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CHAPTER 4 -CTNND2 moderates synaptic excitation and neuronal excitability during postnatal development in the neocortex.

Excitatory post-synaptic densities

. Glutamate released into the synaptic cleft acts upon ionotropic and metabotropic glutamate receptors (iGluRs and mGluRs respectively). Whereas mGluRs are Gprotein-coupled receptors that have a role in various intracellular signal transduction pathways, iGluRs are ligand-gated ion channels and the main actors of excitatory synaptic transmission. iGluRs can be subdivided into N-methyl-D-aspartate (NMDA) receptors, a-amino-3-hydroxy-5methylisoxazole-4propionate-type glutamate receptors (AMPARs) and kainate receptors (KARs). During basal synaptic transmission, AMPARs are the main charge carriers, permitting the influx mainly of sodium ions upon glutamate binding and thus inducing fast depolarization of the postsynaptic membrane (Reiner and Levitz, 2018). NMDARs on the other hand are blocked by extracellular Mg 2+ at resting membrane potential which is released when the post-synaptic membrane is depolarized. Additionally, NMDAR signalling requires co-agonist binding. NMDARs can therefore act as coincidence detectors opening only once all conditions (membrane depolarization and agonist binding) are met. When open, NMDARs are non-selective cation channels allowing the influx of Ca 2+ and Na 2+ ions and the flow of K + ions out of the cells. NMDAR mediated Ca 2+ influx and the intracellular signalling it triggers, is critical for synaptic plasticity, the activity dependent change in synaptic strength (Reiner and Levitz, 2018). In addition to the glutamate receptors, various types of cell adhesion molecules, receptor tyrosine kinases, ion channels and G-protein-coupled receptors localize to the post-synaptic membrane and participate in post-synaptic signalling (Stefen et al., 2016).

.

) (Sheng and Kim, 2011). At mature glutamatergic PSDs the core scaffold is formed by postsynaptic density protein 95 (PSD-95), guanylate kinase-associated protein (GKAP), SH3-domain and ankyrin-repeat domain protein (SHANK) and Homer (Sheng and Kim, 2011), which in vitro have been demonstrated

.

'Anyone can if so inclined be the sculptor of their brain' free after Santiago Ramon y Cajal 

Résumé

Les synapses sont des nanomachines qui transfèrent, intègrent et stockent l'information dans les circuits neuronaux. Leur fonctionnement repose sur des réseaux d'interactions moléculaires dont la composition et la dynamique façonnent la transmission synaptique et l'architecture des circuits, et dont les altérations sont une cause majeure de troubles neurologiques. Un nombre croissant d'études indiquent que chez l'homme, et en particulier dans le néocortex, les synapses présentent un degré supplémentaire de spécialisation contribuant au développement et au fonctionnement de circuits complexes qui sous-tendent les capacités cognitives humaines. Dans ce travail de thèse, j'ai caractérisé le rôle de la protéine caténine delta-2 (CTNND2), un composant des complexes cadhérines/caténines exprimé essentiellement dans le cerveau. CTNND2 est liée à l'évolution humaine de par son interaction avec SRGAP2C (Slit-Robo Rho GTPase-activating protein 2C), une protéine spécifiquement humaine qui contribue notamment à l'allongement de la période de maturation synaptique chez l'homme, et les mutations de CTNND2 sont impliquées dans des troubles neurodéveloppementaux sévères. En inactivant de manière éparse CTNND2 dans les neurones pyramidaux de la couche 2/3 du cortex somatosensoriel de souris, nous avons montré que CTNND2 opère à la fois aux synapses excitatrices et inhibitrices in vivo. Chez les souris jeunes, la déficience en CTNND2 accélère le développement des synapses excitatrices, perturbe l'équilibre excitation/inhibition et augmente l'excitabilité neuronale intrinsèque, ce qui illustre une rupture des mécanismes de rétrocontrôle homéostatique. Cette phase d'hyperexcitabilité et d'hyperexcitation juvénile est suivie, chez l'adulte, d'une perte de connections synaptiques prématurée compatible avec la diminution de l'activité corticale, l'altération des processus mnésiques et cognitifs et la dégénérescence progressive des dendrites observés dans d'autres études. L'analyse du réseau d'interactions de CTNND2 à l'aide d'un crible protéomique nous a permis de mieux comprendre comment CTNND2 régulait le développement des synapses excitatrices, des synapses inhibitrices et l'excitabilité neuronale. Elle a également mis en évidence un lien étroit avec d'autres métronomes du développement synaptique dont les mutations accélèrent la maturation synaptique dans certaines formes d'autisme et de déficiences intellectuelles. Ainsi, CTNND2 est une protéine synaptique au carrefour du développement neuronal, de la neurodégénéscence et de l'évolution humaine qui détermine la temporalité de la synaptogénèse, limite l'excitatibilté et conditionne le maintien à longterme des structures neuronales.

Summary

Synapses are nanomachines that transfer, integrate and store information in brain circuits. Their function relies on molecular interaction networks whose composition and dynamics shape synaptic transmission and circuit architecture, and whose alterations are a prominent cause of neurological disorders. A growing body of evidence indicates that synapses specialized in humans, especially in the human neocortex, which contributes to the formation and function of complex circuits that underlie human cognitive abilities. During my doctoral work, I characterized the role of catenin delta-2 (CTNND2), a component of cadherin/catenin complexes that is mainly expressed in the brain.

CTNND2 is linked to human evolution through its interaction with SRGAP2C (Slit-Robo Rho GTPaseactivating protein 2C), a human-specific protein that contributes to the protraction of the period of synaptic maturation in the human brain, and its mutations are involved in severe neurodevelopmental disorders. Using sparse inactivation of CTNND2 in layer 2/3 pyramidal neurons of the mouse somatosensory cortex, we demonstrate that CTNND2 operates at both excitatory and inhibitory synapses in vivo. In young mice, CTNND2 deficiency accelerates the development of excitatory synapses, disrupts the balance between excitation and inhibition, and increases intrinsic neuronal excitability, which illustrates a failure of homeostatic feedback mechanisms. The phase of juvenile hyperexcitability and hyperexcitation is followed by a premature loss of synaptic connections in adult mice, which is compatible with the progressive degeneration of dendrites and with memory and cognitive impairments observed in other studies. Proteomic analysis of CTNND2 interaction network provided critical insights into CTNND2 function in the regulation of excitatory synapses, inhibitory synapses and neuronal excitability. It also uncovered a close link with other metronomes of synaptic development whose mutations in autism and intellectual disabilities accelerate synaptic maturation. Thus, CTNND2 is a synaptic protein at the crossroad of neurodevelopment, neurodegeneration and human evolution that determines the timing of synaptogenesis, limits excitability and is necessary for the long-term maintenance of neuronal structures. 

Publications

CHAPTER 1.1 The brain and neuronal communication

The nervous system enables animals to receive and respond to environmental cues in a coordinated manner. In vertebrates, the computational center of the nervous system is the brain. The cell type central to this computational power are neurons, which specialize to integrate and relay information and to subsequently generate an appropriate response. In the brain there is a multitude of neuronal subtypes, each characterized either by having a defined class of neurotransmitter or through distinct morphological, molecular or functional characteristics. The largest functional difference between neuronal subtypes is arguably found between excitatory and inhibitory neurons (the latter often referred to as interneurons), that respectively enhance or inhibit activity in other cells. FIGURE 1 Neuron, dendrite and synapse morphology. (A) Adult layer 2/3 cortical pyramidal neuron electroporated with a fluorescent filler. Labels indicate different cellular compartments. Cortical pyramidal neurons typically have a main apical dendrite that extends towards the cortical surface but bifurcates before it reaches layer 1 to form the tuft. Basal dendrites originate from the cell body or soma and branch extensively. A single axon projects from the soma downwards and branches extensively to reach multiple target areas in the brain. The somato-dendritic and axonal compartments are separated by the axon initial segment (AIS). Note that the axon continues outside the image and some of the dendrites were cut during sample preparation. (B) A segment of an oblique apical dendrite with dendritic spines protruding from the dendritic shaft. The spine head is connected to the shaft via a spine neck of variable thickness. Various spine morphologies illustrate spine diversity. (C) Schematic illustration of a chemical synapse. The pre-synapse contains vesicles filled with neurotransmitters which fuse with the pre-synaptic membrane to release the neurotransmitters into the synaptic cleft. Here they bind to post-synaptic receptors which induces a postsynaptic response All neuronal subtypes have in common that they are highly polarized cells with a cell body or soma from which multiple dendrites and a single axon protrude (Figure 1A). The soma and dendrites together form the somato-dendritic compartment that receives and integrates information, whereas the axon functions as a sender. Dendrites can be highly branched and morphologically complex but only extend locally from the soma. The axon can project locally but also to distant targets within the nervous system and it branches extensively within its target areas. The somato-dendritic and axonal compartment of the cell are separated by the axon initial segment (AIS) which is located at the start of the axon (Figure 1A). This segment acts [START_REF] Ramo ´n Y Cajal | Reglas y consejos sobre investigacio ´n biolo ´gica (los to ´nicos de la voluntad)[END_REF] as a barrier for intracellular transport and thus strongly contributes to cellular polarization and ( 2) as site of action potential initiation. Action potentials (APs) are strong, rapid and transitory changes of the cell's membrane potential that propagate along the axonal cell membrane. They form an all-or-nothing output signal generated by the neuron in response to integrated inputs it receives. As such AP generation is heavily regulated through for instance specific inhibition of the AIS and down-regulation of neuronal intrinsic excitability, its likelihood to fire and AP in response to a given stimulus.

Neuron are highly interconnected with one another and form complex functional networks via synapses. Synapses are intercellular junctions that mediate neuronal communication through synaptic transmission. In the central nervous system (CNS) two classes of synapses coexist: (1) electrical synapses, in which signals are transmitted in the form of ion currents that flow from one neuron to another via gap junctions, protein complexes that physically connect the cytoplasm of two cells; and

(2) chemical synapses, that essentially are transcellular multimolecular machineries (Figure 1C). On one cell, the presynaptic compartment or pre-synapse is filled with vesicles containing neurotransmitters and highly specialized to release a chemical signal (neurotransmitter) in response to action potentials [START_REF] Südhof | The presynaptic active zone[END_REF]. This pre-synapse is closely opposed to the post-synaptic compartment or post-synapse on the other cell, separated only by a narrow and protein dense synaptic cleft between the two membranes. During synaptic transmission, neurotransmitters are released from the pre-synapse into the cleft and activate receptors that are located on the postsynaptic cell membrane. This leads to a local influx of ions and thus a change of voltage across the membrane of the receiving cell. The vast majority of chemical synapses connect the axon of one neuron with the dendrite of another (axo-dendritic synapses). Most pre-synapses are situated all along the length of an axon forming varicosities or en passant boutons. Post-synapses on the receiving cell are located either on dendritic spines (small protrusions of the dendritic membrane (Figure 1B)), the dendritic shaft, the membrane of the soma (axo-somatic synapses) or, in the case of axo-axonal synapses, the axon initial segment.

At any given time, a neuron receives a vast multitude of synaptic signals. These signals are integrated by amplitude, polarity and timing at different scales: the post-synaptic compartment, within a dendrite and within the larger somato-dendritic compartment. If the integrated signal adds up to reach the AP threshold, the neuron fires an action potential and thus transmits the information to other cells within its network. Neuronal excitability and synaptic transmission thus form the basis of neural communication and consequently brain function, behavior and cognition.

CHAPTER 1.2 The cortex

The brain processes information from the environment through the creation of representations of the world and subsequently using these representations to produce perception and behavior. For that, separate regions of the brain have distinct functional specializations but are interconnected to form complex processing pathways. The neocortex, for instance, is the region which coordinates sensory perception, motor planning and association processing, enabling animals to perform complex tasks and giving us humans our unique cognitive abilities. Within the cortex, sensory modalities (e.g. somatosensory vs auditory or visual) are anatomically segregated into distinct areas [START_REF] Brodmann | Vergleichende Lokalisationslehre der Großhirnrinde[END_REF] (Figure 2A). Yet the cellular organization between areas is broadly similar, suggesting the existence of a canonical cortical circuit or organizational theme employing similar strategies to process multiple types of sensory information [START_REF] Harris | The neocortical circuit: Themes and variations[END_REF][START_REF] Jabaudon | Fate and freedom in developing neocortical circuits[END_REF].

