out these limitations, it would be important to perform analysis of co-localized vGlut2 puncta and PSD95 protein onto PV cell morphology using stimulated emission depletion In V1, PNN accumulation around PV cells matches with the closing of the CP of cortical plasticity [START_REF] Berardi | Molecular basis of plasticity in the visual cortex[END_REF]Hensch, 2005a;[START_REF] Hockfield | Expression of neural proteoglycans correlates with the acquisition of mature neuronal properties in the mammalian brain[END_REF][START_REF] Lander | A family of activity-dependent neuronal cell-surface chondroitin sulfate proteoglycans in cat visual cortex[END_REF][START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF]. In the adult visual system, plasticity can still occur upon ChABC enzymatic disruption of PNNs [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF][START_REF] Lensjø | Removal of Perineuronal Nets Unlocks Juvenile Plasticity Through Network Mechanisms of Decreased Inhibition and Increased Gamma Activity[END_REF][START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF]. GABAergic transmission from these interneurons [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]. The objective of this project was therefore to determine the synaptic mechanisms by which in vivo PNN disruption acts to reinstate plasticity at the TC-PV synapse in adult V1. To do so, we successfully implemented a stimulation protocol for single TC fiber activation onto L4 PV cells using either optogenetic or electrical minimal stimulation of the TC tract under L6 in coronal brain slices of V1. Using these approaches, we provided the first characterization of the TC synapse onto PV cells in V1. Then, we assessed the impact of in vivo PNN removal on the physiology of this synapse. We did not find an effect of PNN removal either on the strength and biophysical properties of unitary-TC EPSCs nor on AMPAR and NMDAR relative contribution to unitary TC neurotransmission onto PV cells. We are currently testing whether PNN removal induces an increase in TC synaptic inputs onto PV cells and this last experiment is still ongoing.

In this section, we will first review the biophysical properties of the TC synapse onto PV cells in adult V1. We will then discuss the possible mechanisms by which in vivo PNN removal could increase TC neurotransmission onto PV cell in adult V1 upon activation of dLGN TC inputs.

TC synapses onto PV cells exhibit high efficiency and reliability

Implementing the single TC fiber activation protocol allowed us to provide a characterization of the TC synapse onto L4 PV cells for which little is known in adult V1. We assessed the amplitude, kinetics and short-term plasticity of unitary TC-EPSCs onto PV cells, and we found that this synapse displays high efficiency and release probability in physiological conditions.

Our study of unitary TC-EPSCs at positive holding potentials has shown rectification of AMPARmediated EPSCs, demonstrating their calcium permeable nature. We also found a consistent NMDAR-mediated component and a low NMDA/AMPA ratio during TC synaptic transmission onto PV cells. We therefore concluded that both CP-AMPARs and NMDARs are recruited upon unitary TC neurotransmission, although the contribution of NMDARs is lower compared to CP-AMPARs.

Extensive work has been performed around characterizing the TC synapse onto PV cells in the somatosensory cortex (S1) [START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF][START_REF] Porter | Diverse types of interneurons generate thalamus-evoked feedforward inhibition in the mouse barrel cortex[END_REF][START_REF] Swadlow | Thalamocortical control of feed-forward inhibition in awake somatosensory "barrel" cortex[END_REF][START_REF] Swadlow | The influence of single VB thalamocortical impulses on barrel columns of rabbit somatosensory cortex[END_REF] but little is known about the properties of this synapse in adult V1. One way to study TC neurotransmission onto L4 PV cells in V1 would be to perform sagittal TC slice preparation where the entire visual circuitry studied fits within a thin brain slice. This preparation would allow to simultaneously stimulate TC inputs in the dLGN and record the resulting electrophysiological responses in the patched PV cell in L4 V1. This complex slicing paradigm has already been successfully elaborated [START_REF] Maclean | A visual thalamocortical slice[END_REF] but can present the limitation of severing most dLGN TC pathways due to their tortuous topology (Goffinet & Rakic, 2000), thus impairing the connectivity between dLGN and V1. Implementing a single TC fiber activation protocol in coronal slices of V1 therefore allowed us to overcome these drawbacks of preparing TC slices of V1. In such coronal slices, TC axons form a dense network below L6 and above the corpus callosum. Stimulating at any location within their bundle likely activates orthodromic and antidromic TC fibers [START_REF] Agmon | Thalamocortical responses of mouse somatosensory (barrel) cortex in vitro[END_REF]. However, monosynaptic TC-EPSCs can be distinguished by their synaptic latency. Also, consistently assessing the PPR and supernormality of the response allowed to ensure the TC origin of the events recorded [START_REF] Agmon | Thalamocortical responses of mouse somatosensory (barrel) cortex in vitro[END_REF][START_REF] Beierlein | Two Dynamically Distinct Inhibitory Networks in Layer 4 of the Neocortex[END_REF][START_REF] Beierlein | Short-Term Dynamics of Thalamocortical and Intracortical Synapses Onto Layer 6 Neurons in Neocortex[END_REF][START_REF] Cruikshank | Synaptic basis for intense thalamocortical activation of feedforward inhibitory cells in neocortex[END_REF][START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF]. Finally, we ensured that only a single TC fiber was activated using either stimulation protocol by successfully implementing a classic single fiber paradigm.

Using the single TC fiber stimulation protocol we implemented, we found that unitary TC synaptic transmission onto PV cells is highly efficient, suggesting that TC inputs onto this cell type can evoke powerful FFI within L4 of V1 [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF][START_REF] Kloc | Target-specific properties of thalamocortical synapses onto layer 4 of mouse primary visual cortex[END_REF][START_REF] Swadlow | Thalamocortical control of feed-forward inhibition in awake somatosensory "barrel" cortex[END_REF][START_REF] Swadlow | The influence of single VB thalamocortical impulses on barrel columns of rabbit somatosensory cortex[END_REF]. Indeed, the strong unitary TC neurotransmission onto PV cells ensures an efficient inhibitory output which narrows the integration window for sensory inputs onto PNs within the same layer. By enabling a robust FFI circuit, PV cells in L4 play the key role of precisely time-locking the responses of cortical neurons to sensory stimulations [START_REF] Gabernet | Somatosensory integration controlled by dynamic thalamocortical feed-forward inhibition[END_REF][START_REF] Inoue | Feedforward inhibitory connections from multiple thalamic cells to multiple regular-spiking cells in layer 4 of the somatosensory cortex[END_REF][START_REF] Sun | Barrel cortex microcircuits: Thalamocortical feedforward inhibition in spiny stellate cells is mediated by a small number of fast-spiking interneurons[END_REF] in adult V1, which is likely essential for cortical neurons to convey accurate visual representation.

We found that unitary TC-EPSCs had two to three times smaller amplitude and two times faster kinetics in V1 than in S1 [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF][START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF]. Interestingly, unitary TC-EPSCs recorded in vitro in V1 had an amplitude within the range of what has been described

in vivo in V1 [START_REF] Lien | Cortical direction selectivity emerges at convergence of thalamic synapses[END_REF]. One could infer that these differences of waveform of TC neurotransmission onto PV cells between S1 and V1 likely underlie biological differences in the integration of TC sensory inputs between primary sensory cortices. Indeed, in V1 , the specific motion direction selectivity endowed by cortical PNs likely results from a combination of different TC inputs that provide information about distinct spatial locations [START_REF] Mclean | Contribution of linear spatiotemporal receptive field structure to velocity selectivity of simple cells in area 17 of cat[END_REF][START_REF] Priebe | Direction selectivity of excitation and inhibition in simple cells of the cat primary visual cortex[END_REF]. It was therefore proposed that direction selectivity results from the synaptic convergence of single thalamic inputs with specific spatiotemporal offset onto PNs [START_REF] Ferster | Orientation selectivity of thalamic input to simple cells of cat visual cortex[END_REF][START_REF] Stanley | Visual orientation and directional selectivity through thalamic synchrony[END_REF], since distinct dLGN neurons generate responses onto V1 cortical neurons with different time courses [START_REF] Alonso | Rules of connectivity between geniculate cells and simple cells in cat primary visual cortex[END_REF][START_REF] Saul | Spatial and temporal response properties of lagged and nonlagged cells in cat lateral geniculate nucleus[END_REF]. This model was recently confirmed in an in vivo study from Lien et al. and is likely responsible for the ability of cortical neurons to extract fundamental features of the visual world such as motion direction [START_REF] Lien | Cortical direction selectivity emerges at convergence of thalamic synapses[END_REF].

Unitary TC-EPSCs in PV cells showed a low PPR, reflecting a high release probability of glutamate at this synapse. This high TC neurotransmitter release onto PV cells underlies strong short-term depression in vitro at the TC synapse onto PV cells in V1 that could potentially occur to the same extent in vivo. Indeed, although it was shown in vivo that TC synapse onto L4 PNs in V1 exhibit a moderate PPR in vivo almost twice as high as in vitro [START_REF] Bannister | Excitatory inputs to spiny cells in layers 4 and 6 of cat striate cortex[END_REF][START_REF] Kayser | Contrast-dependent nonlinearities arise locally in a model of contrast-invariant orientation tuning[END_REF][START_REF] Reig | Impact of cortical network activity on shortterm synaptic depression[END_REF][START_REF] Stoelzel | The impact of an LGNd impulse on the awake visual cortex: Synaptic dynamics and the sustained/transient distinction[END_REF][START_REF] Stratford | Excitatory synaptic inputs to spiny stellate cells in cat visual cortex[END_REF] -a better estimation of in vivo short-term depression was provided in vitro when PN recordings were performed in 1 mM to 1.2 mM external Ca 2+ with intact spontaneous excitatory activity [START_REF] Reig | Impact of cortical network activity on shortterm synaptic depression[END_REF] and these in vitro recording conditions are actually close to ours. Interestingly, in S1, it was shown in vivo that, during repetitive deflection of facial whiskers, sensory responses rapidly adapt at a rate similar to the recovery of TC synaptic short-term depression onto PNs, suggesting that short-term depression at TC synapses is an important component of the mechanism of rapid sensory adaptation [START_REF] Chung | Short-term depression at thalamocortical synapses contributes to rapid adaptation of cortical sensory responses in vivo[END_REF]. More recently, a study from Jin et al. also highlighted the crucial role of in vivo rapid adaptation for correct information processing in the visual system and subsequent proper shaping of perception and behavior [START_REF] Jin | Magnitude, time course, and specificity of rapid adaptation across mouse visual areas[END_REF]. Therefore, the strong short-term depression we observed in vitro at the TC synapse onto PV cells in V1 likely contributes to rapid adaptation of visual sensory responses, as reported in vivo.