The cortex is radially organized into six histologically distinct layers, formed by varying densities of highly specialized neuronal subtypes (Fig. 2A+D). Excitatory projection neurons constitute about 80% of the neurons in the cortex and send their axons to distal targets. They are classified according to their axonal innervation pattern and further subdivided based on regional and laminar location or morphological characteristics [START_REF] Greig | Molecular logic of neocortical projection neuron specification, development and diversity[END_REF][START_REF] Harris | The neocortical circuit: Themes and variations[END_REF] (Figure 2D). For instance, layer 2/3 pyramidal neurons (pyramidal because of the shape of their soma) of the somatosensory cortex are intratelencephalic projecting neurons (IT; telencephalon: neocortex + basal ganglia) [START_REF] Harris | The neocortical circuit: Themes and variations[END_REF]. Their axons primarily innervate cortical targets including the same functional area in the contralateral hemisphere (Figure 2A), enabling bilateral integration of information [START_REF] Greig | Molecular logic of neocortical projection neuron specification, development and diversity[END_REF][START_REF] Harris | The neocortical circuit: Themes and variations[END_REF].

Excitatory projection neurons are interconnected in an excitatory cortical circuit (Figure 2B) that mediates information flow through the cortex and is modulated by local inhibitory circuits as well as intricate long-range feedback circuits [START_REF] Jabaudon | Fate and freedom in developing neocortical circuits[END_REF]. Briefly, sensory information from the periphery is relayed by the thalamus mostly to cortical Layer 4. Layer 4 granular cells form the main entry point into the cortical circuit and act as a gateway. Within the cortex, sensory information is then integrated with other cortical and subcortical inputs, predominantly by layer 2/3 pyramidal neurons. Principal neurons of Layer 5 are the main output neurons of the cortical circuit and send their axon into subcerebral regions like the spinal cord (Figure 2A+B), relaying integrated information to initiate behavior. [START_REF] Jabaudon | Fate and freedom in developing neocortical circuits[END_REF] FIGURE 2 Organization and neuronal subtypes of the cortex. (A) Schematic representation of the mouse cortex. Left: the different sensory modalities occupy distinct areas of the neocortex, here the primary areas per modality are indicated on the left hemisphere. A1: primary auditory cortex; M1: primary motor cortex; S1: primary somatosensory cortex; V1: primary visual cortex.

Right: Coronal (*) and sagittal ( ) views of long rage axonal pathways of 3 classes of projection neurons. Layer 2/3 (L2/3, green) pyramidal neurons project within the cortex to the same or contralateral hemisphere. Deep layer projection neurons target subcortical areas such as the thalamus (corticothalamic neurons, Layer 6, blue) and subcerebral targets as the hindbrain or spinal cord (corticospinal neurons, Layer 5, purple). (B) Simplified schematic of the excitatory cortical circuits. Sensory information from the periphery is relayed by the thalamus to the cortex. Thalamic axons innervate the granular layer 4 which forms the gateway to the neocortical circuit. Layer 2/3 neurons integrate sensory information with other thalamic and cortical inputs. Output neurons in layer 5 project to subcortical or subcerebral targets. (C) Cortical interneuron diversity and pyramidal cell innervation. Distinct interneurons show targeting specificity and create local inhibitory circuits. The pyramidal cells somatic region is targeted by parvalbumin (PV) or cholecystokinin (CCK) expressing neurons. Chandelier cells target the AIS. Somatostatin (SST) interneurons innervate the dendritic domain. Vasoactive intestinal peptide (VIP) synapse onto other interneurons. Reelin (RELN) positive cells use volume transmission to induce slow inhibition in superficial layers. (D) Morphology of excitatory neurons of the somatosensory cortex. Pyramidal cells (L2/3, L4, L5) have a main apical dendrite that reaches layer 1 where it branches extensively (tuft). Layer 4 star pyramidal cells have apical dendrites but lack the tuft. Similarly, the apical dendrite of Layer 6 neurons lacks the tuft and only extends into L4/5. Layer 4 spiny stellate cells lack the apical dendrite altogether. Classifying according to their axonal projections: intratelencephalic projection neurons (IT) project their axons within the cortex and basal ganglia; subcortical projection neurons (L5) project to subcerebral targets and cortical thalamic neurons (L6) projecting to the thalamus. (Adapted from A-B (Jabaudon, 2017), C [START_REF] Wamsley | Genetic and activity-dependent mechanisms underlying interneuron diversity[END_REF]) and D (Oberlaender et al., 2012a)) At each step of the excitatory cortical circuit, the information flow is gated, shaped and modulated by local inhibitory circuits [START_REF] Roux | Tasks for inhibitory interneurons in intact brain circuits[END_REF]. These are formed by a diverse population of interneurons, that are traditionally broadly classified by their expression of at least one of the following neurochemical markers: parvalbumin (PV), somatostatin (SST), cholecystokinin (CCK), vasoactive intestinal peptide (VIP) and reelin (RELN). Interneurons exhibit crucial control over cortical excitation through processes such as feedforward and feedback inhibition (mediated by CCK + , PV + and SST + interneurons respectively), dis-inhibition mediated by VIP-expressing cells (targeting other interneurons) and slow-acting volume inhibition induced by non-synaptic neurotransmitter release from RELN + cells [START_REF] Huang | The diversity of GABAergic neurons and neural communication elements[END_REF][START_REF] Wamsley | Genetic and activity-dependent mechanisms underlying interneuron diversity[END_REF]. An important characteristic of cortical inhibitory circuits is the subcellular specificity by which distinct interneuron subtypes target excitatory pyramidal neurons (Fig 2C) [START_REF] Wamsley | Genetic and activity-dependent mechanisms underlying interneuron diversity[END_REF]. Somata of pyramidal neurons are innervated by PV + or CCK + basket cells, whereas the AIS is specifically targeted by chandelier cells and the dendritic compartments are targeted by SST-and RELN-expressing interneurons (reviewed in [START_REF] Huang | The diversity of GABAergic neurons and neural communication elements[END_REF].

Cortical network activity, and thus cortical processing, depends on the interplay of excitation to propagate neuronal firing and inhibition to limit and shape propagation in time and space (Borg-Graham et al 1998;Salinas andSejnowski 2000, Wang 2001;Haider et al 2006). This is commonly referred to as excitatory-inhibitory (E/I) balance (also called E/I ratio), a term which is somehow controversial as balance usually implies equal magnitudes, which does not apply here. For lack of a better word, the term is used to describe the relative levels of excitation and inhibition both on the neuronal network level and on the level of single neurons. On the single-neuron level it can refer to the relative numbers of synapses or the relative magnitudes of individual excitatory and inhibitory inputs [START_REF] Froemke | Plasticity of cortical excitatory-inhibitory balance[END_REF]. Acute experimental manipulations of the global E/I ratio that selectively decrease either inhibition or excitation result in a shift of cortical activity to a hyperexcitable (epileptiform) or silent (comatose) state [START_REF] Sanchez-Vives | Inhibitory modulation of cortical up states[END_REF][START_REF] Yizhar | Neocortical excitation/inhibition balance in information processing and social dysfunction[END_REF], thus demonstrating the importance of the E/I balance for cortical function.

Cortical development

The formation of cortical circuits involves the generation of cortical cells from progenitors, their migration and morphogenesis (i.e., extension of axon and dendrites) and subsequent establishment of connectivity (i.e., synapse formation) (Figure 3A 1-4). These processes are governed by intrinsic (e.g., differential gene expression) and extrinsic (e.g., input from thalamocortical afferents and spontaneous neuronal activity) factors that shape cortical circuits far into postnatal development [START_REF] Greig | Molecular logic of neocortical projection neuron specification, development and diversity[END_REF][START_REF] Jabaudon | Fate and freedom in developing neocortical circuits[END_REF][START_REF] López-Bendito | Thalamocortical development: How are we going to get there?[END_REF][START_REF] Silva | Cell migration promotes dynamic cellular interactions to control cerebral cortex morphogenesis[END_REF].

Corticogenesis starts with the expansion of the neuroepithelium by symmetric divisions of neuroepithelial stem cells (NESCs). Around embryonic day (E) 11.5 in mice and post-conception week (pcw) 8 in humans, radial glia cells (RG) derive from this founder population of NESCs and form the ventricular zone, where they will divide asymmetrically to self-renew and give rise to outer radial glia (oRG; cell bodies in the subventricular zone), intermediate progenitors and excitatory neurons (Figure 3A). Already at this early stage, morphogen gradients regulate the expression of transcription factors that pattern the distinct cortical areas [START_REF] Cadwell | Development and Arealization of the Cerebral Cortex[END_REF].

Excitatory cortical neurons are born successively between E10 and 18.5 in mice (pcw8 and pcw24 in humans) [START_REF] Farhy-Tselnicker | Astrocytes, neurons, synapses: A tripartite view on cortical circuit development[END_REF][START_REF] Klingler | Mapping the molecular and cellular complexity of cortical malformations[END_REF]. They are produced through asymmetric division of RG (direct neurogenesis) or from intermediate progenitors and outer RG (indirect neurogenesis) that reside in the subventricular zone (SVZ) (Figure 3A). Newborn neurons then proceed to populate the cortical plate in an inside-out manner with early-born neurons forming the deep layers and later-born neurons migrating past them to progressively form the superficial layers [START_REF] Gilmore | Cortical development: Layers of complexity[END_REF]. For this radial migration (Figure 3A-2) neurons use radial glia processes that span the cortical plate as scaffolds [START_REF] Götz | Radial glial cells as neuronal precursors: A new perspective on the correlation of morphology and lineage restriction in the developing cerebral cortex of mice[END_REF][START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF]. While migrating, they acquire their axon-dendrite polarization [START_REF] Xu | Radial glial cell-neuron interaction directs axon formation at the opposite side of the neuron from the contact site[END_REF] and begin to develop morphologically (neuritogenesis; see Figure 3A-3; reviewed in [START_REF] Barnes | Establishment of axon-dendrite polarity in developing neurons[END_REF]Cadwell et al., 2019).

In parallel to excitatory neuronal migration and maturation, once excitatory neurogenesis is complete (P0 in rodents), radial glia switch from a neurogenic to a gliogenic differentiation program and differentiate to astrocytes [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF][START_REF] Noctor | Distinct behaviors of neural stem and progenitor cells underlie cortical neurogenesis[END_REF]. Newborn astrocytes retain proliferative potential and expand in numbers well into postnatal development until they are evenly distributed across the cortical layers and areas, each occupying their own nonoverlapping space by the fourth postnatal week [START_REF] Ge | Local generation of glia is a major astrocyte source in postnatal cortex[END_REF]. [START_REF] Farhy-Tselnicker | Astrocytes, neurons, synapses: A tripartite view on cortical circuit development[END_REF] In contrast to excitatory neurons and astrocytes, cortical interneurons are formed from progenitors in one of three proliferative zones that line the ventricles -the medial, caudal and lateral ganglionic eminences (MGE, CGE and LGE, respectively) -and migrate tangentially into the cortical plate between E11 and P0, where they disperse radially to populate the nascent cortical layers [START_REF] Fishell | Interneuron Types as Attractors and Controllers[END_REF][START_REF] Wamsley | Genetic and activity-dependent mechanisms underlying interneuron diversity[END_REF] (Figure 3B). Upon reaching their target location, interneurons mature, are recruited into cortical circuits, and their diversity becomes evident through distinct morphologies, connectivity and marker expression pattern (Figure 2C + 3B). [START_REF] Silva | Cell migration promotes dynamic cellular interactions to control cerebral cortex morphogenesis[END_REF][START_REF] Wamsley | Genetic and activity-dependent mechanisms underlying interneuron diversity[END_REF] In the first weeks of postnatal development (in rodents), cortical neurons begin to establish connectivity. The formation of functional cortical circuits require axons to find their way to their appropriate target area (axon guidance -for a comprehensive review see [START_REF] Chédotal | Roles of axon guidance molecules in neuronal wiring in the developing spinal cord[END_REF], the FIGURE 3 Cortical development. (A) Summary of cortical excitatory neurogenesis, migration and maturation. Cortical excitatory neurons are born in an inside out manner (deep layer neurons first, upper layer neurons later) from progenitors lining the ventricular zone (1'). They migrate radially along aRG processes into the cortical plate [START_REF] Hersch | Quantification of synapses formed with apical dendrites of golgi-impregnated pyramidal cells: Variability in thalamocortical inputs, but consistency in the ratios of asymmetrical to symmetrical synapses[END_REF] and morphologically develop once they have reached their final position (3). Neuronal morphogenesis, synaptogenesis [START_REF] Arellano | Ultrastructure of dendritic spines: correlation between synaptic and spine morphologies[END_REF] and refinement of connectivity extend into postnatal development. Here a deep layer cortical neuron can be followed through its development (arrow). CP, cortical plate; (S)VZ, (sub)ventricular zone; E, embryonic day; pcw, post-conception week; a/bRG, apical/basal radial glia; N, neuron; IN, interneuron; WM, white matter. (adapted from [START_REF] Klingler | Mapping the molecular and cellular complexity of cortical malformations[END_REF]) (B) Cortical interneurons are generated from stem cells in the medial ganglionic eminence (MGE) and the caudal ganglionic eminence (CGE) and migrate tangential into the cortical plate. This is followed by radial migration to populate the developing cortical layers where upon reaching their final position during postnatal development, they establish their distinct morphology and synaptic contacts. In parallel their transcriptional identity and physiological attributes are acquired (adapted from [START_REF] Wamsley | Genetic and activity-dependent mechanisms underlying interneuron diversity[END_REF].

connection of appropriate synaptic partners (synapse specificity -see chapter 2 and 3), the assembly of functional synapses (synaptogenesis -see chapter 2) and their maturation and subsequent activitydependent circuit refinement (see chapter 2). Like the formation of cortical layers, circuit formation also follows an inside-out gradient. This is reflected by the successive critical periods of circuit refinement in deep cortical layers vs upper layers (e.g., in the rodent somatosensory cortex P4 and P16 are correlated with the end of the critical periods for structural plasticity of thalamocortical inputs to layer IV and that of lateral connections between layer II/III pyramidal neurons respectively [START_REF] Erzurumlu | Development and critical period plasticity of the barrel cortex[END_REF]). Generally, the inside-out manner of development means that during postnatal development various stages of neuronal and circuit development co-exist and thus could be differentially affected by environmental stimuli [START_REF] Crair | A critical period for long-term potentiation at thalamocortical synapses[END_REF][START_REF] Fox | A comparison of experience-dependent plasticity in the visual and somatosensory systems[END_REF][START_REF] Jabaudon | Fate and freedom in developing neocortical circuits[END_REF]Oberlaender et al., 2012b).

Humans, compared to other species, display heterochrony of cortical development: while overall the processes of cortical formation are conserved, in humans they span over a different timescale (Figure 4) (reviewed in [START_REF] Iwata | Tempus fugit: How time flies during development[END_REF][START_REF] Libé-Philippot | Cellular and Molecular Mechanisms Linking Human Cortical Development and Evolution[END_REF]. This is most evident in the protracted maturation of cortical neurons and glia cells, that results in neoteny, the retention of juvenile traits over longer time-scales [START_REF] Petanjek | Extraordinary neoteny of synaptic spines in the human prefrontal cortex[END_REF][START_REF] Sousa | Evolution of the Human Nervous System Function, Structure, and Development[END_REF]. In humans, maturation of cortical neurons, including morphogenesis and synapse development, take up several years instead of months in macaque or weeks in mice [START_REF] Huttenlocher | Synaptic density in human frontal cortex -developmental changes and effects of aging[END_REF][START_REF] Petanjek | Extraordinary neoteny of synaptic spines in the human prefrontal cortex[END_REF]. This is also reflected in a protracted gene expression profile of genes involved in synaptogenesis [START_REF] Liu | Extension of cortical synaptic development distinguishes humans from chimpanzees and macaques[END_REF][START_REF] Zhu | Spatiotemporal transcriptomic divergence across human and macaque brain development[END_REF]. Even when human neurons are transplanted as single cells in a mouse brain, they follow their own prolonged developmental timeline [START_REF] Linaro | Xenotransplanted Human Cortical Neurons Reveal Species-Specific Development and Functional Integration into Mouse Visual Circuits[END_REF], suggesting the involvement of neuron-intrinsic mechanisms governing their developmental timing. The protracted development has been proposed to play a major role in the development of human cognitive abilities, as it allows for extended critical periods of plasticity and thus for more environmental influence on brain development [START_REF] Bufill | Human neoteny revisited: The case of synaptic plasticity[END_REF]Sherwood and Gomez-Robles, FIGURE 4 Heterochrony of human cortical development. Synapse formation and circuit refinement is protracted in hominids and even more in humans, relative to life span and in absolute duration (to enable comparison here indicated as pseudo time). (adapted from [START_REF] Libé-Philippot | Cellular and Molecular Mechanisms Linking Human Cortical Development and Evolution[END_REF] 2017). Interestingly, altered developmental time courses seem to be a part of the pathophysiology of neurodevelopmental disorders such as autism spectrum disorders (ASD) and schizophrenia (Forrest et al., 2018).

CHAPTER 2 Synapses

The term synapse was first introduced in 1897 by Charles Sherrington to re-name what Santiago Ramón y Cajal had called nervous articulations and defined as a structure through which neurons could communicate without being continuous [START_REF] Foster | A textbook of physiology, part three: The central nervous system[END_REF][START_REF] Sotelo | The History of the Synapse[END_REF]. Cajal also postulated that the dendritic protrusions, which came to be known as dendritic spines, were points of contact between two neurons that facilitate diverse connections with axons from many different sources. But the existence of chemical synapses (and its presence on spines) was unambiguously demonstrated only in the 1950s using electron microscopy [START_REF] Palay | Synapses in the central nervous system[END_REF]. These early anatomical studies also first described the structure that chemical synapses across different nervous tissue have in common: The closely opposed vesicle-filled pre-synaptic terminal and the postsynaptic membrane, separated only by a narrow synaptic cleft [START_REF] Palay | Synapses in the central nervous system[END_REF]. Today we know that, although there is a common theme to the architecture of chemical synapses, they are highly structurally and molecularly diverse. Functionally, chemical synapses can be subdivided into two general classes: excitatory and inhibitory synapses. Within both classes, synapses are further identified based on the identity of pre-and post-synaptic cells, the neurotransmitters used, their subcellular localization, their molecular composition and organization or their electrophysiological properties. Here I will introduce the two broad subclasses relevant for this thesis, namely glutamatergic excitatory and GABAergic inhibitory synapses, which are also arguably the most studied synaptic subtypes and form the majority of synapses in the cortex.

On principal cells of the mature mammalian cortex, GABAergic inhibitory synapses are found on the dendritic shaft, the cell body, the AIS as well as on dendritic spines [START_REF] Van Versendaal | Inhibitory interneurons in visual cortical plasticity[END_REF]Villa et al., 2016). In contrast, the vast majority of glutamatergic excitatory synapses are formed between axons and dendritic spines, small actin-rich protrusions from the dendritic shaft (see Figure 1B) (Yuste and Bonhoeffer, 2004). Spines are composed of a bulbous head that is connected to the shaft by a narrow neck [START_REF] Arellano | Ultrastructure of Dendritic Spines: Correlation Between Synaptic and Spine Morphologies[END_REF]Harris and Weinberg, 2012) and can exhibit a large range of variability in size and shape from thin filopodia like spines to spines with a thin neck but a large spine head that are called mushroom spines [START_REF] Berry | Spine Dynamics: Are They All the Same?[END_REF][START_REF] Runge | Dendritic Spine Plasticity: Function and Mechanisms[END_REF].

Spines compartmentalize biochemical and electrical synaptic signals, with the neck acting as diffusional barrier that isolates the spine head from its parent dendrite (Adrian et al., 2017;Alvarez and Sabatini, 2007;Tønnesen et al., 2014;Yasuda, 2017). In addition, spine necks are thought to filter the electrical component of synaptic signals and amplify spine head depolarization (Harnett et al., 2012;[START_REF] Tønnesen | Dendritic spines as tunable regulators of synaptic signals[END_REF]Yuste, 2013) (but see Popovic et al., 2015;Takasaki & Sabatini, 2014). The introduction of two-photon microscopy for live in vivo neuroimaging in the 90es [START_REF] Denk | Photon upmanship: Why multiphoton imaging is more than a gimmick[END_REF] has revealed that spines exhibit an incredible capacity for structural remodeling even in the mature nervous system [START_REF] Grutzendler | Long-term dendritic spine stability in the adult cortex[END_REF][START_REF] Trachtenberg | Long-term in vivo imaging of experience-dependent synaptic plasticity in adult cortex[END_REF].

Most spines are dynamic throughout the life of an animal, exhibiting changes in size, shape or even complete turnover in response to the animal's experience and environment (reviewed in [START_REF] Holtmaat | Experience-dependent structural synaptic plasticity in the mammalian brain[END_REF][START_REF] Runge | Dendritic Spine Plasticity: Function and Mechanisms[END_REF]. Changes in spine size, shape and lifetime can be used to investigate changes in synaptic strength or maturation (reviewed in Berry &[START_REF] Berry | Spine Dynamics: Are They All the Same?[END_REF][START_REF] Bhatt | Dendritic spine dynamics[END_REF]see below).

In addition to the post-synaptic specialization, spines can contain various intracellular organelles as well as ribosomes and endosomes enabling local protein synthesis and membrane and receptor trafficking respectively (Bailey et al., 2015). Some spines also harbor an inhibitory postsynaptic specialization. These spines, termed dually innervated spines, exist especially in the upper layers of the cortex (Kubota et al., 2007) and host about 40% of inhibitory synapses in basal dendrites [START_REF] Gemin | Unique properties of dually innervated dendritic spines in pyramidal neurons of the somatosensory cortex uncovered by 3D correlative light and electron microscopy[END_REF]. The presence of an inhibitory specialization further reinforces signal compartmentalization in these spines (see Annex 2;[START_REF] Gemin | Unique properties of dually innervated dendritic spines in pyramidal neurons of the somatosensory cortex uncovered by 3D correlative light and electron microscopy[END_REF] CHAPTER 2.1 Synaptic ultrastructure and transmission Synaptic transmission at both excitatory and inhibitory synapses is operated and tightly regulated by the molecular machineries of the pre-synapse, synaptic cleft and post-synapse acting in concert (Figure 5A). While pre-synaptic organization and composition is canonical, postsynaptic membranes are highly divers [START_REF] Boyken | Molecular profiling of synaptic vesicle docking sites reveals novel proteins but few differences between glutamatergic and GABAergic synapses[END_REF][START_REF] Südhof | The presynaptic active zone[END_REF] The pre-synaptic active zone On the presynaptic side, action potentials trigger the release of synaptic vesicles containing neurotransmitters. The type of neurotransmitter released depends on presynaptic cell type and the expression of distinct synthesizing enzymes and vesicular transporters that load the transmitter into the synaptic vesicles. Vesicle exocytosis is restricted to a small pre-synaptic membrane domain called the active zone, where a subset of vesicles, the readily releasable vesicles, are docked to the membrane [START_REF] Kaeser | The readily releasable pool of synaptic vesicles[END_REF]. Fusion of vesicles with the pre-synaptic membrane is executed by SNARE proteins and triggered by Ca 2+ influx and binding to synaptotagmin upon action potential arrival [START_REF] Jahn | Molecular machines governing exocytosis of synaptic vesicles[END_REF]. Central to the pre-synaptic machinery are RIM and Munc13 proteins that localize to sites of vesicle fusion where they are essential to the priming and docking of synaptic vesicles (Figure 5B) [START_REF] Augustin | Munc13-1 is essential for fusion competence of glutamatergic synaptic vesicles[END_REF][START_REF] Kaeser | The readily releasable pool of synaptic vesicles[END_REF][START_REF] Schoch | RIM1α forms a protein scaffold for regulating neurotransmitter release at the active zone[END_REF][START_REF] Tang | A trans-synaptic nanocolumn aligns neurotransmitter release to receptors[END_REF][START_REF] Varoqueaux | Total arrest of spontaneous and evoked synaptic transmission but normal synaptogenesis in the absence of Munc13-mediated vesicle priming[END_REF] and RIM proteins tether Ca 2+ channels to release sites via RIM binding proteins [START_REF] Acuna | RIM-BPs Mediate Tight Coupling of Action Potentials to Ca2+-Triggered Neurotransmitter Release[END_REF][START_REF] Han | RIM determines Ca2+ channel density and vesicle docking at the presynaptic active zone[END_REF][START_REF] Hibino | RIM binding proteins (RBPs) couple Rab3-interacting molecules (RIMs) to voltage-gated Ca2+ channels[END_REF]. Other components of the active zone such as the large multidomain proteins Bassoon and Piccolo, Synapsins, the ELKS family members and Liprin-a are thought to have scaffolding as well as regulatory functions [START_REF] Schoch | Molecular organization of the presynaptic active zone[END_REF][START_REF] Südhof | The presynaptic active zone[END_REF]. In addition, many other proteins, including cytoskeletal elements and adaptors, trans-membrane proteins -exemplified by Neurexins [START_REF] Südhof | Synaptic Neurexin Complexes: A Molecular Code for the Logic of Neural Circuits[END_REF] -and ion channels are present at, though not necessarily restricted to, the active zone [START_REF] Boyken | Molecular profiling of synaptic vesicle docking sites reveals novel proteins but few differences between glutamatergic and GABAergic synapses[END_REF]. (Figure 5B) 

The synaptic cleft

The second compartment of the synapse is the synaptic cleft -the 24nm wide extracellular space between the pre-and post-synaptic membrane [START_REF] Lučić | Structural studies by electron tomography: From cells to molecules[END_REF] (Figure 5C). Despite its name, the cleft is not empty but a rather protein-rich environment that contains extracellular matrix, secreted proteins and cell adhesion molecules (CAMs) that form trans-synaptic interactions [START_REF] Burette | Electron tomographic analysis of synaptic ultrastructure[END_REF]Gray, 1959;[START_REF] Lučić | Structural studies by electron tomography: From cells to molecules[END_REF]Yuzaki, 2018;[START_REF] Zuber | The mammalian central nervous synaptic cleft contains a high density of periodically organized complexes[END_REF]. Interactions occurring in the cleft are thought to have the ability to modulate and instruct synapse development, maturation and function (De Wit and Ghosh, 2016). I will discuss CAMs and their role at excitatory and inhibitory synapses in more detail in Chapter 3.