Given that PPR can be used as an indicator of presynaptic release probability, the low PPR we found at the TC synapse onto PV cells -which was half of that described in S1 upon laser lightinduced stimulation of TC axonal tract [START_REF] Cruikshank | Pathway-Specific Feedforward Circuits between Thalamus and Neocortex Revealed by Selective Optical Stimulation of Axons[END_REF] or electrically-induced stimulation of a single TC axon [START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF] onto PV cells in L4 -suggests a high TC release probability onto PV cells. Given that we also found a smaller amplitude of unitary TC-EPSCs in PV cells in V1 compared with S1, it is likely that TC axons onto PV cells contain less release sites in V1 than in S1. However, although our experiment in elevated Ca 2+ /Mg 2+ ratio to facilitate release has shown that this PPR does not change, we did not assess the saturation of AMPARs -which could have been performed using a low affinity AMPAR antagonist such as the kynurenate or gamma-D-glutamylglycine (g-DGG) [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF][START_REF] Cathala | Changes in synaptic structure underlie the developmental speeding of AMPA receptor-mediated EPSCs[END_REF][START_REF] Digregorio | Erratum: Spillover of glutamate onto synaptic AMPA receptors enhances fast transmission at a cerebellar synapse[END_REF]. We neither assessed the precise release probability at the TC terminals onto PV cells as assessed in S1 [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF][START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF]. Overall, it will be important to assess the precise release probability at the TC synapse onto PV cells in V1, since the strong depression observed at this synapse has been shown to play a key role in the biophysical mechanism of rapid adaptation of cortical responses in vivo in S1 [START_REF] Chung | Short-term depression at thalamocortical synapses contributes to rapid adaptation of cortical sensory responses in vivo[END_REF].

In general, release probability at TC synapses is almost two times higher than that at IC synapses, which makes the TC connection several times more effective than the average IC connection, allowing a small number of TC axons to dominate the activity of cortical cells in L4 during sensory inflow [START_REF] Ziv | Efficacy of thalamocortical and intracortical synaptic connections: Quanta, innervation, and reliability[END_REF]. Indeed, in S1, efficient synaptic release is required at TC synapses for proper establishment of whisker barrel cortex connectivity and efficient sensory function [START_REF] Narboux-Nême | Neurotransmitter release at the thalamocortical synapse instructs barrel formation but not axon patterning in the somatosensory cortex[END_REF]. One could therefore speculate that such high neurotransmitter release in V1 is crucial for correct organization of the visual-related circuitry during early development but also for the eventual plasticity of these patterns of connectivity during adulthood.

We also found that unitary TC-eEPSCs had slower decay than TC-qEPSCs. This may indicate that glutamate spillover on remotely located AMPARs in PV cells may contribute to TC synaptic transmission in physiological conditions [START_REF] Digregorio | Erratum: Spillover of glutamate onto synaptic AMPA receptors enhances fast transmission at a cerebellar synapse[END_REF][START_REF] Silver | High-Probability Uniquantal Transmission at Excitatory Synapses in Barrel Cortex[END_REF]. However, due to the small sample size, a larger number of experiments will be necessary to firmly conclude on the occurrence of such phenomenon at this synapse.

Complementary experiments using low competitive antagonists of AMPARs (kynurenate, g-DGG) will be important to corroborate the presence of glutamate spillover onto peri-or extrasynaptic AMPARs at the TC synapse, or receptors at neighboring synapses [START_REF] Cathala | Changes in synaptic structure underlie the developmental speeding of AMPA receptor-mediated EPSCs[END_REF][START_REF] Digregorio | Erratum: Spillover of glutamate onto synaptic AMPA receptors enhances fast transmission at a cerebellar synapse[END_REF].

Effect of in vivo enzymatic PNN disruption on TC glutamatergic neurotransmission and TC connectivity onto PV cells in L4 in adult V1

The goal of this project was to study how in vivo PNN removal in adult V1 changes TC synaptic transmission onto L4 PV cells. To do so, we assessed the effect of in vivo PNN removal on the efficacy, short-term plasticity and postsynaptic AMPAR and NMDAR recruitment during unitary TC-EPSCs. We also determined whether in vivo PNN removal resulted in an increased connectivity between dLGN TC axons and PV cells in L4. Indeed, the increased recruitment of PV cells upon in vivo PNN removal could be explained by several mechanisms such as 1) an increase in synaptic strength at the TC synapse onto PV cells, and/or 2) an increase in the number of TC synaptic inputs onto PV cells in adult V1.

We confirmed that in vivo PNN removal in adult V1 leads to increased PV cell recruitment by TC inputs upon bulk optogenetic activation, as previously observed by Faini et al. in our lab [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]. Consistently, we found a larger AMPAR-mediated charge transferred upon in vivo PNN removal in adult V1. However, we could not retrieve this significant increase in AMPAR recruitment at threshold stimulation. Although our data fall within the same order of magnitude as those of Faini et al., the average AMPAR-mediated charge they described following PNN removal is almost twice as large as what we found in the same conditions. This difference could result from differences in the way the threshold of response was initially set by the two different experimenters. It could also result from differences between the mouse lines used, as it was previously reported between other mouse models [START_REF] Lenselink | Strain differences in presynaptic function: Proteomics, ultrastructure, and physiology of hippocampal synapses in DBA/2J and C57Bl/6J MICE[END_REF].

Indeed, in the Pvalb-tdTomato mouse line we used, we found that around 21% of tdTomatoexpressing cells were not positive for PV staining, although all fluorescent cells patched were indeed fast-spiking. One explanation could be that tdTomato expression is not entirely restricted to PV cells in V1, but that the cells patched -the brightest and most distinguishable cells -are all PV-expressing cells. However, in the Pvalb-tdTomato mouse line we used, we found a rate of around 81% of PV cells enwrapped with PNNs in L4 V1, while previous results

in our group revealed a rate of around 99% of PV cells enwrapped with PNNs in the same structure in C57BL/6J WT mice [START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]. This leaves 19% chances of patching a cell devoid with PNNs in Sham animals. Moreover, we did not verify neither 1) the actual amount In order to investigate the synaptic mechanisms responsible for the observed increased PV cell recruitment upon TC optogenetic stimulation following PNN removal, we assessed how the biophysical properties of the TC synaptic transmission onto PV cells are affected by PNN removal. To do so, we used the protocol we successfully implemented for single TC fiber activation using either optogenetic or electrical minimal stimulation of the TC tract. With these methods, we wanted to test whether an increased neurotransmitter release or glutamatergic receptor recruitment could explain the higher PV cell recruitment upon PNN removal. The amplitude and kinetics (RT and decay Tau) as well as the PPR were not changed by in vivo PNN disruption, demonstrating that PNN removal did not affect neither the efficacy nor the short-term plasticity at this synapse. Also, in vivo PNN removal did not change the postsynaptic AMPAR contribution to unitary TC-EPSCs in PV cells in adult V1.

Interestingly, the increased AMPAR-mediated synaptic transmission onto PV cell we found following bulk TC activation could not be recaptured at the single TC fiber connection onto a PV cell in adult V1 upon in vivo PNN removal. These data suggest that in vivo PNN removal, rather than changing synaptic strength or the biophysical properties of postsynaptic receptors at the synapse, allows TC sprouting onto PV cells. We therefore tested this hypothesis by comparing the density of the presynaptic marker vGlut2 to label putative TC boutons onto proximal dendrites of PV cells in L4 between Sham and PNN-depleted animals. However, our results did not reveal any difference between these two conditions.

Several hypotheses could explain the absence of difference in our results. One hypothesis could be that, rather than an increase of the number of TC contacts onto PV cells, PNN removal results in a spatial reorganization of the TC inputs on the PV cells [START_REF] Akgül | AMPA receptor deletion in developing MGE-derived hippocampal interneurons causes a redistribution of excitatory synapses and attenuates postnatal network oscillatory activity[END_REF].

Indeed, since it was shown that TC axons preferentially contact PV cells on their proximal dendrites [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF], we focused our analysis on the proximal dendritic compartment. Because of such bias in our analysis, we could have missed a reorganization of the TC inputs if it occurred at more distal dendritic compartment or on the PV cell soma.

Indeed, although it was reported in S1 that synaptic contacts of a single TC axon are distributed on the PV cell dendrites independently of any dedicated dendritic domains or axon-specific distribution [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF], no study has been performed so far to test the effect of PNN disruption on the TC input pattern of connectivity onto L4 cortical cells in adult V1. PNN accumulation during post-natal development could therefore trigger a reorganization of TC connections onto PV cells in L4 in adult V1. Indeed, a recent study from Akgül et al. has shown that modification of excitatory drive onto PV cells during early development results in redistribution of glutamatergic synapses from dendritic to somatic locations [START_REF] Akgül | AMPA receptor deletion in developing MGE-derived hippocampal interneurons causes a redistribution of excitatory synapses and attenuates postnatal network oscillatory activity[END_REF]. In that sense, it would be important to test for a potential difference in the TC input distribution between proximal and distal PV dendritic segments, between Sham and PNNdepleted animals. A second hypothesis for our lack of difference in the number of TC connections between Sham and PNN-depleted animals could be a contamination by false vGlut2 positive puncta. Indeed, our analysis consisted in counting the number of vGlut2 puncta contacting the dendrites of PV cells, but we did not control that the puncta detected were representative of synaptic TC terminals. In order to test these two hypothesis, one could fill PV cells with biocytin, then perform a streptavidin reaction and finally run an immunostaining for presynaptic vGlut2 and postsynaptic proteins (such as PSD95, Homer or Shank [START_REF] Beresewicz | Scaffold proteins (MAGUK, Shank and Homer) in postsynaptic density in the central nervous system[END_REF], for example) and assess the patterns of TC input distribution all along the PV dendritic tree. This would ensure that the vGlut2 puncta detected on the PV cell dendrites are indeed glutamatergic synapses associated with the TC terminals.

On this line, we could also directly assess the number of TC synaptic contacts in the PSD95 enabled mice: a transgenic mouse line that conditionally expresses fluorescent-tagged PSD95

under the control of a promoter for a specific cellular signaling molecule [START_REF] Fortin | Live imaging of endogenous PSD-95 using ENABLED: A conditional strategy to fluorescently label endogenous proteins[END_REF].

This experiment would allow to assess the colocalization of vGlut2 puncta and PSD95 protein, specifically onto PV cell morphology [START_REF] Biane | Developmental emergence of two-stage nonlinear synaptic integration in cerebellar interneurons[END_REF].

Following bulk optogenetic activation of TC terminals in L4, the significative increase of Finally, one could also question the use of ChABC to study the effects of PNN removal. Indeed, ChABC not only cleaves the hyaluronic acid backbone of PNNs [START_REF] Galtrey | The role of chondroitin sulfate proteoglycans in regeneration and plasticity in the central nervous system[END_REF] but also unspecifically cleaves the GAG chains of CSPGs [START_REF] Brückner | Acute and long-lasting changes in extracellular-matrix chondroitin-sulphate proteoglycans induced by injection of chondroitinase ABC in the adult rat brain[END_REF][START_REF] Deepa | Composition of perineuronal net extracellular matrix in rat brain: A different disaccharide composition for the netassociated proteoglycans[END_REF] of the extracellular matrix in a non-specific manner. However, knockout studies targeting components of PNNs confirmed many observations obtained through ChABC treatment,

suggesting that the effect of ChABC on CNS plasticity is perhaps primarily mediated through modification of PNNs (for review, see (D. [START_REF] Wang | The perineuronal net and the control of cns plasticity[END_REF])). As an example, Crtl1 is a protein linking the GAG chains of CSPGs to the hyaluronic acid backbone of PNNs and has been found to be almost exclusively associated with PNNs in the ECM [START_REF] Deepa | Composition of perineuronal net extracellular matrix in rat brain: A different disaccharide composition for the netassociated proteoglycans[END_REF][START_REF] Kwok | Extracellular matrix and perineuronal nets in CNS repair[END_REF]. As a result, Crtl1 knockout animals have abnormal PNNs with little alteration of other matrix components and these animals exhibit prolonged plasticity within the visual system [START_REF] Carulli | Animals lacking link protein have attenuated perineuronal nets and persistent plasticity[END_REF], consistent with results obtained after ChABC treatment in wildtype animals. Interestingly, another more recent study has shown that mice knocked out for Acan gene (i.e., mice knocked out for aggrecan protein) exhibit specific loss of PNN formation in vivo which resulted in juvenile-like plasticity in adult mice [START_REF] Rowlands | Aggrecan directs extracellular matrix mediated neuronal plasticity[END_REF]. Indeed, although 4 days of MD in adults has been shown to only increase the response to ipsilateral eye stimulation [START_REF] Sawtell | NMDA receptordependent ocular dominance plasticity in adult visual cortex[END_REF], the authors observed changes in responsiveness to both contralateral and ipsilateral inputs to V1, similar to how this shift occurs in animals during CP [START_REF] Frenkel | How monocular deprivation shifts ocular dominance in visual cortex of young mice[END_REF]. This result suggests that removal of aggrecan induces a collapse of the 

Conclusions

Our work has undoubtedly broadened the field of questions regarding not only the synaptic properties of the TC synapse onto fast-spiking PV cells in mature V1, but also on the mechanisms by which PNNs act on limiting plasticity in adult V1.

We reported, as in S1, that TC synapses onto PV cells are highly efficient and reliable in adult V1. These properties allow the sensory inputs to be integrated in cortical circuits with high spatiotemporal resolution, which is likely essential for visual networks to convey accurate visual representation. Single TC fiber activation experiments revealed intrinsic variability from one TC contact onto a PV cell to another, suggesting that synaptic convergence of single thalamic inputs with specific spatiotemporal offset [START_REF] Ferster | Orientation selectivity of thalamic input to simple cells of cat visual cortex[END_REF][START_REF] Stanley | Visual orientation and directional selectivity through thalamic synchrony[END_REF] is likely responsible for the ability of cortical neurons to extract fundamental features of the visual world such as motion direction [START_REF] Lien | Cortical direction selectivity emerges at convergence of thalamic synapses[END_REF]. Besides, given the reliability and efficiency of the TC synapse onto PV cells in V1, one may want to confirm the occurrence of spillover of glutamate at this synapse, especially since TC contacts onto PV cells are not spatially confined on postsynaptic spines.

We found that in vivo PNN disruption in adult V1 does not affect neither the efficiency, nor the short-term plasticity, nor AMPAR and NMDAR receptor recruitment during unitary TC synaptic transmission onto PV cells. However, upon bulk optogenetic activation of TC terminals in L4, we did find an increased AMPAR-mediated TC signaling onto PV cells. Taken together, these results strongly suggest that the increased PV cell in V1 recruitment following in vivo PNN disruption is due to an increased number of TC contacts onto PV cells rather than changes of biophysical properties of TC synaptic transmission. Experiments to test this hypothesis are still ongoing and may reveal the actual mechanism by which PNN control plasticity onto PV cell in adult V1.
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 18 Figure 1.8: (a) Example of singleneuron reconstructions of three different neocortical interneuron types: a basket cell (left), an axoaxonic Chandelier cell (middle) and a dendrite-targeting Martinotti cell (right). Axons and somato-dendritic compartments are shown in red and black, respectively. (b) Oversimplified scheme of the inhibitory control of cortical PYR neurons by several general classes of GABAergic INS. Information (pink wide arrow) is transferred from excitatory glutamatergic synapses (red axon terminals) to the PYR neuron (red cell) dendrite. Along the dendro-somaticaxonal axis, information can be differently filtered in PYR neurons by INs controlling the output (basket and axo-axonic cells, on the left-hand side) and by INs controlling the input into PYR neurons (dendrite-targeting INs, on the right-hand side) (adapted from Méndez & Bacci, 2011).

Figure 1

 1 Figure 1.13:Proposed model of plasticity during the critical period and in adulthood. When visual input is altered by monocular deprivation during the critical period, net inhibition provided by PV interneurons decreases, so that TC feedforward connections can undergo plastic changes (indicated by the red spot), which is sufficient for learning. In the adult visual system, perceptual learning is reinforcement-dependent and may involve plasticity of feedback connections providing contextual information about the feedforward inputs that are reinforced (in this example, the left black bar). This plasticity is facilitated by reduced inhibition from SST interneurons resulting from their inhibition from VIP interneurons, whose activity depends on the behavioral state of the animal (adapted fromvan Versendaal & Levelt, 2016).

  stimuli of varying contrast presented to the contralateral eye. They found an enhancement of the spectral power of the local field potential in the high g-frequency band (40-80 Hz) during both resting state and visual activity in animals in which PNNs were enzymatically disruptedby in vivo ChABC injection in V1 -suggesting that disruption of PNNs results in an increased activity of inhibitory PV interneurons during visual activity. The authors then tested whether this increase of perisomatic inhibitory activity in vivo was due to a change in the passive properties or to alterations of the excitatory and/or inhibitory synaptic transmission onto PV and PYR cells within the cortical network. Surprisingly, PNN removal did not affected GABAergic transmission, neither onto nor from PV cells. Instead, the authors demonstrated

  injection of viral vectors and ChABC, single patch-clamp recordings in acute cortical slices in adult (P70-90) mice, optogenetics and immunohistochemistry. Importantly, since we completed this study in another mouse line than the one used by Faini et al., we began our study by confirming that the mouse model we were using was accurate for our study and by validating we could reproduce what Faini et al. described at the TC synapse onto PV cells in adult V1 under their stimulating and recording conditions[START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF].

  by the authors' institutional review boards. All animal work was performed at the PHENO-ICMice facility. In order to record the glutamatergic transmission in the PV INs, we used the Pvalb-tdTomato mice line: a bacterial artificial chromosome (BAC) transgenic mice line expressing the red fluorophore tdTomato under the control of endogenous regulatory elements of the Pvalb gene locus (JAX # 027395) (Tobias Kaiser, Jonathan T. Ting, 2016), provided by The Jackson Laboratory (Stock No: 027395). In order to study the effect of PNN removal after the critical period closure in adult animals, we used both males and females aged between P70 and P90.2.2. In vivo enzymatic degradation of PNNs in V1Adult mice were stereotaxically injected with either the bacterial enzyme ChABC or phosphate-buffered saline solution (PBS: control) in order to locally disrupt PNNs in V1. The powder of ChABC from Proteus vulgaris (from Sigma) was reconstituted in 0.01% bovine serum albumin aqueous solution for a final concentration of 100 mU/mL. Before each injection, the reconstituted ChABC was diluted in a buffer containing 50 mM Tris, 60 mM sodium acetate and 0.02% bovine serum albumin (pH = 8.0) in order to obtain a final concentration of 40 mU/ mL[START_REF] De Vivo | Extracellular matrix inhibits structural and functional plasticity of dendritic spines in the adult visual cortex[END_REF] T. 

  were then perfused intracardially (with a pump) with a choline-based cutting solution at 4°C containing the following (in mM): 126 choline chloride, 16 glucose, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 7 MgSO4, 0.5 CaCl2, cooled to 4°C and equilibrated with 95%O2 / 5% CO2. The perfusion allowed to remove all blood vessels from the brain and significantly improved the quality of the tissue. Note that 50 μL of Choay heparine was injected in the left ventricle of the heart just before perfusion, to fluidize the perfusion. The brain was then extracted and immersed in the same cutting choline-based solution (4°C, equilibrated with 95% O2 / 5% CO2). Slices were cut with a vibratome (Leica VT1200S) in the cutting solution, and then incubated in oxygenated artificial cerebrospinal fluid (aSCF) composed of (in mM): 126 NaCl, 20 glucose, 26 NaHCO3, 2.5 KCl,1.25 NaH2PO4, CaCl2 and MgSO4 (pH 7.35,[310][311][312][313][314][315][316][317][318][319][320]. CaCl2 and MgSO4 concentration differed depending on the experiment: 1.5 CaCl2 / 1 MgSO4 for single TC fiber recruitment experiments, and 2 CaCl2 / 1 MgSO4 for bulk optogenetic stimulations on L4 TC afferences. For the quantal experiment, recordings were performed in 0.5 CaCl2 / 5 MgSO4 and compared with recordings performed in physiological 1.5 CaCl2 / 1 MgSO4 concentrations in order to assess the reliability of the glutamatergic transmission at the synapse (R. A.[START_REF] Silver | High-Probability Uniquantal Transmission at Excitatory Synapses in Barrel Cortex[END_REF].