The post-synaptic density

On the post synaptic side, the post synaptic density (PSD) is positioned opposite of the presynaptic active zone (Figure 5A). There is considerable variation in composition between the PSDs of different synapse types and the overall molecular compositions of excitatory and inhibitory PSDs is profoundly different [START_REF] Boyken | Molecular profiling of synaptic vesicle docking sites reveals novel proteins but few differences between glutamatergic and GABAergic synapses[END_REF][START_REF] Moss | Constructing inhibitory synapses[END_REF][START_REF] Sanes | Induction, assembly, maturation and maintenance of a postsynaptic apparatus[END_REF]. Yet, all postsynapses have some organizational principles in common: they all use adhesion based differentiation (see chapter 3) and scaffold-based assembly of receptors and signalling proteins into tightly packed molecular machineries that rely on transient interactions (reviewed in Choquet and Triller, 2013;[START_REF] Fritschy | Molecular and functional heterogeneity of GABAergic synapses[END_REF][START_REF] Okabe | Molecular anatomy of the postsynaptic density[END_REF]Sheng and Hoogenraad, 2007;Sheng and Kim, 2011). An emerging idea based on recent in vitro biochemical studies [START_REF] Feng | Phase separation as a mechanism for assembling dynamic postsynaptic density signalling complexes[END_REF][START_REF] Milovanovic | Synaptic Vesicle Clusters at Synapses: A Distinct Liquid Phase?[END_REF] suggest that PSD machineries may be best understood as membrane-less organelles or condensates that form through multivalency driven liquid-liquid phase separation (Figure 6) [START_REF] Chen | Phase separation at the synapse[END_REF]. With reference to the membrane, they are organized in three dimensions: Individual components of the PSD are differentially positioned perpendicularly to the cell membrane, forming a laminar organization with receptors and adhesion proteins at the surface, scaffold proteins beneath and signalling proteins facing the cytosolic side and linking to the cytoskeleton (reviewed in Sheng & Kim, 2011). Some PSD components also exhibit distinct lateral subsynaptic distributions forming so called nanodomains within the post-synapse (see upper panel Figure 5 B+D) [START_REF] Macgillavry | Nanoscale scaffolding domains within the postsynaptic density concentrate synaptic ampa receptors[END_REF][START_REF] Pennacchietti | Nanoscale molecular reorganization of the inhibitory postsynaptic density is a determinant of gabaergic synaptic potentiation[END_REF][START_REF] Specht | Quantitative nanoscopy of inhibitory synapses: Counting gephyrin molecules and receptor binding sites[END_REF]. At both excitatory and inhibitory synapses, pre-and post-synaptic nanodomains can align trans-synaptically, creating nanocolumns across the synaptic cleft (reviewed in [START_REF] Biederer | Transcellular Nanoalignment of Synaptic Function[END_REF] which are thought to ensure efficiency of synaptic transmission as they align post-synaptic receptors with vesicle release sites [START_REF] Biederer | Transcellular Nanoalignment of Synaptic Function[END_REF][START_REF] Tang | A trans-synaptic nanocolumn aligns neurotransmitter release to receptors[END_REF]. Importantly, the number and size of nanodomains vary between synapses and are subject to change in response to activity (reviewed in [START_REF] Biederer | Transcellular Nanoalignment of Synaptic Function[END_REF]. Excitatory and inhibitory postsynapses have further in common that they are highly dynamic and undergo continuously remodelling over the timescale of minutes to days (Choquet and Triller, 2013). The abundance, activity, distribution and mobility of the individual PSD components are dynamically regulated by post-translational modifications (particularly phosphorylation), local translation, protein degradation and alterations in protein synthesis as well as targeted trafficking to and from the synapse (Choquet and Triller, 2013;[START_REF] Holt | Local translation in neurons: visualization and function[END_REF]Sheng and Hoogenraad, 2007). Cytosolic components diffuse in and out of the PSD at varying rates and transmembrane proteins, including receptors, diffuse between synaptic and extra-synaptic compartment of the membrane (Choquet and Triller, 2013). The dynamic nature of the synapse not only allows for the turnover and recycling of its molecular components but also for dynamic scaling of synaptic strength in response to activity, generally referred to as synaptic plasticity.

At the post-synapse, plasticity can be expressed through a vast array of molecular mechanisms (reviewed in [START_REF] Alvarez-Castelao | The regulation of synaptic protein turnover[END_REF][START_REF] Citri | Synaptic plasticity: Multiple forms, functions, and mechanisms[END_REF][START_REF] Spence | Actin out: Regulation of the synaptic cytoskeleton[END_REF][START_REF] Woolfrey | Coordination of protein phosphorylation and dephosphorylation in synaptic plasticity[END_REF] that ultimately lead to changes in the number, distribution or biophysical properties of post-synaptic receptors [START_REF] Diering | The AMPA Receptor Code of Synaptic Plasticity[END_REF]. These can coincide with changes in structural parameters (structural plasticity; e.g., change in spine, bouton or PSD size) during long term plasticity. Thereby the area of the PSD is proportional to its number of receptors (Nusser et al., 1997). As a result, synaptic strength correlates with PSD size and spine head volume (Holler et al., 2021). FIGURE 6 Biological condensates at the synapse. In the presynapse, liquid-liquid phase separation may play a role in clustering of the reserved pool of synaptic vesicles as well as active zone formation. Additionally, PSD and dendritic shaft may also contain various condensed protein assemblies. As biological condensates may have different compositions, they can spatially segregate protein clusters with distinct functions, e.g., inhibitory and excitatory post-synaptic condensates. (adapted from [START_REF] Chen | Phase separation at the synapse[END_REF] Scaffold proteins recruit various cytoplasmic signalling proteins to the PSD such as kinases, phosphatases and small GTPases, which regulate actin dynamics, as well as their effectors, GTPexchange factors (GEFs) and GTPase activating proteins (GAPs) (Sheng and Kim, 2011). Of these, CaMKIIa/b and the Ras/Rab1 GTPase activating protein SYNGAP1 are especially abundant at the PSD. The two CaMKII isoforms are Ca 2+ /calmodulin dependent kinases that are regulated by autoinhibition and best studied for their role in synaptic plasticity, where NMDAR dependent activation of CaMKII is at the beginning of signalling cascades that lead to the expression of long term potentiation [START_REF] Herring | Long-Term Potentiation: From CaMKII to AMPA Receptor Trafficking[END_REF]. Together CaMKIIa and b are by far the most abundant proteins of the excitatory post-synapse, exceeding PSD95 by a ten-fold (Sheng and Hoogenraad, 2007).

SYNGAP1 is comparable in numbers to PSD-95 family members (Sheng and Hoogenraad, 2007) with which it condensate in vitro in a phosphorylation dependent manner [START_REF] Zeng | Reconstituted Postsynaptic Density as a Molecular Platform for Understanding Synapse Formation and Plasticity[END_REF]. SYNGAP1 operates within a complex network of signalling cascades that ultimately regulates synaptic strength at baseline and following neuronal activity [START_REF] Gamache | Twenty years of syngap research: From synapses to cognition[END_REF]. Both SYNGAP1 and CaMKIIa translocate in and out of dendritic spines in a synapse activity dependent manner [START_REF] Araki | Rapid Dispersion of SynGAP from Synaptic Spines Triggers AMPA Receptor Insertion and Spine Enlargement during LTP[END_REF][START_REF] Merrill | Activity-driven postsynaptic translocation of CaMKII[END_REF][START_REF] Strack | Translocation of autophosphorylated calcium/calmodulin-dependent protein kinase II to the postsynaptic density[END_REF]. Importantly, although SHANK and SYNGAP are core components of the PSD, their mutation actually increases excitation [START_REF] Aceti | Syngap1 haploinsufficiency damages a postnatal critical period of pyramidal cell structural maturation linked to cortical circuit assembly[END_REF][START_REF] Clement | Pathogenic SYNGAP1 Mutations Impair Cognitive Development by Disrupting Maturation of Dendritic Spine Synapses[END_REF][START_REF] Peixoto | Early hyperactivity and precocious maturation of corticostriatal circuits in Shank3B -/-mice[END_REF][START_REF] Peixoto | Abnormal Striatal Development Underlies the Early Onset of Behavioral Deficits in Shank3B-/-Mice[END_REF][START_REF] Rumbaugh | SynGAP regulates synaptic strength and mitogen-activated protein kinases in cultured neurons[END_REF], showing that they function as negative FIGURE 7 Domain organizations and interactions of core excitatory PSD components. Schematic depiction of multivalent protein-protein interactions between core PSD proteins that mediate phase separation under physiological conditions in vitro. Repeating domains or protein-protein interaction motifs on the different components increase network valency. (adapted from [START_REF] Chen | Phase separation at the synapse[END_REF] regulators of excitatory transmission and illustrating how excitatory synapses have a build-in capacity for auto-regulation.

Inhibitory post-synaptic densities

In contrast to excitatory synapses, the postsynaptic specializations of GABAergic inhibitory synapses (Figure 4E) appears less elaborate (Sheng and Kim, 2011), but is also less understood [START_REF] Chiu | Preserving the balance: diverse forms of long-term GABAergic synaptic plasticity[END_REF]. The main neurotransmitter receptors at inhibitory post-synapses in the brain are γaminobutyric acid (GABA) type A receptors (GABAAR). Functionally, GABAAR act as ligand-gated ion channels that mediate inhibitory currents carried mainly by chloride [START_REF] Farrant | Variations on an inhibitory theme: Phasic and tonic activation of GABA A receptors[END_REF].

GABAergic transmission is shaped by transmembrane auxiliary subunits of GABAAR as well as by intracellular interaction with the proteins of the inhibitory PSD. Over the last decade auxiliary subunits such as Lhfpl4/GAHRL and Shisa7 have been described to regulate receptor trafficking and modulate their functional properties [START_REF] Han | Regulation of GABAARs by Transmembrane Accessory Proteins[END_REF][START_REF] Wu | Shisa7 is a GABAa receptor auxiliary subunit controlling bezodiazepine action[END_REF][START_REF] Yamasaki | GARLH Family Proteins Stabilize GABAA Receptors at Synapses[END_REF]. Intracellularly, Gephyrin has been identified as the main component of the inhibitory scaffold, interacting directly with GABAA receptors, trapping it to the synaptic membrane [START_REF] Groeneweg | Gephyrin: a key regulatory protein of inhibitory synapses and beyond[END_REF][START_REF] Kneussel | Receptors, gephyrin and gephyrin-associated proteins: Novel insights into the assembly of inhibitory postsynaptic membrane specializations[END_REF]Tyagarajan and Fritschy, 2014). Gephyrin molecules cluster to form a sub-membranous scaffold, similar in form to a hexagonal lattice (Figure 4E) [START_REF] Saiyed | Molecular basis of gephyrin clustering at inhibitory synapses: Role of G-and E-domain interactions[END_REF]. Gephyrin clustering and its interaction with receptors, is intricately regulated by phosphorylation [START_REF] Battaglia | Activity-dependent inhibitory synapse scaling is determined by gephyrin phosphorylation and subsequent regulation of GABAA receptor diffusion[END_REF][START_REF] Niwa | cAMP-EPAC-Dependent Regulation of Gephyrin Phosphorylation and GABAAR Trapping at Inhibitory Synapses[END_REF][START_REF] Pizzarelli | Tuning GABAergic Inhibition: Gephyrin Molecular Organization and Functions[END_REF]Tyagarajan et al., 2011a). Gephyrin further undergoes other posttranslational modification among which palmitoylation, that allows for plasma membrane anchoring and is thought to stabilizes gephyrin scaffolds at synaptic membranes. Preventing gephyrin palmitoylation leads to mis-localized clusters of gephyrin outside of synapses [START_REF] Dejanovic | Palmitoylation of Gephyrin Controls Receptor Clustering and Plasticity of GABAergic Synapses[END_REF].