  In order to confirm that the Tdtomato expressing neurons were PV interneurons, we verified the firing behavior of the fluorescent cells in L4 in response to depolarizing DCcurrent steps.We injected 20 depolarizing current steps with a 25pA increment. This experiment allowed to identify the fluorescent cells as fast-spiking PV interneurons. For this experiment, electrodes were filled with an intracellular solution containing (in mM): 150 K-gluconate, 10 Hepes, 1 EGTA, 4.6 MgCl2, 0.1 CaCl2, 4 Na-ATP, 0.4 Na-GTP; pH adjusted to 7.3 with KOH; 290-300 mOsm. The estimated reversal potential for chloride (ECl) was approximately -69 mV based on the Nernst equation. 2.5.1.2. Voltage-clamp recordings Whole cell voltage-clamp recordings were all performed in PV INs in L4 of the primary visual cortex in the binocular zone of V1. The PV INs, labeled with tdTomato, were identified using LED illumination (TX RED, λ=586 nm, Cairn Research, Faversham, UK). To measure glutamatergic transmission (eEPSCs and qEPSCs), electrodes were filled with an intracellular solution containing (in mM): 85-95 CsCl, 40 Hepes, 10 Cs-EGTA, 10 TEA-Cl, 2.4 CaCl2, 4.6 MgCl2, 4 Na-ATP, 0.3 Na-GTP; pH adjusted to 7.3 with cesium hydroxide solution; 290-300 mOsm. This solution allowed voltage-clamping neurons at any membrane potentials. ECl was approximately between -2.71 and -4.99 mV based on the Nernst equation, allowing for a lessen leak at positive holding potentials. PV INs were voltage-clamped at different holding potential (Vh): at -70 mV, to isolate the AMPAR-mediated EPSCs, and at +40 mV, to isolate the NMDAR-mediated EPSCs. Under the recording conditions described, activation of ionotropic glutamatergic receptors resulted in inward currents at Vh -70 mV and outward currents at Vh +40 mV. The ionotropic glutamatergic eEPSCs as well as the light-evoked responses were isolated in 10 µM gabazine, 0.3 µM strychnine, 10 µM DL-AP3, 100 µM D-Serine. AMPAR-and NMDAR-mediated EPSCs were isolated in 50 µM AP5 and 10 µM NBQX, respectively. The qEPSCs were systematically isolated in 50 µM AP5 to study the AMPAR-mediated component of the quantal glutamatergic transmission. All drugs were obtained from Tocris Cookson (Bristol, UK) or Sigma-Aldrich (St-Louis, USA). Voltage values were not corrected for liquid junction potential. For all experiments, neurons were discarded from the analysis if the access resistance was >25 MΩ. Patch electrodes were pulled from borosilicate glass capillaries and had a typical tip resistance of 2-4 MΩ. Signals were amplified with a Multiclamp 700B patchclamp amplifier (Molecular Devices), sampled at 100 kHz and filtered at 10 KHz (for voltageclamp experiments). Signals were digitized with a Digidata 1440A and acquired using the pClamp 10 software package (Molecular Devices). TC axon terminals on L4: optogenetic stimulation ChR2 activation was obtained by light flashes of 1.0 ms on cortical slices, using a blue LED (λ = 470 nm; Thorlab) collimated and coupled to the epifluorescence path of an Olympus BX51 microscope mounting a 60X water immersion objective (0.8 NA). The analogue output of an A/D card (Digidata 1440A) allowed to control the light intensity via a power supply (Thorlabs, LEDD1). The light intensity was calibrated with a photodiode and a power meter; light power ranged between 0.385 and 1.440 mW, over a spot of 0.28 mm of diameter. We induced light flashes of 1ms on cortical slices, directly on the TC axons terminals in L4. Direct recruitment of cortical neurons was performed in aCSF containing 1 μM TTX, to remove polysynaptic activity, and 100 μM of the K+-channel antagonist 4-aminopyridine (4-AP), to enhance axonal depolarization. We recorded light-evoked responses in voltage clamp mode in L4 PV INs. In order to normalize the responses in function of different levels of expression of ChR2 across animals and slices, for each cell, we performed optical stimulation at a light intensity inducing detectable responses with a failure rate of around 50 % (half responses and half failures) at Vh -70mV. This light intensity was referred as threshold stimulation and was determined for each cell. We then recorded the evoked responses at three stimulation intensities: at threshold, at 1.5x threshold and at 2x threshold, at either Vh -70mV or Vh +40mV. Indeed, important and consistent rundown of glutamatergic responses prevented us from performing long recordings at both holding potentials in each cell. Light-evoked responses recorded at Vh -70mV or Vh +40mV were considered mainly mediated by AMPA or NMDA receptors, respectively. This presumption was further controlled by pharmacology, using either NBQX (10 μM) or AP5 (50 μM) to block the AMPAR-mediated or NMDAR-mediated responses, respectively. This allowed us to compare the recruitment dynamic of AMPARs and NMDARs with increasing TC axons activity at the synapse. 2.5.2.2. Single axon activation: electric and optogenetic stimulation Extracellular stimulation. In order to recruit TC axons, we performed different protocols using either optogenetic or extracellular stimulation. For extracellular stimulation, we placed a stimulation electrode (a patch pipette filled with aCSF) in the TC tract above the corpus callosum and below L6, and induced a 10 Hz paired-pulse stimulation (with 100 ms interval) of the TC axons. To ensure that the observed responses resulted from orthodromic stimulation of TC axons rather than antidromic stimulation of cortico-thalamic axons, we verified three electrophysiological parameters of the response determined by Michael Beierlein & Connors, 2002; we only recorded EPSCs from PV INs in layer 4 that occurred at latencies below <3.5 ms,

2. 6 . 1 .

 61 Parvalbumin and tdTomato co-localization, and PNN expression in the Pvalb-tdTomato mice line Immunohistochemistry. Adult animals (>P50) were deeply anesthetized with a mix of ketamine and xylazine (100 mg/kg -Imalgene® and 13 mg/kg -Rompun® 2%, respectively) in NaCl 0.9%, and were transcardially perfused first with ice cold PBS, and then with 4% PFA (pH 7.4). Brains were isolated and postfixed overnight in PFA 4% at 4°C, then again overnight in sucrose at 4°C. Brain slices of 20 μm were then obtained using the HM450 freezing microtome at -26°C. Sections were stored in PBS 0.1M with sodium azide 0.4% at 4°C. Slices were then rinsed two times in PBS or PB 0.1M (10 min each), and then incubated in a blocking solution of PBS with 0.3% Triton and 10% bovine serum albumin for 2 hours at RT. Slices were again washed and incubated in a solution of PBS with 0.3% Triton and 0.1% normal goat serum containing primary antibodies against Parvalbumin (Mouse anti-PV, dilution 1:500, Sigma, P3088) and tdTomato (Rabbit anti-DsRed, dilution 1:500, Takara Bio Clontech, 632496) at 4°C overnight. Slices were then rinsed and incubated at RT for 2 hours in a solution of PBS with 0.3% Triton containing the secondary antibodies (Alexa Fluor™ 405 goat-anti mouse IgG, dilution 1:500, ThermoFisher, A31553; Alexa Fluor™ 633 goat-anti rabbit IgG, dilution 1:500, ThermoFisher, A21070). For PNN quantification, the solution also contained WFA-FITC which binds to the N-acetylgalactosamime of PNNs (dilution 1:100, from Vector Laboratories). Slices were then rinsed two times in PBS or PB 0.1M (10 min each) at RT, coverslipped in mounting medium (Fluoromount with DAPI) and stored at 4°C. Microscopy. Slices were imaged in a Slice Scanner Axioscan (Zeiss) and the structure of interest (V1) was detected through a 20x lens. Images of the different immunostainings were acquired simultaneously for each brain slice, and were acquired using identical settings for each animal.2.6.2. Control of the ChABC treatmentImmunohistochemistry. Thick slices used for electrophysiology experiments (300 μm) were fixed overnight in 4% paraformaldehyde in phosphate buffer (PB, pH 7.4) at 4°C. Slices were then rinsed three times at room temperature (RT) (10 min each time) in PBS and pre-incubated 1h at room temperature in a blocking solution of PBS with 0.3% Triton and 10% bovine serum albumin. Slices were then incubated 3.5 hours at room temperature in PBS with 0.3% Triton and Fluorescein Wisteria floribunda Lectin (WFA-FITC) (dilution 1:100) which binds to the Nacetylgalactosamime of PNNs (from Vector Laboratories). Slices were then rinsed three times in PBS (10 min each) at room temperature, coverslipped in mounting medium and stored at 4°C.

  Therefore, in order to specifically address what are the underlying synaptic changes described byFaini et al. upon PNN disruption around PV cells in L4, we implemented a similar protocol to perform acute removal of PNN in adult V1 (see section 2.2., Materials and Methods). Consequently, we had to control that ChABC enzyme injection 1) correctly disrupted the PNNs in V1 where they are endogenously expressed and 2) did not affect the PV cell anatomy. Therefore, we systematically controlled that ChABC correctly disrupted the PNNs in V1 by fixating the slices used for electrophysiology and running PNN immunohistochemistry, using WFA-FITC staining. Figure 2.1.A shows the successful disruption of PNNs in V1, where they are endogenously expressed compared with V2, following ChABC in vivo injection in adult mice. We also regularly ran PV staining to qualitatively verify that the anatomy of PV cells was preserved following their PNN digestion. Further thorough observations confirm that PNNs were successfully disrupted around cortical cells in L4 of V1 (Fig 2.1.B) without apparently affecting the PV cell anatomy (Fig 2.1.C). All recordings obtained from cells where in vivo ChABC injection did not fully disrupt the matrix (around 5%) were discarded from the analysis.

Figure 2 . 1 :

 21 Figure 2.1: PNN enzymatic disruption with ChABC in V1 of adult mice. (A) Example of confocal micrograph of coronal brain slices showing PNN accumulated (in green) in V1 but not V2 following PBS injection (upper image) and PNN removal following ChABC injection (bottom image). (B) Coronal slices of V1 showing PNN expression (in green) specifically in L4 following PBS injection (upper image) and PNN removal following ChABC injection (lower image). (C) Coronal slices of V1 showing PNN expression (in green) specifically around PV cells (in red) in L4 following PBS injection (upper image) and after PNN removal following ChABC injection (bottom image).

  charge transfer of TC responses were analyzed with custom-made configurations implemented in NeuroMatic. All responses were baselined over 20 ms, 1 ms before the stimulus onset. For each stimulation intensity, average values were extracted from at least 15 trials. For each cell, we measured the mean charge transfer (in pC) as the differential area of the evoked response from the baseline, over time window intervals of 120 ms or 320 ms for recordings performed at Vh -70mV or Vh +40mV, respectively. These detection time windows are large because of the long-lasting asynchronous release characteristic of optogenetic stimulation. On the one hand, when we compared the charge transferred between PBS and ChABC injected animals at Vh -70mV, we did not include failures of unitary synaptic responses (threshold stimulation) in our analysis. On the other hand, we did include failures of responses when we compared the charge transferred at Vh +40mV, and in our analysis of the NMDAR/AMPAR ratio. Indeed, in our hands, distinguishing failure from success of response at threshold was difficult when the PV INs were clamped at positive potentials. NMDA/AMPA ratio was assessed by calculating the ratio of the mean charge transferred at Vh +40mV over Vh -70mV.

  brain slices of V1 (n=3-5 brain slices, N=3 animals, >P50) and assessed the colocalization of the stainings (Fig 3.1.A). We defined 1) the percentage of tdTomato false-positive cells as the fraction of cells negative for PV over all tdTomato-positive cells, 2) the percentage of PV labelling efficiency as the fraction of cells positive for PV that are also tdTomato-positive. This quantitative analysis resulted into a rate of 20.67 ± 4.26% for false positive tdTomatoexpressing neurons and a rate of 82.00 ± 4.04% for parvalbumin-labelling efficiency in adult V1 (Fig 3.1.B).

Figure 3 . 1 :

 31 Figure 3.1: Co-labeling and electrophysiology of cortical PV cells in V1 of adult Pvalb-tdTomato mice. (A) Example of epifluorescence micrograph in coronal slices of V1 showing immunostainings of PV (in green) and tdTomato (in red) and their co-localization (in yellow). (B) Percentage of tdTomato false positive and PV labeling efficiency in V1. (C) Representative traces from a tdTomato-expressing cell, recorded in whole-cell patch-clamp mode. Three current injections steps are shown. (D) Current-firing rate (I-f) plot showing the spiking frequency upon current injections in tdTomato-expressing cells in V1 (n=14 cell from 4 mice). Mean ± SEM.

  2.A) (n=3-5 brain slices, N=3 animals, >P50). We counted manually the number of PV-expressing cells enwrapped with PNNs in all layers of V1 and found a significantly higher proportion of PV-expressing cells enwrapped with PNNs in L4 (81.41 ± 1.59%) compared to the other layers (Fig 3.2.B; p≤0.05; paired t test), except for L5 where it was similar to L4.

Figure 3

 3 Figure 3.2: PNN expression around PV cells in V1 of adult Pvalb-tdTomato mice. (A) Example of epifluorescence micrograph in coronal slices of V1 showing PNN expression (in magenta) around PV-expressing cells (in green) in L4. (B) Percentage of PV cells expressing PNNs in all layers of V1. Mean ± SEM. NS: p>0.05; *: p≤0.05
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 2 Perineuronal net disruption increases synaptic TC recruitment of PV cells following bulk activation of dLGN axonal terminals in adult V1 L4 Faini et al. found that 48-72h post in vivo injection of ChABC in adult V1 leads to a specific increase in the recruitment of PV cells upon bulk light-evoked activation of TC terminals in L4[START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]. We first aimed at confirming that increased TC neurotransmission onto PV cells upon in vivo PNN removal described byFaini et al. is also present in the Pvalb-tdTomato mouse line. The advantage of the in vivo approach for PNN disruption used by Faini et al. is that it recapitulates the protocol used in the seminal paper first showing that in vivo PNN removal in adult V1 can re-open ODP as seen during the CP (T.

  sufficient time (10-12 days) to reach adequate expression of ChR2 in dLGN neurons, we obtained acute cortical slices from mice treated with Sham (PBS) or ChABC enzyme. We stimulated TC axon terminals with 1 ms long, wide field (280 µm spot) LED illumination (l = 470 nm), while recording from L4 PV cells (Fig 3.3.A-C;[START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]). The patched cell was at the center of the illumination spot. Electrophysiological patch-clamp whole-cell recordings of light-evoked TC neurotransmission in voltage-clamp mode were performed in PV cells and compared between animals that received in vivo injection of either PBS(Sham) or ChABC. In order to ensure monosynaptic TC activation, we incubated the slices in TTX (1 µM) -to block AP and therefore prevent polysynaptic activity -and the K + -channel antagonist 4-aminopyridine or 4-AP (100 µM) -to enhance axonal depolarization. This approach resulted in typical asynchronous, albeit TC-selective responses(Fig 3.3.D) 

  Fig 3.3.E). This is expected, since NMDARs are subject to voltage-dependent magnesium block

Figure 3 . 3 :

 33 Figure 3.3: Protocol for bulk activation of TC axon terminals onto PV cells in V1 L4. (A) Selective expression of the light-sensitive cation channel ChR2 in glutamatergic neurons of adult mice dLGN using stereotaxic injection approach. (B) Sagittal brain slice showing ChR2 expression (mCherry, in red) in the dLGN projecting onto the visual cortex (picture from Faini et al., 2018). (C) Coronal slice of V1 showing ChR2 expression in the TC axons projecting mainly onto L4 cells, hence the stronger ChR2 expression in this layer. In L4, the PV cell recorded in voltage-clamp configuration was centered within the illumination field and optogenetic light-induced bulk stimulations were applied (LED illumination, blue circle). (D) Representative traces of light-induced monosynaptic currents in PV cells. Different trials are distinguishable with different colors. Note the heterogeneity of response waveforms. (E) Representative traces of 1 ms light-induced monosynaptic currents recorded at Vh -70mV at 2xTh before (CTL, in black) and after NBQX incubation (NBQX, in purple) (averages from 20 trials). (F) Representative traces of 1 ms light-induced monosynaptic currents recorded at Vh +40mV at 2xTh before (CTL, in black) and after AP5 incubation (AP5, in green) (averages from 30 trials).
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 34 Figure 3.4: PNN removal affects AMPA but not NMDA receptors recruitment during bulk activation of TC axon terminals onto PV cells in V1 L4. (A) Representative traces of light-induced AMPARmediated responses recorded in voltage-clamp at Vh -70mV at three different intensities: threshold (Th), 1.5xthreshold (1.5xTh) and 2xthreshold (2xTh) in PBS injected (raw traces + average from 20 trials, in black) and ChABC injected animal (raw traces + average from 20 trials, in red). (B-C) Average AMPARmediated charge transferred at Th, 1.5xTh and 2xTh in PBS injected (B) and ChABC injected (C) animal. (D) Comparison of average AMPAR-mediated charge transferred at Th, 1.5xTh and 2xTh between PBS injected (in black) and ChABC injected (in red) animal. (E-H) Same as (A-D) but for light-induced NMDAR-mediated responses recorded in voltage-clamp at Vh +40mV (raw traces + averages from 30-40 trials). Mean ± SEM. NS: p>0.05; *: p≤0.05; **: p≤0.01; ***: p≤0.001; ****: p≤0.0001.
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 1 MOhm of resistance) filled with extracellullar solution and positioned in the TC bundle just below L6 (Fig 3.5.A). We recorded the resulting unitary TC-EPSCs in aCSF containing physiological Ca 2+ /Mg 2+ ratio (1.5 mM Ca 2+ / 1 mM Mg 2+ (C. Nicholson, Kraig, ten Bruggencate, Stöckle, & Steinberg, 1978; I. A.

and 4 -

 4 AP to prevent multisynaptic activity. Instead, we recorded unitary TC-EPSCs in physiological 1.5 mM Ca 2+ /1 mM Mg 2+ following light-induced stimulation of the TC axons, by placing the illumination spot just below L6 to trigger APs on the TC axons (Fig 3.5.B).