While gephyrin unquestionable forms the predominant scaffold, S-SCAM (synaptic scaffolding molecule; or MAGI-2, membrane associated guanylate kinase inverted-2) is a second bona fide scaffold protein at inhibitory synapses [START_REF] Sumita | Synaptic scaffolding molecule (S-SCAM) membrane-associated guanylate kinase with inverted organization (MAGI)-2 is associated with cell adhesion molecules at inhibitory synapses in rat hippocampal neurons[END_REF]. Interestingly, S-SCAM also localizes to excitatory synapses where it interacts with transmembrane AMPAR receptor regulatory protein (TARP), GKAP, the cell adhesion molecule neuroligin1 and other excitatory PSD components (Danielson et al., 2012b(Danielson et al., , 2012a)). Similarly, at inhibitory synapses S-SCAM interacts with the inhibitory CAM neuroligin2 (Nlgn2) and links it to the dystroglycan complex (or dystrophin-glycoprotein complex; DGC) and the immunoglobulin superfamily member IgSF9b [START_REF] Woo | The adhesion protein IgSF9b is coupled to neuroligin 2 via S-SCAM to promote inhibitory synapse development[END_REF]. In hippocampal neurons, IgSF9b seems to localize in a separate subsynaptic domains than the GABAR/gephyrin/Nlgn2 complex which suggests that S-SCAM may form a bridge between functionally distinct subdomains of the inhibitory synapse post-synapse [START_REF] Woo | The adhesion protein IgSF9b is coupled to neuroligin 2 via S-SCAM to promote inhibitory synapse development[END_REF]. Another, more recent addition to the list of possible inhibitory scaffolds are InSyn1 and InSyn2, previously unknown proteins that were identified in a proximity screen of gephyrin (Uezu et al., 2016).

Interestingly, deletion of InSyn1 specifically affects the distribution of dystroglycan complex (and vice versa [START_REF] Uezu | Essential role for insyn1 in dystroglycan complex integrity and cognitive behaviors in mice[END_REF]) but not of gephyrin at inhibitory synapses (Uezu et al., 2016). How the DGC-InSyn1 complex relates to the gephyrin scaffold is however still largely unknown. Furthermore, various proteins that link the inhibitory scaffold to the cytoskeleton and intracellular signalling have been identified [START_REF] Chiu | Compartmentalization of GABAergic inhibition by dendritic spines[END_REF][START_REF] Pizzarelli | Tuning GABAergic Inhibition: Gephyrin Molecular Organization and Functions[END_REF]. Among them, the Rho-GEF collybistin is probably best characterized. Collybistin directly binds Gephyrin [START_REF] Kins | Collybistin, a newly identified brain-specific GEF, induces submembrane clustering of gephyrin[END_REF]Papadopoulos et al., 2007) and can mediate its localization to the membrane through interaction with the a1 subunit of GABAAR, Nlgn2 or through direct lipid binding (which is regulated by collybistin autoinhibition) [START_REF] Kins | Collybistin, a newly identified brain-specific GEF, induces submembrane clustering of gephyrin[END_REF]Papadopoulos et al., 2007;[START_REF] Reddy-Alla | PH-Domain-driven targeting of collybistin but not Cdc42 activation is required for synaptic gephyrin clustering[END_REF][START_REF] Soykan | A conformational switch in collybistin determines the differentiation of inhibitory postsynapses[END_REF]. It is further involved in the remodelling of the subsynaptic cytoskeleton via the small Rho GTPase Cdc42 [START_REF] Tyagarajan | Collybistin splice variants differentially interact with gephyrin and Cdc42 to regulate gephyrin clustering at GABAergic synapses[END_REF][START_REF] Xiang | The Crystal Structure of Cdc42 in Complex with Collybistin II, a Gephyrin-interacting Guanine Nucleotide Exchange Factor[END_REF]. However, the collybistin knock-out has no obvious phenotype in the cortex (Papadopoulos et al., 2007). Other gephyrin binding partners such as the actin-associated proteins profilin and VASP/Mena [START_REF] Giesemann | Complex formation between the postsynaptic scaffolding protein gephyrin, profilin, and Mena: A possible link to the microfilament system[END_REF] are thought to regulate the anchoring of the scaffold to the cytoskeleton. This anchoring is crucial for PSD stability as pharmacological disruption of either F-actin or microtubules decreases the levels of gephyrin and receptors at synapses and increases receptor mobility (as shown for GlyR in [START_REF] Charrier | Cytoskeleton regulation of glycine receptor number at synapses and diffusion in the plasma membrane[END_REF].

It is noteworthy, that several inhibitory PSD components show only relatively subtle and often selective phenotypes when depleted: Nlgn2, despite being present at virtually all inhibitory synapses, only affects perisomatic synapses when depleted in hippocampal neurons (Poulopoulos et al., 2009).

GluD1, a member of the glutamate receptor delta family, localizes to, and is required for the formation of, inhibitory synapses between SST + interneurons and layer 2/3 cortical pyramidal neurons (see annex 1;Fossati et al., 2019). Similarly, Slit3, a newly recognized CAM at inhibitory synapses, when depleted, showed specific loss of subpopulations of inhibitory synapses in the hippocampus [START_REF] Takahashi | Selective control of inhibitory synapse development by Slitrk3-PTPδ trans-synaptic interaction[END_REF]. This illustrates that although there has been considerable progress to our knowledge of inhibitory post-synapses in recent years (Krueger-Burg et al., 2017), we are only starting to understand the molecular diversity underlying different inhibitory synapse subtypes.

For both excitatory and inhibitory synapses, the emerging picture from studies of their proteome over the last two decades, is one of a high degree of molecular diversity and a vast functional and structural synaptic diversity that arises from combinatorial expression of synaptic proteins [START_REF] Grant | The Synapse Diversity Dilemma: Molecular Heterogeneity Confounds Studies of Synapse Function[END_REF][START_REF] Nusser | Creating diverse synapses from the same molecules[END_REF]. However, a comprehensive proteomic descriptions of specific synapse types is still lacking, even though first steps towards a systematic mapping of synaptic diversity are being taken [START_REF] Cizeron | A brainwide atlas of synapses across the mouse life span[END_REF][START_REF] Curran | A single-synapse resolution survey of PSD95-positive synapses in twenty human brain regions[END_REF]Zhu et al., 2018a). Studies like these will considerably aid our understanding of circuit function in health and disease.

CHAPTER 2.2 Synapse development

Synaptogenesis of excitatory and inhibitory synapses in the rodent cortex occurs in early postnatal development. Both synapse types are generated at a high rate that peaks around P14 (Blue andParnavelas, 1983a, 1983b;[START_REF] Gonzalez-Lozano | Dynamics of the mouse brain cortical synaptic proteome during postnatal brain development[END_REF][START_REF] Li | Synaptogenesis in the developing mouse visual cortex[END_REF] and generates an excess of synapses. This developmental synapse formation is genetically determined as demonstrated by the formation of the majority of synapses when neurotransmitter release is blocked [START_REF] Sando | Assembly of Excitatory Synapses in the Absence of Glutamatergic Neurotransmission[END_REF][START_REF] Sigler | Formation and Maintenance of Functional Spines in the Absence of Presynaptic Glutamate Release[END_REF][START_REF] Verhage | Synaptic assembly of the brain in the absence of neurotransmitter secretion[END_REF]. A large proportion of the newly formed synapses are subsequently eliminated or pruned during the activity-dependent refinement of cortical circuits.

Synapse numbers stabilize between P21 and P28 at adult levels (Figure 8) (Blue andParnavelas, 1983a, 1983b;[START_REF] Li | Synaptogenesis in the developing mouse visual cortex[END_REF].

Spinogenesis

Excitatory synapse formation on principal cells is initiated by the formation of contacts between filopodia extending from dendrites and axon segments of the pre-synaptic cell. An important aspect of excitatory synapse development is therefore spinogenesis, the formation of dendritic spines prior to (or partially concurrent with) synapse formation. Immature dendrites form highly mobile filopodia that are functional precursors of spines (reviewed in [START_REF] Okabe | Regulation of actin dynamics in dendritic spines: Nanostructure, molecular mobility, and signaling mechanisms[END_REF][START_REF] Runge | Dendritic Spine Plasticity: Function and Mechanisms[END_REF]. These filopodia are mostly transient structures and only a small fraction will contact an axon to form nascent synapses and subsequently differentiate into spines (Knott et al., 2006;[START_REF] Okabe | Spine formation and correlated assembly of presynaptic and postsynaptic molecules[END_REF]. How filopodia formation is initiated and directed is however largely unclear. Extrinsic signals such as brain-derived neurotrophic factor (BDNF) signaling [START_REF] Ji | Cyclic AMP controls BDNF-induced TrkB phosphorylation and dendritic spine formation in mature hippocampal neurons[END_REF] or the local release of neurotransmitters (Kwon and [START_REF] Kwon | Glutamate induces de novo growth of functional spines in developing cortex[END_REF][START_REF] Oh | De novo synaptogenesis induced by GABA in the developing mouse cortex[END_REF] are thought to be important, as well as the interplay between membrane lipids and actin nucleation factors [START_REF] Saarikangas | Regulation of the actin cytoskeleton-plasma membrane interplay by phosphoinositides[END_REF], including GTPase signaling and the clustering of the membrane-associated signaling Bin/amphiphysin/Rvs (BAR)-domain proteins (reviewed in [START_REF] Hotulainen | The initiation of post-synaptic protrusions[END_REF][START_REF] Okabe | Regulation of actin dynamics in dendritic spines: Nanostructure, molecular mobility, and signaling mechanisms[END_REF]. BAR-domain proteins are multidomain scaffolding proteins that bind phosphoinositides (in particular PI [START_REF] Arellano | Ultrastructure of dendritic spines: correlation between synaptic and spine morphologies[END_REF][START_REF] Harris | Ultrastructure of Synapses in the Mammalian Brain[END_REF]P2 and PI (3,[START_REF] Arellano | Ultrastructure of dendritic spines: correlation between synaptic and spine morphologies[END_REF][START_REF] Harris | Ultrastructure of Synapses in the Mammalian Brain[END_REF]P3) via a slightly curved lipid binding interface formed by their BAR domains and further contain domains that enable them to act in actin cytoskeleton remodeling [START_REF] Carlson | WRP/srGAP3 facilitates the initiation of spine development by an inverse F-BAR domain, and its loss impairs long-term memory[END_REF]Coutinho-Budd et al., 2012;[START_REF] Mattila | Missing-inmetastasis and IRSp53 deform PI(4,5)P2-rich membranes by an inverse BAR domain-like mechanism[END_REF]. Clustering of these proteins, probably induced by the formation of phosphoinositides containing lipid rafts [START_REF] Hotulainen | The initiation of post-synaptic protrusions[END_REF], results in membrane curvature (Coutinho-Budd et al., 2012;[START_REF] Mattila | Missing-inmetastasis and IRSp53 deform PI(4,5)P2-rich membranes by an inverse BAR domain-like mechanism[END_REF]. Thereby, inverse (I)-BAR and inverse Fes-Cip1 homology (IF)-BAR proteins, such as in respectively the Missing-in-Metastasis (MIM) proteins and in slit-robo GTPase activation (SRGAP) proteins, promote negative, concave curvatures of the membrane and are involved in the formation of protrusions from the plasma membrane (Coutinho-Budd et al., 2012;[START_REF] Mattila | Missing-inmetastasis and IRSp53 deform PI(4,5)P2-rich membranes by an inverse BAR domain-like mechanism[END_REF]. In cultured neurons, both the expression levels of SRGAP3 and MIM positively correlate with the density of filopodia formed [START_REF] Carlson | WRP/srGAP3 facilitates the initiation of spine development by an inverse F-BAR domain, and its loss impairs long-term memory[END_REF][START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF]. MIM accumulation was shown to occur prior to actin polymerization at the site of filopodia outgrowth [START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF]. These observations strongly implicate BAR-domain proteins in the initiation of filopodia formation. However, the upstream signaling events, despite the likely involvement of BDNF and glutamate, remain little understood [START_REF] Hotulainen | The initiation of post-synaptic protrusions[END_REF][START_REF] Okabe | Regulation of actin dynamics in dendritic spines: Nanostructure, molecular mobility, and signaling mechanisms[END_REF].

Synapse formation and maturation

Formation of both inhibitory and excitatory synapses is generally thought to involve the following sequential phases: [START_REF] Ramo ´n Y Cajal | Reglas y consejos sobre investigacio ´n biolo ´gica (los to ´nicos de la voluntad)[END_REF] The establishment of an initial contact between appropriate synaptic partners.

(2) The assembly of pre-and post-synaptic machineries to form nascent synapses and subsequently (3) synaptic specification or maturation (Figure 9) [START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF]. Key to the formation of nascent synapses are so called synaptic organizers, cell adhesion molecules (CAMs) [START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF] or secreted neuronal or glial proteins [START_REF] Farhy-Tselnicker | Astrocytes, neurons, synapses: A tripartite view on cortical circuit development[END_REF]Yuzaki, 2018), that ensure appropriate connectivity (synapse specificity) during the formation of initial contacts and coordinate bidirectionally the assembly of synaptic machinery (see chapter 3; reviewed in Südhof, 2018, 2021).