  physiological TC-EPSCs in PV cells in L4 of V1. Single TC fiber stimulations were performed by first recording TC-EPSCs in PV cells with an initial simulation intensity producing few EPSC successes of fixed-amplitude that randomly alternated with failures (Fig 3.5.C, interval 1-2). Then, gradually increasing the stimulation intensity resulted in 100% success rate without affecting the amplitude of single events (Fig 3.5.C, interval 3). Unitary TC-EPSCs recorded in PV cells within this interval of stimulation intensities were used to assess unitary synaptic transmission at this synapse.
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 35 Figure 3.5: Protocol for single TC axon activation onto PV cells in V1 L4. (A) Scheme representing electric stimulations (grey pipette) applied on the TC tract. (B) Coronal slice of V1 showing optogenetic stimulations (LED illumination, blue circle) applied on the TC axonal tract that selectively expresses ChR2 (mCherry, in red) and project onto L4 cells. (C) Representative traces of electrically-induced unitary TC-EPSCs in PV cells. (D) Representative traces of light-induced monosynaptic unitary TC-EPSCs in PV cells. Note the jitter in the latency of response onset. (E) Representative traces of electrically-(in grey) and optogenetically-(in blue) evoked unitary TC-EPSCs in a PV cell during increasing stimulation intensity from failures only (1) to inconsistent single TC fiber activation (2) until reliable activation (3) before activation of several TC axons (4). (F) Whole-cell recording from a PV cell during increasing electric (in grey) or optogenetic (in blue) stimulations of the TC axons tract. The amplitude of EPSCs is plotted against stimulus number, with the stimulation intensity indicated below the stimulus number. Stimuli were delivered at 10Hz.
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 36 Figure 3.6: Unitary TC-EPSC properties in PV cells following minimal optogenetic or electric stimulations. (A) Representative traces of optogenetically-(in blue) and electrically-(in grey) evoked EPSCs (raw traces + averages from 20-30 trials). (B-E) Comparison of average amplitude (B), CV (C), rise time (D) and weighted decay tau (E) between optogenetically-(in blue) and electrically-(in grey) evoked EPSCs. (F) Representative traces of optogenetically-(in blue) and electrically-(in grey) evoked 10Hz paired-pulse TC-EPSCs (averages from 20-30 trials). (G) Comparison of PPR between optogenetically-(in blue) and electrically-(in grey) evoked EPSCs. Mean ± SEM. NS: p>0.05.

1 .

 1 01 ± 0.06 ms (Fig 3.7.A,B; Table 3.4; n=15), consistent with monosynaptic origin of the response. Unitary TC-EPSCs had a mean peak amplitude of -98.04 ± 13.13 pA (n=15) (Fig 3.7C; Table 3.4) with a CV of 0.15 ± 0.01 (Fig 3.7.D; Table 3.4), suggesting a low variability of unitary TC-EPSC amplitudes over several stimulation trials. Unitary TC-EPSCs are fast rising (Fig 3.7.E; Table 3.4; 20-80% RT = 0.26 ± 0.02 ms) and fast decaying (Fig 3.7.F; Table

Figure 3 . 7 :

 37 Figure 3.7: Properties of unitary TC-EPSCs in PV cells in V1 L4. (A) Representative traces of unitary TC-EPSCs following electric minimal stimulation (raw traces + average from 20-30 trials). (B-F) Average synaptic delay (i.e., time between stimulation artefact and EPSC onset) (B), amplitude (C), CV (D), rise time (E) and weighted decay tau (F) of unitary TC-EPSCs in PV cells. (G) Representative trace of evoked 10Hz paired-pulse TC-EPSC following electric minimal stimulation (average). (H) Average PPR of unitary TC-EPSCs in PV cells.

  Fig 3.8.A-C; p=0.6250; Wilcoxon signed ranks test; n=5) and CV (Fig 3.8.D; p=0.8125; Wilcoxon signed ranks test; n=5), nor in the kinetics (Fig 3.8.E,F; 20-80% RT: p>0.9999; Wilcoxon signed ranks test; n=5, TauW: p=0.6250; Wilcoxon signed ranks test; n=5), nor in the PPR (Fig 3.8.G,H; p=0.6250; Wilcoxon signed ranks test; n=4) of unitary TC-EPSCs between both 1.5 mM Ca 2+ and 4 mM Ca 2+
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 38 Figure 3.8: Glutamate release probability at the TC synapse onto PV cells. (A) Representative traces of unitary TC-EPSCs recorded in 4mM Ca/0.5mM Mg aCSF (raw traces + averages from 20 trials). (B) Representative traces of unitary TC-EPSCs recorded in 1.5mM Ca/1mM Mg (in black) then 4mM Ca/0.5mM Mg (in pink) aCSF (averages from 20 trials). (C-D) Comparison of average amplitude (C), CV (D), rise time (E) and weighted decay tau (F) between unitary TC-EPSCs recorded in 1.5mM Ca (in black) and 4mM Ca (in pink) aCSF. (G) Representative traces of evoked 10 Hz paired-pulse TC-EPSCs recorded in 1.5mM Ca (in black) then 4mM Ca (in pink) aCSF (averages from 20 trials). (H) Comparison between average PPR between unitary TC-EPSCs recorded in 1.5mM Ca (in black) and 4mM Ca (in pink) aCSF. Mean ± SEM. NS: p>0.05.
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 39 Figure 3.9: Characterization of quantal TC neurotransmission onto PV cells in V1 L4. (A) Representative traces of unitary TC-EPSCs recorded in 0.5mM Ca/5 mM Mg aCSF (raw traces + average from 15-20 trials). (B) Representative traces of unitary TC-EPSCs recorded in 1.5mM Ca/1mM Mg (in black, average from 20-30 trials) then 0.5mM Ca/5mM Mg (in orange, average from 15-20 trials) aCSF. (C) Comparison of average amplitude between unitary TC-EPSCs recorded in 1.5mM Ca (in black) and 0.5mM Ca (in orange) aCSF. (D) Representative traces from (B) normalized to their peak amplitude and superimposed with their corresponding double exponential decay fit. (E-F) Comparison of average rise time (E) and weighted decay tau (F) of the response between unitary TC-EPSCs recorded in 1.5mM Ca (in black) and 0.5mM Ca (in orange) aCSF. Mean ± SEM. NS: p>0.05; *: p≤0.05.

Figure 3 .

 3 Figure 3.10: Characterization of AMPA and NMDA receptor recruitment during unitary TC neurotransmission onto PV cells in V1 L4. (A) Representative traces of AMPAR-mediated TC-EPSCs recorded in voltage-clamp at Vh +40mV and isolated in AP5 (50 µM) (green raw traces + average from 30-40 trials) and corresponding plot of average amplitude of AMPAR-mediated EPSCs. (B) Representative traces of AMPAR-mediated TC-EPSCs recorded at Vh -70mV (in black, average of 20-30 trials) and +40mV (in green, average from 30-40 trials) and corresponding plot of average rectification index of AMPARs. (C) Representative traces of NMDAR-mediated TC-EPSCs recorded in voltage-clamp at Vh +40mV (raw traces + average from 30-40 trials). (D) Representative traces of AMPAR-(in green) and NMDAR-(in black) mediated TC-EPSCs recorded in voltage-clamp at Vh +40mV (averages from 30-40 trials). (E-F) Average amplitude (E) and integrated decay tau (F) of NMDAR-mediated TC-EPSCs. (G) Representative traces of AMPAR-and NMDAR-mediated TC-EPSCs recorded in voltage-clamp at Vh -70mV (average from 20-30 trials) and +40mV (average from 30-40 trials), respectively, and corresponding plot of average NMDA/AMPA ratio. (H) Scatter plot of Pearson correlation between AMPAR-mediated TC-EPSC amplitude recorded in voltage-clamp at Vh -70mV and NMDA/AMPA ratio. Mean ± SEM. NS: p>0.05.

3. 5 .

 5 Perineuronal net disruption does not alter unitary TC neurotransmission onto PV cells in adult V1 3.5.1. Perineuronal net disruption in adult V1 does not modify the efficacy and reliability of unitary TC neurotransmission onto PV cells To assess how the biophysical properties of the TC glutamatergic transmission are affected by PNN removal, and thus to provide insight onto the mechanisms underlying the increased TC recruitment of PV cells observed following bulk stimulation of TC terminals in +TTX/+4AP, we tested the effect of PNN removal on unitary TC-EPSC recorded in physiological conditions at both Vh -70 and +40 mV, following either electrical or optogenetic stimulation. We recorded unitary TC-EPSCs in PV cells at Vh -70mV in both Sham and PNN-depleted animals and assessed the potential impact of PNN removal on synaptic efficacy, short-term plasticity and relative AMPAR contribution to neurotransmission. We did not find any difference neither in the mean amplitude of unitary TC-EPSCs in PV cells between Sham and PNN-depleted animals (Fig 3.11.A,B;

Figure 3 .

 3 Figure 3.11: PNN removal does not affect the unitary TC-EPSCs in PV cells in V1 L4. (A) Representative traces of optogenetically-evoked EPSCs recorded in PBS injected (in black) and ChABC injected animal (in red) (raw traces + average from 20-30 trials). (B-E) Comparison of average amplitude (B), CV (C), rise time (D) and weighted decay tau (E) of optogenetically-(blue dots) and electrically-(grey dots) evoked unitary TC-EPSCs between PBS injected and ChABC injected animal. (F) Representative traces of electrically-evoked 10Hz paired-pulse TC-EPSC recorded in PBS injected (in black) and ChABC injected animal (in red) (averages from 20-30 trials). (G) Comparison of average PPR of optogenetically-(blue dots) and electrically-(grey dots) evoked unitary TC-EPSCs between PBS injected and ChABC injected animal. Mean ± SEM. NS: p>0.05.

Figure 3 .

 3 Figure 3.12: PNN removal does not affect AMPA and NMDA receptor recruitment during unitary TC neurotransmission onto PV cells in V1 L4. (A) Representative traces of electrically-evoked NMDARmediated TC-EPSCs recorded in voltage-clamp at Vh +40mV in PBS injected (in black) and ChABC injected animal (in red) (raw traces + averages from 30-40 trials). (B-C) Comparison of average amplitude (B) and integrated decay tau (C) of optogenetically-(blue dots) and electrically-(grey dots) evoked NMDAR-mediated TC-EPSCs between PBS injected and ChABC injected animal. (D) Representative traces of electrically-evoked AMPAR-and NMDAR-mediated EPSCs recorded in voltage-clamp at Vh -70mV (average from 20-30 trials) and +40mV (average from 30-40 trials), respectively, in PBS injected (in black) and ChABC injected animal (in red). (E) Comparison of average NMDA/AMPA ratio of optogenetically-(blue dots) and electrically-(grey dots) evoked EPSCs recorded between PBS injected and ChABC injected animal. (F) Scatter plot of Pearson correlation between AMPAR-mediated TC-EPSC amplitude recorded in voltage-clamp at Vh -70mV and NMDA/AMPA ratio in PBS injected (in black) and ChABC injected animal (in red). Mean ± SEM. NS: p>0.05.