Generally, synapse assembly is thought to be facilitated by co-trafficking of synaptic components from the soma to the synapse. For example, SAP102 and NMDA receptors [START_REF] Sans | mPins modulates PSD-95 and SAP102 trafficking and influences NMDA receptor surface expression[END_REF][START_REF] Washbourne | Synapse assembly and neurodevelopmental disorders[END_REF][START_REF] Washbourne | Rapid recruitment of NMDA receptor transport packets to nascent synapses[END_REF][START_REF] Washbourne | Cycling of NMDA receptors during trafficking in neurons before synapse formation[END_REF] as well as PSD-95, GKAP and Shank [START_REF] Gerrow | A preformed complex of postsynaptic proteins is involved in excitatory synapse development[END_REF] are known to be co-trafficked as preassembled packages and inserted into synapses together. However, the signaling pathways that initiate synapse assembly remain poorly understood and might vary between specific synapses and the trans-synaptic organizers present.

Newly formed excitatory synapses are initially functionally silent and convert into active synapses over time through the incorporation of AMPAR [START_REF] Hanse | AMPA-silent synapses in brain development and pathology[END_REF]. The conversion from silent to active synapses is promoted by astrocytes through the secretion of Gpc4 and 6 which recruit GluA1 to nascent synapses [START_REF] Allen | Astrocyte glypicans 4 and 6 promote formation of excitatory synapses via GluA1 AMPA receptors[END_REF]. GluA1 containing AMPAR are permeable to Ca 2+ -ions and thus allow for high levels of synaptic plasticity [START_REF] Henley | Synaptic AMPA receptor composition in development, plasticity and disease[END_REF]. Subsequently, at specific times in each cortical layer and promoted by astrocyte-secreted Chordin-like 1 [START_REF] Blanco-Suarez | Astrocyte-Secreted Chordin-like 1 Drives Synapse Maturation and Limits Plasticity by Increasing Synaptic GluA2 AMPA Receptors[END_REF], a switch from calcium-permeable to GluA2-containing calcium-impermeable AMPARs occurs and contributes to the maturation and stabilization of excitatory synapses [START_REF] Brill | Sequential changes in AMPA receptor targeting in the developing neocortical excitatory circuit[END_REF][START_REF] Gonzalez-Lozano | Dynamics of the mouse brain cortical synaptic proteome during postnatal brain development[END_REF][START_REF] Kumar | A developmental switch of AMPA receptor subunits in neocortical pyramidal neurons[END_REF]. The AMPAR subunit shift is also reflected in the expression pattern of AMPAR subunits in vivo: cortical GluA1 expression peaks during the first postnatal week and then remains constant throughout adulthood [START_REF] Gonzalez-Lozano | Dynamics of the mouse brain cortical synaptic proteome during postnatal brain development[END_REF][START_REF] Martin | AMPA receptor protein in developing rat brain: Glutamate receptor-1 expression and localization change at regional, cellular, and subcellular levels with maturation[END_REF], while the expression of GluA2 increases only around P14 [START_REF] Brill | Sequential changes in AMPA receptor targeting in the developing neocortical excitatory circuit[END_REF][START_REF] Gonzalez-Lozano | Dynamics of the mouse brain cortical synaptic proteome during postnatal brain development[END_REF] coincident with synapse maturation. Similarly, NMDARs are developmentally regulated and the GluN2A/GluN2B ratio increases during development through activity-or experience-dependent regulation (reviewed in [START_REF] Yashiro | Regulation of NMDA receptor subunit expression and its implications for LTD, LTP, and metaplasticity[END_REF]. The shift in NMDAR subunits allows for further AMPAR incorporation in the synapse, which is initially restricted [START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF] by GluN2B expression [START_REF] Gray | Distinct Modes of AMPA Receptor Suppression at Developing Synapses by GluN2A and GluN2B: Single-Cell NMDA Receptor Subunit Deletion In Vivo[END_REF][START_REF] Hall | NR2B signaling regulates the development of synaptic AMPA receptor current[END_REF]. The PSD95 protein family also sees an early expression of SAP102 that gradually declines and is replaced by PSD95 coincident with synapse maturation and spine stabilization [START_REF] Lambert | Protracted and asynchronous accumulation of PSD95-family MAGUKs during maturation of nascent dendritic spines[END_REF][START_REF] Petralia | Ontogeny of postsynaptic density proteins at glutamatergic synapses[END_REF][START_REF] Zheng | MAGUKs, synaptic development, and synaptic plasticity[END_REF].

Together this shows that the maturation of excitatory synapses is intricately orchestrated by astrocytes and involves structural and functional changes that are intimately related to the generation of a mature profile of post-synaptic receptors and neurotransmission.

Similarly, the expression of inhibitory synapse proteins increases in early postnatal development [START_REF] Gonzalez-Lozano | Dynamics of the mouse brain cortical synaptic proteome during postnatal brain development[END_REF] and a shift in GABAAR subunit expression can be observed, where the a3 subunit is expressed at birth and is replaced by a1 during development [START_REF] Laurie | The distribution of thirteen GABA(A) receptor subunit mRNAs in the rat brain. III. Embryonic and postnatal development[END_REF][START_REF] Taketo | Developmental change of GABA(A) receptor-mediated current in rat hippocampus[END_REF]. However, the role of the early expression of a3 containing receptor expression for the formation and function of individual inhibitory synapses remains unclear. Likewise, although astrocytes and their secreted factors are known to induce the formation of both excitatory and inhibitory synapses in culture, their precise involvement in inhibitory synapse formation and maturation remains to be elucidated (reviewed in Farhy-Tselnicker and Allen, 2018).

Activity-dependent circuit refinement

After the period of intense synapse formation in early postnatal development, cortical circuits undergo periods of experience-and activity-dependent refinement that include the elimination or pruning of excess or inappropriate synaptic connections and the maturation and stabilization of remaining synapses. These critical periods of enhanced circuit plasticity tune the circuit to best represent environmental stimuli and are under precise, circuit-specific temporal control [START_REF] Hensch | Critical period plasticity in local cortical circuits[END_REF][START_REF] Wilton | Neuron-Glia Signaling in Synapse Elimination[END_REF]. For instance, the critical period at L4-L2/3 synapses ranges from P11 to P13, while that of L2/3-L2/3 opens at P13 and closes around P16 [START_REF] Erzurumlu | Development and critical period plasticity of the barrel cortex[END_REF][START_REF] Wen | Input-specific critical periods for experience-dependent plasticity in layer 2/3 pyramidal neurons[END_REF]. Even though the onset and length of critical periods are strongly influenced by the maturation of GABAergic interneurons (reviewed in [START_REF] Hensch | Critical period plasticity in local cortical circuits[END_REF][START_REF] Marín | Developmental timing and critical windows for the treatment of psychiatric disorders[END_REF], the molecular signaling pathways underlying critical periods are still an active area of research. Importantly, early hyperactivity or an elevated E/I ratio disrupts critical period plasticity and is thought to contribute to cognitive and behavioral impairment observed in neurodevelopmental disorders such as autism spectrum disorder and schizophrenia [START_REF] Krol | Windows of opportunity: timing in neurodevelopmental disorders[END_REF][START_REF] Marín | Developmental timing and critical windows for the treatment of psychiatric disorders[END_REF][START_REF] Sun | Early Seizures Prematurely Unsilence Auditory Synapses to Disrupt Thalamocortical Critical Period Plasticity[END_REF] An important aspect of developmental circuit refinement is physiological elimination of synapses.

Synapse elimination and the processes that govern it are best understood in systems other than the cortex, including the cerebellum [START_REF] Kano | Synapse elimination in the central nervous system[END_REF][START_REF] Uesaka | Presynaptic Mechanisms Mediating Retrograde Semaphorin Signals for Climbing Fiber Synapse Elimination During Postnatal Cerebellar Development[END_REF], the neuromuscular junction [START_REF] Sanes | Development of the vertebrate neuromuscular junction[END_REF] and retinal inputs in the visual system (reviewed in [START_REF] Chen | Developmental remodeling of the retinogeniculate synapse[END_REF]. On the one hand cell-intrinsic mechanisms such as the activation of the ubiquitin-proteasome system or expression of repulsive cues like semaphorins have been demonstrated to play a role in developmental synapse elimination (reviewed in [START_REF] Riccomagno | Sculpting Neural Circuits by Axon and Dendrite Pruning[END_REF], while on the other hand neuron-glia interactions are also thought to be heavily implicated, with the impairment of astrocyte or microglia function leading to profound pruning deficits (reviewed in [START_REF] Wilton | Neuron-Glia Signaling in Synapse Elimination[END_REF].

Synapses are not only made and eliminated developmentally, but remain highly dynamic in mature circuits where they undergo activity-dependent changes in efficacy and morphology but also continuously turn over. Thus, while most neurons and their long-range axonal and dendritic structures are stable in the mature brain, their synaptic connections are often not. In the cortex, based on liveimaging of spines, approximately 40% of excitatory synapses are thought to have a short life span and turn-over every 5 days, while 60% remain stable throughout life [START_REF] Attardo | Impermanence of dendritic spines in live adult CA1 hippocampus[END_REF].

Interestingly, in the hippocampus, spine turn-over seems to be a lot higher with nearly 100% of spines turning over every 2 weeks [START_REF] Attardo | Impermanence of dendritic spines in live adult CA1 hippocampus[END_REF][START_REF] Pfeiffer | Chronic 2P-STED imaging reveals high turnover of dendritic spines in the hippocampus in vivo[END_REF], thereby likely reflecting the function of the hippocampus -in contrast to the cortex -as a highly dynamic structure designed to encode and process new memories, but not as a long-term repository of information [START_REF] Frankland | The organization of recent and remote memories[END_REF]. Similarly, inhibitory synapses are subject to dynamic turn-over throughout life, being assembled and removed repeatedly at varying rates (Villa et al., 2016;[START_REF] Wierenga | Live imaging of inhibitory axons: Synapse formation as a dynamic trial-and-error process[END_REF]. Especially, inhibitory synapses on dually innervated spines (DiS) seem to exhibit extensive turn-over that is in stark contrast to the stable nature of the excitatory synapse on the same spines and could thus provide flexible and input-specific gating of excitatory transmission (Villa et al., 2016 and see also annex 2 Gemin et al., 2021). De novo synapse formation and circuit refinement in response to activity are thus prevalent in adults -albeit at different rates in different brain area's -and is thought to be essential for continued learning in adulthood [START_REF] Kasai | Structural dynamics of dendritic spines in memory and cognition[END_REF]. However, whether the molecular mechanisms here are the same as during developmental synaptogenesis remains unclear.

Chapter 2.3 Synapse Evolution

Evolution of the vertebrate synapse

Across the animal kingdom, we find a large diversity of synapses that generally use similar organizational and development themes, which suggests common evolutionary origins. It is likely that the pre-and post-synaptic machineries have separate evolutionary origin: The presynaptic vesicle release machinery is also used by unicellular organisms to release chemicals into their environment and thus likely emerged through modification of this machinery [START_REF] Arendt | The Evolutionary Assembly of Neuronal Machinery[END_REF]Emes and Grant, 2012).