(

  STED) microscopy. Such high resolution would allow to bypass the limited resolution of the confocal imaging. Moreover, not only would this technique allow a more precise detection of vGlut2 puncta, but it would also allow to reveal clusters of vGlut2 puncta and therefore potential reorganization of the TC connections onto the PV cell morphology upon in vivo PNN disruption in adult V1.

Figure 3 .

 3 Figure 3.13: PNN removal does not affect the number of TC contacts onto PV cells in V1 L4. (A) Example of confocal micrograph in coronal slices of V1 showing PNN expression (in green) specifically in L4 following PBS injection (upper image) and PNN removal following ChABC injection (bottom image). (B) Coronal slices of V1 showing immunostainings of PV (in green) and vGlut2 puncta (in red) in L4 following PBS injection (upper image) or PNN removal following ChABC injection (bottom image). (C) Zoom on the PV cell (in green) framed in (B) showing the vGlut2 puncta (in red) contacting its proximal dendrites (indicated by white arrows). (D) ROI tracing (in yellow) on proximal dendrites of PV cell in (C). (E) Thresholded and binarized confocal image of vGlut2 staining in (C) and puncta detection within the ROI from (D) (indicated by yellow arrows, same as white arrow from (C)). (F-H) Comparison of average surface density of vGlut2 puncta onto PV cells (F), vGlut2 puncta area (G) and PV dendritic surface (H) in L4 between PBS injected and ChABC injected animal. Mean ± SEM. NS: p>0.05.

  However, the mechanisms by which PNN actually hinder plasticity during adulthood are still unknown. The recent work from Faini et al. provided new insight on such mechanisms, since the authors found that PNN in vivo disruption in adult V1 specifically leads to an increased TC neurotransmission onto PV cells, with no effect on neuronal excitability and unitary synaptic

  of tdTomato-positive cells expressing PNNs in each V1 layer of Pvalb-tdTomato mice, nor 2) that each fluorescent cell patched in L4 was indeed enwrapped with PNNs. Assessing 1) is necessary to determine the probability of patching a fluorescent cell (i.e., a putative PV cell) devoid or enwrapped with PNNs in each layer of the Pvalb-tdTomato mouse line. Future experiments are therefore necessary to measure the actual amount of PNN enrichment around tdTomato-expressing cells. This can be tested by performing a double staining for tdTomato and PNN in V1 of Pvalb-tdTomato mice and by filling the patched cell with biocytin and then perform a fluorescent streptadivin reaction. These experiments would provide us the information to finally rule out the possibility of including recordings from L4 PV cells deprived of PNNs or with reduced PNN expression to the control condition.

  AMPAR-mediated component of TC synaptic transmission onto PV cells upon in vivo PNNdisruption was accompanied by a tendency to increased recruitment of NMDARs. If the increased PV cell recruitment by TC inputs following in vivo PNN removal results from an increased number of TC contacts onto PV cells, one would expect the NMDAR recruitment to significantly increase as well as AMPAR. Given the variability of the NMDAR-mediated charge transferred onto PV cells under these stimulation conditions, a significant increased recruitment of NMDARs following in vivo PNN removal could still be revealed but would require a larger number of experiments. On the other hand, we found that in vivo PNN disruption had no effect neither on the amplitude nor on the kinetics of NMDAR-mediated component of unitary TC-EPSCs in PV cells. Given that NMDAR-mediated EPSC kinetic is dependent on their GluN2 subunit composition[START_REF] Cull-Candy | Role of Distinct NMDA Receptor Subtypes at Central Synapses[END_REF][START_REF] Paoletti | NMDA receptor subunit diversity: Impact on receptor properties, synaptic plasticity and disease[END_REF], we concluded that in vivo PNN removal does not induce an NMDAR subunit switch at the TC synapse onto PV cells in adult V1. ChABC treatment did not affect the NMDA/AMPA ratio, meaning that the relative contribution of the receptors at this synapse during synaptic transmission remains unchanged following in vivo PNN disruption. Taken together, these results demonstrate that increased PV cell recruitment by TC inputs upon in vivo PNN removal cannot be explained neither by an increased recruitment of postsynaptic NMDARs nor by a change in their subunit composition in PV cells during unitary TC synaptic transmission.

  PNN structure and leads to a persistent state of CP-like plasticity. It would therefore be interesting to verify that the increased PV cell recruitment by dLGN inputs following in vivo PNN disruption in adult V1, initially described by Faini et al. and confirmed in our hands, is recapitulated in mice with such specific knockout for PNN components. If so, importantly, one should assess if this increase of PV cell recruitment by TC inputs is driven by the same mechanisms in Acan knockout adult mice and in the Pvalb-tdTomato adult mice we used.
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  The results from Faini et al. in our group have undoubtedly revealed that PNN removal in adult V1 specifically modifies the neurotransmission from the dLGN TC inputs onto PV cells[START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF]. This increase of PV cell recruitment resulted in a strong and differential modulation

	1.6.2. What effect has PNN in vivo disruption on the synaptic properties of the TC
	synapse onto PV cells in adult V1?

of FFI onto PV cells compared with PYR cells within the visual cortical networks that explains the increased PV inhibitory activity detected in vivo during visual activity following PNN disruption. These data strongly suggest that the TC synapse onto PV cells is a key site for correct establishment of visual cortical circuitry during adulthood. Several hypothesis can be proposed to explain such result at this synapse (D.

[START_REF] Wang | The perineuronal net and the control of cns plasticity[END_REF]

):

1) PNN could as a physical barrier, either by "masking" remote postsynaptic glutamatergic receptors on PV cells during TC neurotransmission, or by restricting the formation of new TC contacts onto PV cells,

  3.20 mm (for males) depth from the surface of the skull. Around 10-12 days are sufficient to reach an adequate expression of the virus, i.e. an expression resulting in successful light-induced activation of TC axons according to our stimulation protocol. At this time, mice were injected with ChABC or PBS.

	2.4. Preparation of acute slices for electrophysiology
	In order to record the synaptic properties of L4 PV INs of V1, we prepared acute cortical slices
	from adult mice (P70-P90), previously injected with either PBS (sham) or ChABC. We used
	coronal slices (300 μm thick) to visualize simultaneously the V1 binocular zone (V1b) and the
	i) we used a rigid needle (Hamilton®, 33-gauge, 13mm, pst4-20°) more reliable to target deep
	structures such as the dLGN ii) one injection of 50 nL was realized at a rate of 50 nL/min (viral
	titer: 2.5x1013 particles/mL, diluted at a factor 5 in fresh PBS) iii) the coordinates of injection
	site were different, and different between males and females due to overall size difference at

channel ChR2 in glutamatergic neurons of adult mice dLGN by performing stereotaxic injections of the adeno-associated (AAV) virus, in which expression of ChR2 was driven by the promoter of the calcium/calmodulin dependent protein kinase II (CaMKII) (AAV9.CaMKIIa.hChR2(H134R)-mCherry.WPRE.hGH; Addgene#: 20297, obtained from Penn Vector Core -University of Pennsylvania). ChR2 was expressed in the same hemisphere were PNNs were disrupted (ChABC injection) or not (PBS injection). The procedure was the same as for ChABC/PBS injections (see section 2.2., Materials and Methods) except for several points: adult age. The coordinates were the following: 2.06 mm posterior to Bregma (for both females and males) -2.00 mm (for females) or 2.05 mm (for males) lateral to midline -3.10 mm (for females) or TC tract above the corpus callosum, where the minimal stimulations were applied (see section

3.3.1, Results)

. Animals were deeply anesthetized with a mix of ketamine and xylazine (100 mg/kg -Imalgene® and 13 mg/kg -Rompun® 2%, respectively) in NaCl 0.9%, and the procedure only began when they were completely insensitive to nociceptive stimuli (tail pinch). They

  Recent work from our lab[START_REF] Faini | Perineuronal nets control visual input via thalamic recruitment of cortical PV interneurons[END_REF] has revealed the synaptic and circuit mechanism by which PNNs restrict OD plasticity in adult V1. They demonstrated that in vivo PNN removal in adult V1, known to re-open cortical plasticity (T.[START_REF] Pizzorusso | Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex[END_REF], specifically promotes an increased recruitment of TC excitatory drive onto L4 PV interneurons. The aim of my PhD work was to understand the mechanisms underlying the modulation of the synaptic transmission between dLGN and PV interneurons upon PNN removal in adult V1.We chose to perform this study in the Pvalb-tdTomato mouse line, which is different than the PV-Cre::RCE mouse line (i.e., PV-Cre mice bred with RCE:loxP mice to obtain a mice line selectively expressing EGFP in PV-positive cells) used byFaini et al. We therefore first set to confirm that the Pvalb-tdTomato mouse model accurately labels PV cells and that we could replicate the increased recruitment of PV interneurons by TC inputs upon PNN removal as described inFaini et al. 

	). Normality of the
	data was systematically assessed (D'Agostino & Pearson omnibus and Shapiro-Wilk normality
	tests). When the normality of the data was confirmed, we performed paired or unpaired t test
	two-tailed to compare the distributions of paired data or independent groups, respectively.
	Otherwise, we performed Wilcoxon signed-rank test for paired data, or Mann Whitney non-
	parametric test for independent data. Pearson correlation was also performed to detect
	potential linear correlation between data sets. Differences were considered significant if
	p≤0.05 (NS: p>0.05; *: p≤0.05; **: p≤0.01; ***: p≤0.001; ****: p≤0.0001). Values are
	presented as mean ± SEM of n experiments.

Table 3 . 1 :

 31 AMPAR-mediated charge transferred at Th, 1.5xTh and 2xTh upon bulk optogenetic stimulation of L4 TC terminals onto PV cells following PBS or ChABC injection in adult V1. n=number of cells. N=number of animals.

	PV	PBS		ChABC		Statistics
		Mean	±SEM	Mean	±SEM	p value	Test
	Charge at Th (pC)	0.16	0.02	0.23	0.05	0.2706 Unpaire
							d t test
	Charge at 1.5xTh (pC)	0.58	0.07	0.89	0.13	*0.0326 Unpaire
							d t test
	Charge at 2xTh (pC)	1.05	0.15	1.76	0.16	*0.0111 Mann-
							Whitney
	n	20		10			
	N	7		3			
	PV	PBS		ChABC		Statistics
		Mean	±SEM	Mean	±SEM	p value	Test
	Charge at Th (pC)	0.43	0.11	0.41	0.12	0.7835 Unpaire
							d t test
	Charge at 1.5xTh (pC)	2.20	0.43	3.65	1.03	0.3607	Mann-
							Whitney
	Charge at 2xTh (pC)	3.86	0.65	6.85	1.59	0.2290 Unpaire
							d t test
	n	12		11			
	N	6		3			

Table 3 .

 3 

2: NMDAR-mediated charge transferred at Th, 1.5xTh and 2xTh upon bulk optogenetic stimulation of L4 TC terminals onto PV cells following PBS or ChABC injection in adult V1. n=number of cells. N=number of animals.

Table 3 . 3 :

 33 Biophysical properties of mean optogenetically and electrically-evoked unitary TC-EPSCs in PV cells in adult V1 L4. n=number of cells. N=number of animals.

	PV	Opto		Extra		Statistics
		Mean	±SEM	Mean	±SEM	p value	Test
	Amplitude (pA)	-84.25	18.23	-84.30	11.95	0.7544	Mann-
							Whitney
	CV	0.14	0.01	0.16	0.01	0.3725	Mann-
							Whitney
	Rise time (ms)	0.28	0.04	0.23	0.02	0.3904	Mann-
							Whitney
	TauW (ms)	2.68	0.29	2.46	0.37	0.5196 Unpaired
							t test
	PPR	0.32	0.05	0.35	0.05	0.7270 Unpaired
							t test
	n	9		12			
	N	5		10			

Table 3 . 4 :

 34 Biophysical properties of mean unitary TC-EPSCs in PV cells recorded in physiological conditions in adult V1 L4. Mean values ± SEM. n=number of cells. N=number of animals.

  .5.

	n N	Synaptic	Amplitude	CV	Rise time	TauW	PPR
		delay (ms)	(pA)		(ms)	(ms)	
	PV 15 13	1.01 ±	-98.04 ±	0.15 ±	0.26 ±	2.27 ±	0.37 ±
		0.06	13.13	0.01	0.02	0.31	0.04
	These results indicate that the release probability of the TC neurotransmission onto PV cells
	in adult V1 is not changed upon increasing Ca 2+ /Mg 2+ ratio, further illustrating the high release
	probability that characterizes this synapse in physiological conditions.		

Table 3 . 5 :

 35 Biophysical properties of mean unitary TC-EPSCs in PV cells recorded in physiological or in elevated calcium conditions in adult V1 L4. n=number of cells. N=number of animals.3.4.2. Possible glutamate spillover upon unitary TC synaptic transmission onto PV cellsTC transmission onto PV cells is characterized by high release probability. This prompts the question of whether single-fiber TC activation can induce spillover of glutamate activating

	PV	1.5Ca/1Mg	4Ca/0.5Mg	Statistics
		Mean	±SEM	Mean	±SEM	p value	Test
	Amplitude	-94.95	15.58	-91.88	18.00	0.6250	Wilcoxon
	(pA)						signed ranks
	CV	0.15	0.01	0.15	0.02	0.8125	Wilcoxon
							signed ranks
	Rise time (ms)	0.13	0.01	0.14	0.01	>0.9999	Wilcoxon
							signed ranks
	TauW (ms)	1.40	0.14	1.66	0.39	0.6250	Wilcoxon
							signed ranks
	PPR	0.29	0.04	0.26	0.01	0.6250	Wilcoxon
							signed ranks
	N		3				

  that unitary TC-qEPSCs have a significantly reduced amplitude compared with unitary TC-eEPSC (Fig 3.9.A-C; Table3.6; p=0.0156; Wilcoxon signed ranks test; n=7). Regarding the kinetics of unitary TC-EPSCs, we did not find any significant difference in the rise time(Fig 3.9.D,E; Table 3.6; p=0.1562; Wilcoxon signed ranks test; n=7). We found that unitary TC-

	eEPSCs had a significantly slower decay than TC-qEPSCs (Fig 3.9.D,F; Table 3.6; p=0.0156;
	Wilcoxon signed ranks test; n=7).

Table 3 . 7 :

 37 Biophysical properties of mean AMPAR-and NMDAR-mediated TC-EPSC in PV cells at Vh +40mV in adult V1 L4. Mean values ± SEM. N=number of animals.

Table 3
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	.8; p=0.5439; Mann-Whitney

Table 3 . 8 :

 38 Biophysical properties of mean TC-EPSC in PV cells following PBS or ChABC injection in adult V1. n=number of cells. N=number of animals.3.5.2. Perineuronal net disruption does not impact the recruitment dynamic of AMPARsand NMDARs onto PV cells during unitary TC neurotransmission

Table 3 . 9 :

 39 Biophysical properties of mean NMDAR-mediated TC-EPSC in PV cells at Vh +40mV following PBS or ChABC injection in adult V1. n=number of cells. N=number of animals.3.5.3. Perineuronal net disruption does not have an apparent effect on the number of TC contacts onto PV cells in adult V1

	PV		PBS			ChABC		Statistics
		Mean ±SEM n	Mean ±SEM	n	p value	Test
	NMDA Amplitude	11.79	3.85 14	17.74	5.38	11 0.3653 Unpaired t
	(pA)								test
	Tau int (ms)	26.96	4.17	7	22.55	4.15	6	0.4452	Mann-
									Whitney
	NMDA/AMPA ratio	0.12	0.03 14	0.17	0.03	11 0.2915	Mann-
									Whitney
	N		11			8			

  37 ± 1.37 puncta/100 µm 2 of proximal PV dendrites (P60-70; N=5 animals), which is comparable to what has been recently reported in adult V1 by Ribic et al. who found 17 ± 0.7 puncta/100 µm 2[START_REF] Ribic | Synapse-Selective Control of Cortical Maturation and Plasticity by Parvalbumin-Autonomous Action of SynCAM 1[END_REF]. We then compared the number of vGlut2 puncta between Sham and PNN-depleted animals (Fig 3.13.E). To rule out any bias due to puncta detection and ROI (region of interest) selection, we verified that the mean puncta area and the dendritic surface were comparable between both groups. We found no difference in the mean surface density between PBS and

	ChABC injected animals (Fig 3.13.F; Table 3.10; p>0.9999; Mann-Whitney test; N=5) and this
	result could not be explained by difference neither in the puncta detection (Fig 3.13.G; Table
	3.10; p=0.4206; Mann-Whitney test; N=5) nor in the dendritic surfaces selected for the
	analysis (Fig 3.13.H; Table 3.10; p=0.8413; Mann-Whitney test; N=5).

MATERIALS AND METHODS

RESULTS

PV

The glutamatergic TC synapse onto PV cells expresses calcium permeable-AMPARs (CP-AMPARs) [START_REF] Bowie | Inward rectification of both AMPA and kainate subtype glutamate receptors generated by polyamine-mediated ion channel block[END_REF][START_REF] Geiger | Relative abundance of subunit mRNAs determines gating and Ca2+ permeability of AMPA receptors in principal neurons and interneurons in rat CNS[END_REF][START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF][START_REF] Kloc | Target-specific properties of thalamocortical synapses onto layer 4 of mouse primary visual cortex[END_REF] and NMDARs [START_REF] Bagnall | Multiple Clusters of Release Sites Formed by Individual Thalamic Afferents onto Cortical Interneurons Ensure Reliable Transmission[END_REF][START_REF] Hull | Postsynaptic Mechanisms Govern the Differential Excitation of Cortical Neurons by Thalamic Inputs[END_REF]. We took advantage of the single TC axon stimulation protocol we developed to determine the relative contribution and properties of these glutamatergic receptors in PV cells during TC neurotransmission at the single fiber level.

We recorded unitary TC-EPSCs in PV cells at Vh +40mV and assessed the amplitude of NMDAR-EPSC by measuring the current on a window of 2 ms, 3 ms after the AMPAR-EPSC peak [START_REF] Cathala | Developmental Profile of the Changing Properties of NMDA Receptors at Cerebellar Mossy Fiber-Granule Cell synapses[END_REF]. We then applied AP5 (50 µM) to isolate the remaining AMPAR-mediated component and calculated the AMPAR rectification index (RI) by dividing the mean AMPAR-mediated EPSC isolated in AP5 at Vh +40mV by the mean EPSC recorded at Vh -70mV. Finally, we assessed the NMDA/AMPA ratio by dividing the mean EPSC recorded at Vh +40mV by the mean EPSC recorded at Vh -70mV.

We found that all AMPAR-mediated EPSCs exhibited a much smaller amplitude when recorded Overall, I found the TC synapse onto PV cells in V1 to be efficient and reliable, as previously described at this synapse in the somatosensory cortex. In vivo PNN removal in adult V1 did not affect neither the efficacy, nor the short-term plasticity nor the ionotropic receptor recruitment at the synapse. I could not find any effect of in vivo PNN removal on the connectivity between TC inputs and PV cells. However, this experiment is ongoing and might still reveal a sprouting of TC inputs onto PV cells that would explain the increased recruitment of PV cells following PNN disruption. Such result would suggest that, rather than acting on the biophysical properties of the TC synapse, PNN hinders the structural plasticity of the TC synapse onto PV cells in adult V1.

Altogether, the experiments I performed allowed to narrow the synaptic mechanisms underlying PNNdependent modulation of cortical plasticity in adult V1.