By contrast, the evolutionary history of the post-synapse seems to be more complex. It has been postulated that the post-synapse has developed from a combination of signalling machineries that over the course of evolution have been co-opted into synaptic function [START_REF] Arendt | The Evolutionary Assembly of Neuronal Machinery[END_REF]Emes and Grant, 2012). Support for this is coming from comparative genomic and proteomic studies across evolutionary distant species, that show that most of the postsynaptic proteome was present in unicellular eukaryotes and some even in early prokaryotes, both predating the emergence of synapses and neurons in metazoans [START_REF] Ryan | The origin and evolution of synapses[END_REF]) (Figure 10). So are structural features of ligandgated ion channels [START_REF] Bocquet | A prokaryotic proton-gated ion channel from the nicotinic acetylcholine receptor family[END_REF], including the glutamate binding domain [START_REF] Janovjak | A modern ionotropic glutamate receptor with a K+ selectivity signature sequence[END_REF], conserved between present day vertebrates and prokaryotes and homologs of PSD95, Homer and Shank as well as CaMKII [START_REF] Alié | The backbone of the post-synaptic density originated in a unicellular ancestor of choanoflagellates and metazoans[END_REF][START_REF] Sakarya | A Post-Synaptic Scaffold at the Origin of the Animal Kingdom[END_REF] can be found in choanoflagellates, unicellular eukaryotes and close relatives of animals [START_REF] Burkhardt | Evolutionary origin of synapses and neurons -Bridging the gap[END_REF]. Together suggesting the presence of a simple receptor-to-transcriptome signalling pathways the common ancestor with prokaryotes and an extension of the postsynaptic proteome in early eukaryotes (Figure 10) (Emes and Grant, 2012). It is likely that synaptic proteins initially were functionally diverse and gradually co-opted into a proto-synapse (Emes and Grant, 2012). Once coopted into the early metazoan synapses, postsynaptic proteins subsequently increased in number and evolved along the different animal lineages (Figure 10) [START_REF] Burkhardt | Evolutionary origin of synapses and neurons -Bridging the gap[END_REF]Emes and Grant, 2012). In the vertebrate lineage, two whole genome duplications occurred approximately 550 million years ago (mya) (Figure 10) ( [START_REF] Van De Peer | The evolutionary significance of ancient genome duplications[END_REF] and led to what is called vertebrate expansion of the synaptic proteome. Generally, gene duplication are known to allow for rapid diversification as there is a relief of selective pressure through the duplication [START_REF] Hurles | Gene duplication: The genomic trade in spare parts[END_REF]. This is very dramatically illustrated by these whole genome duplications which multiplied the components of the synaptic proteome and ultimately produced greater diversity through sub-functionalization of the paralogs created [START_REF] Grant | The molecular evolution of the vertebrate behavioural repertoire individual behavioural responses was articulated in the nineteenth century[END_REF]. For example, while invertebrates possess a homolog of PSD95 called disc large (Dlg), the vertebrate PSD95 family includes four members (inlet Figure 10). Within this protein family the first whole genome duplication is thought have permitted a functional separation of the paralogs. Deletion of SAP97 and PSD95 in mice cause severe phenotypes (non-viable and strong learning impairment respectively), while the PSD93 and SAP102 KOs have relatively mild impairments in complex learning tasks [START_REF] Nithianantharajah | Synaptic scaffold evolution generated components of vertebrate cognitive complexity[END_REF]. Interestingly, the vertebrate expansion predates the emergence of large and anatomically diverse nervous systems of vertebrates and likely was instrumental for the generation of synapse diversity and concomitant neuronal and brain region diversity we see today in vertebrates [START_REF] Ryan | The origin and evolution of synapses[END_REF].

It is further noteworthy that to date we know a lot less about the evolutionary history of inhibitory synapses. On the one hand the inhibitory pre-synapse are essentially the same as that of other synapse types (except for transmitter synthesizing enzymes and vesicular transporters) which suggests a common origin and subsequent diversification in neuron types [START_REF] Arendt | The Evolutionary Assembly of Neuronal Machinery[END_REF]. In line with this are various reports of co-transmission in vertebrates (reviewed in [START_REF] Tritsch | Mechanisms and functions of GABA co-release[END_REF]. On the other hand, the inhibitory post-synapse is vastly different from excitatory PSDs (see above) and are thought to have originated separately, possibly as modulatory synapses onto otherwise glutamate responsive neurons [START_REF] Arendt | The Evolutionary Assembly of Neuronal Machinery[END_REF]. Here as well, the pleiotropic nature of gephyrin (functioning both FIGURE 10 Molecular evolution of the synapse. Early versions of the postsynaptic proteins arose in prokaryotes and unicellular eukaryotes, were coopted into synapses and evolved into invertebrate and vertebrate synaptic machineries. The red arrow indicates the two genome duplications that lead to the vertebrate expansion in the synaptic proteome approximately 550 mya. (Below) Evolutionary tree of the vertebrate MAGUK protein family. The two sequential whole genome duplications (1R and 2R) resulted in the four vertebrate paralogs SAP-97, PSD95, PSD-93 and SAP102 followed by functional and structural diversification of each protein. Following duplication, the accumulation of sequence diversity in each paralog resulted in functional and structural diversification of each protein. Genome duplication similarly increased the complexity of many other PSP gene families in vertebrates. (adapted from Emes & Grant, 2012;[START_REF] Grant | The molecular evolution of the vertebrate behavioural repertoire individual behavioural responses was articulated in the nineteenth century[END_REF] as inhibitory postsynaptic scaffold in neurons and as enzyme within the molybdenum cofactor biosynthesis in astrocytes and other tissues (Tyagarajan and Fritschy, 2014)) hints towards a coopting of the protein into synaptic function over the course of evolution.

Human synapse evolution

While the synaptic proteome is overall conserved among vertebrates [START_REF] Grant | The molecular evolution of the vertebrate behavioural repertoire individual behavioural responses was articulated in the nineteenth century[END_REF], human synapses show specificities that are likely to contribute to the human specific cognitive abilities. Compared to non-human primates, human cortical synapses are more numerous, with human layer 2/3 cortical neurons exhibiting more elaborate dendritic trees [START_REF] Deitcher | Comprehensive Morpho-Electrotonic Analysis Shows 2 Distinct Classes of L2 and L3 Pyramidal Neurons in Human Temporal Cortex[END_REF][START_REF] Mohan | Dendritic and axonal architecture of individual pyramidal neurons across layers of adult human neocortex[END_REF] and an increased number and density of dendritic spines and synapses per cell [START_REF] Benavides-Piccione | Cortical area and species differences in dendritic spine morphology[END_REF][START_REF] Defelipe | Microstructure of the neocortex: Comparative aspects[END_REF][START_REF] Elston | The pyramidal cell in cognition: a comparative study in human and monkey[END_REF]. They mature over a protracted timescale [START_REF] Petanjek | Extraordinary neoteny of synaptic spines in the human prefrontal cortex[END_REF] and seem to follow distinct learning rules during plasticity [START_REF] Mansvelder | Synaptic plasticity in human cortical circuits: cellular mechanisms of learning and memory in the human brain?[END_REF]. But what are the molecular underpinnings of these human-specific traits? One likely mechanism is the change in spatiotemporal expression of synaptic genes through altered transcriptomic regulation mediated by changes in noncoding DNA, microRNAs and human accelerated regions (HARs; of which 30% are predicted as enhancers) [START_REF] Sousa | Evolution of the Human Nervous System Function, Structure, and Development[END_REF], but also changes in the coding sequence of synaptic proteins are likely implicated. A specific focus in recent years has been on large segmental genome duplication that include known neuronal genes and occurred in the human lineage during the divergence from the chimpanzee lineage [START_REF] Dennis | Human adaptation and evolution by segmental duplication[END_REF][START_REF] Sudmant | Diversity of human copy number variation and multicopy genes[END_REF]. Among these human-specific genes, the SLIT-ROBO-Rho-GTPase 2 (SRGAP2) paralogs (Figure 11) have been extensively studied in the lab (Charrier et al., 2012;Fossati et al., 2016) and remains the only humans specific duplication implicated at synapses so far. The ancestral SRGAP2A is highly expressed in the developing brain of all mammals [START_REF] Bacon | Dynamic expression of the Slit-Robo GTPase activating protein genes during development of the murine nervous system[END_REF][START_REF] Guerrier | The F-BAR Domain of srGAP2 Induces Membrane Protrusions Required for Neuronal Migration and Morphogenesis[END_REF] and underwent a series of duplications in the human lineage giving rise to three human specific paralogs SRGAP2B, C and D [START_REF] Dennis | Evolution of human-specific neural SRGAP2 genes by incomplete segmental duplication[END_REF]. Out of the paralogs, SRGAP2C became rapidly fixed in the human genome [START_REF] Dennis | Evolution of human-specific neural SRGAP2 genes by incomplete segmental duplication[END_REF] and is thus likely functionally relevant in humans. SRGAP2C expresses a truncated protein that corresponds to the F-BAR domain of SRGAP2A in which the last 49 c-terminal amino acids are replaced by 7 unique amino acids (Figure 11) [START_REF] Dennis | Evolution of human-specific neural SRGAP2 genes by incomplete segmental duplication[END_REF].

When SRGAP2C is expressed in mouse cortical pyramidal neurons in vivo, this leads to the emergence of human-specific synaptic traits, including increased synaptic density and protracted synaptic maturation of both excitatory and inhibitory synapses (preserving the E/I ratio) (Charrier et al., 2012;Fossati et al., 2016). Interestingly, SRGAP2C expression phenocopies the constitutive knockout of Srgap2a, suggesting that it functions as a dominant negative paralog (Charrier et al., 2012). The truncated SRGAP2C F-BAR domain retained its ability to dimerize with the F-BAR domain of SRGAP2A, thereby targeting the heterodimer for proteolytic degradation [START_REF] Schmidt | The human-specific paralogs SRGAP2B and SRGAP2C differentially modulate SRGAP2A-dependent synaptic development[END_REF].

Understanding how the (partial) inhibition of SRGAP2A leads to the emergence of human traits thus requires the understanding SRGAP2A function and interaction network at synapses. So far we know that during synapse development, SRGAP2A acts a negative regulator of excitatory and inhibitory synapse density through its Rac1-specific GAP domain, promoting their maturation through its ability to bind both Homer1 at excitatory synapses and Gephyrin at inhibitory synapses with its class II EVH1 binding domain embedded in its F-BAR domain and its SH3 domain respectively (Figure 11) (Charrier et al., 2012;Fossati et al., 2016;[START_REF] Guez-Haddad | The Neuronal Migration Factor srGAP2 Achieves Specificity in Ligand Binding through a Two-Component Molecular Mechanism[END_REF]Okada et al., 2011). Further investigating the interaction network of SRGAP2 and other human-specific mutation will contribute to our understanding of human-specific regulations of synapse and has the potential to provide further insights in the pathophysiology of, and human vulnerability to, neurological disorders.

FIGURE 11

The human specific duplications of SRGAP2A. (A) The ancestral SRGAP2A, present in all mammals, was specifically duplicated in the human lineage to form human paralogs SRGAP2B and SRGAP2C. (B) SRGAP2A contains three distinct protein domains and promotes the maturation of excitatory synapses and inhibitory synapses through an interaction with Homer1 and gephyrin respectively. Through its Rho-GAP domain and Rac1, SRGAP2A limits synapse density. In humans, the partial duplication of SRGAP2A generated a truncated protein, that lacks the last C-terminal 49 amino acids of the F-BAR. A second duplication and subsequent sequence diversification led to the human-specific paralogs SRGAP2B and SRGAP2C. Binding of SRGAP2C to SRGAP2A inhibits all functions of SRGAP2A. (D) Expressing SRGAP2C in rodent cortical neurons results in the emergence of human-like characteristics of synapse development: the increase in synaptic density and protracted synaptic maturation. (adapted from [START_REF] Schmidt | The human-specific paralogs SRGAP2B and SRGAP2C differentially modulate SRGAP2A-dependent synaptic development[END_REF] Chapter 3.1 Synaptic cell adhesion molecules Cell adhesion molecules (CAMs; also called synaptic adhesion molecules or SAMs) are embedded in the synaptic membranes and an integral part of the synaptic cleft machinery. Generally, CAMs are tethered to membranes either by transmembrane segments or a GPI-anchor. They mediate cell-cell adhesion via extracellular interactions and, in the case of transmembrane CAMs, bind intercellularly to scaffolding and signaling proteins as well as the cytoskeleton. Neurons express a great diversity of CAMs from a large number of protein families (Figure 12) [START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF][START_REF] Südhof | The cell biology of synapse formation[END_REF]. The most extensively studied among these are: Neurexins and neuroligins, cadherins and proto-cadherins, leucine rich repeat transmembrane proteins (LRRTMs), SynCAMs, Ephrin/Eph-Receptors, and teneurins (reviewed in [START_REF] Dalva | Cell adhesion molecules: Signalling functions at the synapse[END_REF][START_REF] De Wit | Control of neural circuit formation by leucine-rich repeat proteins[END_REF]De Wit & Ghosh, 2016;[START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF][START_REF] Südhof | The cell biology of synapse formation[END_REF].

Each of the CAM protein families exhibit substantial molecular diversity, which arises either through the large size of the underlying gene family (e.g., cadherins) or through alternative splicing of a more limited number of genes (e.g., neurexin). Together this gives rise to a staggering number of total cell adhesion molecules, most of which remain to be characterized with regard to their expression pattern and putative role at synapses [START_REF] Rudenko | Dynamic control of synaptic adhesion and organizing molecules in synaptic plasticity[END_REF][START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF].

Figure 12 Overview of CAM families and their putative interactions at the synapse. Schematic representation of CAM interaction at synapses. Arrows depict physical interactions and are grouped per protein family without addressing member or isoform specific interactions. * indicates genetic association with neuro-psychiatric disorders. 'Boxed' CAMs are also implicated in developmental functions unrelated to synapses. (adapted from [START_REF] Südhof | The cell biology of synapse formation[END_REF] Originally, understanding of CAMs at the synapse was limited to their adhesive function, providing a structural link between pre-and post-synapse. This was typically assessed through their ability to aggregate cells in cell-based assays, combined with pull down in synaptic fraction, as well as synaptic localization in electron or light microscopy. In addition, CAMs were thought to have a dedicated transsynaptic partner, with the typical example being pre-synaptic neurexins interacting with post-synaptic neuroligins [START_REF] Song | Neuroligin 1 is a postsynaptic cell-adhesion molecule of excitatory synapses[END_REF]. However, over the last decade this view has been challenged and dramatically expanded to a more nuanced view, in which some CAMs can have multiple partners in cis and trans (reviewed in [START_REF] Chamma | Dynamics, nanoscale organization, and function of synaptic adhesion molecules[END_REF]De Wit & Ghosh, 2016a;[START_REF] Rudenko | Dynamic control of synaptic adhesion and organizing molecules in synaptic plasticity[END_REF][START_REF] Südhof | The cell biology of synapse formation[END_REF] giving rise to a complex synaptic cleft interaction network that involves considerable cross-talk between adhesive systems (Figure 12) [START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF]. Neurexins (NRXs), for instance, are now known to interact with a wide array of structurally diverse partners across the synaptic cleft, depending on the expression of neurexin splice variants, which likely contributes to the specification of synapses [START_REF] Gomez | Neurexins: molecular codes for shaping neuronal synapses[END_REF][START_REF] Südhof | Synaptic Neurexin Complexes: A Molecular Code for the Logic of Neural Circuits[END_REF]. Cis-interactions of CAMs are often regulatory in nature: promoting, inhibiting or modulating the strength of trans interactions. For example, the cis binding of the GPI-anchored protein MDGA1 to neuroligin2 (NLGN2) inhibits the trans NLGN2-NRX interaction [START_REF] Gangwar | Molecular Mechanism of MDGA1: Regulation of Neuroligin 2:Neurexin Trans-synaptic Bridges[END_REF]. Some CAMs extracellularly interact with proteins that are secreted by neurons (e.g., cerebellins and pentraxins) or glia (e.g., Hevin) and can serve as extracellular scaffolds, trapping CAMs or neurotransmitter receptors at the synapse (reviewed in Yuzaki, 2018). At cerebellar excitatory synapses, Cerebellin1 (Cbln1) secreted from the axon bridge postsynaptic glutamate receptor delta 2 (GluD2) and presynaptic neurexin to form a trans-synaptic interaction required for the maintenance and the plasticity of synapses formed onto Purkinje cells by parallel fibers (Matsuda et al., 2010;Uemura et al., 2010). A similar interaction triad spanning the synaptic cleft is formed at cortical inhibitory synapses by GluD1, Cbln4 and presynaptic neurexins (see annex 1; Fossati et al., 2019). Therefore trans-synaptic interactions can be mediated by proteins other than canonical CAMs, like glutamate receptors [START_REF] Fossati | Trans-synaptic interactions of ionotropic glutamate receptors[END_REF] or metabotropic g-protein coupled receptors (GPCRs) such as Latrophilins and BAIs (reviewed in Südhof, 2018a[START_REF] Südhof | The cell biology of synapse formation[END_REF]and see [START_REF] Kakegawa | Anterograde C1ql1 signaling is required in order to determine and maintain a single-winner climbing fiber in the mouse cerebellum[END_REF][START_REF] Sando | Latrophilin gpcr signaling mediates synapse formation[END_REF][START_REF] Sigoillot | The secreted protein C1QL1 and its receptor BAI3 control the synaptic connectivity of excitatory inputs converging on cerebellar purkinje cells[END_REF], thereby further adding to the myriad of possible interactions in the synaptic cleft.

Chapter 3.2 Cell adhesion molecules in synapse development

Trans-synaptic cell adhesion has been recognized early on to play key roles during the different stages of synapse development (Figure 13) [START_REF] Favuzzi | Molecular diversity underlying cortical excitatory and inhibitory synapse development[END_REF]Jang et al., 2017;[START_REF] Kim | Proper synaptic adhesion signaling in the control of neural circuit architecture and brain function[END_REF][START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF][START_REF] Südhof | The cell biology of synapse formation[END_REF]Yuzaki, 2018). CAMs and their secreted interaction partners mediate the establishment of initial cell-cell contacts and formation of nascent synapses by serving as cell-cell recognition tags, permissive adhesion substrates or repulsive signals, that specify cellular and subcellular connectivity in concert with guidance cues (Sanes and Zipursky, 2020). They act as synaptogenic nucleating factors (also referred to as synaptic organizers), inducing the clustering of pre-and post-synaptic machineries to promote synapse differentiation and maturation. Even in later stages of synapse development, CAMs are thought to be involved in the activity-dependent stabilization and elimination of synapses and thus refinement of circuits [START_REF] Südhof | The cell biology of synapse formation[END_REF]. Throughout development, specific CAMs might have all or just a subset of these functions, and different CAMs likely work in concert to form individual synapses and shape specific synaptic properties. For example, the combinatorial expression of protocadherins that exhibit very strict isoform binding specificity in their homophilic trans interactions, is thought to aid target selections by providing a molecular recognition code and aiding self-avoidance during early synaptic development without having synapse inducing properties themselves (reviewed in De Wit & Ghosh, 2016;[START_REF] Lefebvre | Protocadherins mediate dendritic self-avoidance in the mammalian nervous system[END_REF]Sanes & Zipursky, 2020;[START_REF] Takeichi | The cadherin superfamily in neuronal connections and interactions[END_REF].

Whether or not a protein has synaptogenic properties can be tested with co-culture assays, where distinct CAM are expressed in non-neuronal cells (e.g., COS and HEK cells) to assess their ability to form a pre-or post-synaptic differentiation in co-cultured neurons. Pioneering studies demonstrated that expression of neuroligin1 in non-neuronal cells could induce neuronal pre-synaptic differentiation in co-cultured neurons [START_REF] Scheiffele | Neuroligin expressed in nonneuronal cells triggers presynaptic development in contacting axons[END_REF], while heterologous expression of neurexin can induce the differentiation of GABAergic and glutamatergic postsynaptic membrane [START_REF] Graf | Neurexins induce differentiation of GABA and glutamate postsynaptic specializations via neuroligins[END_REF].

To date, most of the synaptic CAMs identified (Figure 12) have been tested similarly and nearly all have been shown to be capable of inducing heterologous synapse formation (reviewed in De Wit & Ghosh, 2016;[START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF]. However, when assessed through genetic depletion in vivo, very few actually seem to be required for synapse formation on a large scale (reviewed in [START_REF] Südhof | The cell biology of synapse formation[END_REF]. For example, the deletion of latrophilins or BAI isoforms in mice produces a severe decrease in the formation of specific synapses in the hippocampus, cerebellum and olfactory bulb [START_REF] Sando | Latrophilin gpcr signaling mediates synapse formation[END_REF][START_REF] Sigoillot | The secreted protein C1QL1 and its receptor BAI3 control the synaptic connectivity of excitatory inputs converging on cerebellar purkinje cells[END_REF]. In contrast, neurexin deletions lead to little synapse loss in vivo but impair synaptic transmission through either impaired per-synaptic Ca 2+ -channel recruitment [START_REF] Luo | Neurexins cluster Ca 2+ channels within the presynaptic active zone[END_REF] or impaired endocannabinoid signaling [START_REF] Anderson | β-Neurexins Control Neural Circuits by Regulating Synaptic Endocannabinoid Signaling[END_REF] depending on the cellular context. This illustrates that, even though most of the individual CAMs might not be required for synapse formation or maintenance in vivo, they play a key role in synapse maturation, serving as synapse organizers and conferring synapse-specific properties [START_REF] Südhof | The cell biology of synapse formation[END_REF] 

(see below).

FIGURE 13 CAM function in synapse development. Schematic of nascent synapses (left), mature synapses (center), and synapses elimination (right). At nascent synapses, CAMs such as latrophilins establish initial cell-cell contact and initiate signaling cascades that lead to synapse formation. Subsequently CAMs organize synapse assembly and shape synaptic properties to promotes synapse maturation. During activity dependent refinement of circuits, synapse elimination is likely mediated by a weakening of CAM interactions leading to a disruption of synaptic processes. (adapted from [START_REF] Südhof | The cell biology of synapse formation[END_REF].

Taken together with the promiscuity of synapse formation in co-culture assays, the lack of synapse formation phenotypes for most CAMs suggests that individual synapses are formed and shaped by multiple CAMs acting in concert. Therefore, the challenge therefore remains to unravel the exact combinatorial code and the choreography of specific trans-synaptic interactions acting during the development of discrete neural circuits. This will require comprehensive spatiotemporal transcriptomic, proteomic and cell or circuit-specific gene expression studies throughout development, combined with rigorous functional studies in vivo. In a tour de force, Rico and colleagues used transcriptomics to identify cell surface and secreted proteins selectively expressed by specific subtypes of cortical interneurons during the peak of synaptogenesis (Favuzzi et al., 2019).

Their study significantly advanced our understanding of the molecular code that determines the specificity, cellular (inhibitory neuron subtype) and subcellular (dendritic, perisomatic, AIS), of inhibitory connectivity onto cortical pyramidal neurons. Recent development in proteomic approaches (e.g. proximity biotinylation, cell-surface profiling, synaptosome-specific proteomics) also open new perspective to understand the wiring of synaptic connections (e.g., [START_REF] Allen | Cell Biology of Astrocyte-Synapse Interactions[END_REF][START_REF] Apóstolo | Compartmentalized distributions of neuronal and glial cell-surface proteins pattern the synaptic network[END_REF][START_REF] Li | Cell-Surface Proteomic Profiling in the Fly Brain Uncovers Wiring Regulators[END_REF][START_REF] Schreiner | Synapse biology in the 'circuit-age'-paths toward molecular connectomics[END_REF][START_REF] Spence | In vivo proximity proteomics of nascent synapses reveals a novel regulator of cytoskeleton-mediated synaptic maturation[END_REF][START_REF] Takano | Tripartite synaptomics: Cell-surface proximity labeling in vivo[END_REF][START_REF] Xu | Proteomic insights into synaptic signaling in the brain: the past, present and future[END_REF]. Another major challenge will be to understand the signaling pathways activated by distinct CAMs to induce and specify the assembly and the functional properties of synapses (but see Fossati et al., 2019;[START_REF] Sando | Latrophilin gpcr signaling mediates synapse formation[END_REF].

Chapter 3.3 Cell adhesion molecules shape synapse function

Many of the synaptic CAMs are persistently expressed in the mature nervous system. CAM interactomes are multi-molecular, trans-synaptic complexes that in addition to extracellular partners include a wide array of intracellular interactors including scaffold proteins, intracellular signaling proteins and ion channels. For example, at inhibitory post-synapses Neuroligin 2 (NLGN2) forms a complex with collybistin, gephyrin and other proteins that anchor GABAAR at the synapse and regulate GABAergic transmission [START_REF] Ali | Neuroligin-2 as a central organizer of inhibitory synapses in health and disease[END_REF]Krueger-Burg et al., 2017). CAM complexes like these function as structural links, stabilizing protein machineries both on pre-and post-synaptic sides and as bi-directional trans-synaptic signaling complexes, making CAMs crucial actors in orchestrating synapse structure, function and plasticity throughout the life of a synapse (reviewed in Jang et al., 2017;[START_REF] Shinoe | Tuning synapses by proteolytic remodeling of the adhesive surface[END_REF]Südhof, 2018a;[START_REF] Yamagata | Synaptic adhesion molecules[END_REF]. As cleft spanning organizers of synaptic molecular content, CAMs are thought to be prime candidates for instructing the (sub)synaptic alignment of pre-and post-synaptic machineries [START_REF] Biederer | Transcellular Nanoalignment of Synaptic Function[END_REF][START_REF] Haas | Pre-post synaptic alignment through neuroligin-1 tunes synaptic transmission efficiency[END_REF]. Indeed, several CAMs (e.g., N-cadherin (Elste andBenson, 2006), cadherin-10 (Smith et al., 2017), EphB2 and SynCAM1 (Perez de [START_REF] Perez De Arce | Topographic Mapping of the Synaptic Cleft into Adhesive Nanodomains[END_REF]) exhibit distinct distributions within synaptic membranes. Loss of a trans-synaptic interaction can lead to mis-alignment of active zones and PSDs, as shown for remaining parallel fiber-Purkinje cell synapses of Cbln1 KO mice [START_REF] Hirai | Cbln1 is essential for synaptic integrity and plasticity in the cerebellum[END_REF]. In addition, persistent CAM expression is likely to be required for the regulation of synaptic turnover [START_REF] Attardo | Impermanence of dendritic spines in live adult CA1 hippocampus[END_REF][START_REF] Kasai | Structural dynamics of dendritic spines in memory and cognition[END_REF] in much the same fashion as synapse formation and circuit refinement is during development (see above).

During plasticity, modulation of adhesion (and thus CAM complexes) is needed to allow for structural plasticity to occur, to trans-synaptically communicate structural changes and to subsequently stabilize the structural changes that express plasticity. That requires reorganization of the synaptic cleft evident in the changes in the number of synaptically localized CAMs during plasticity paradigms: For instance, cadherin [START_REF] Bozdagi | Increasing numbers of synaptic puncta during latephase LTP: N-cadherin is synthesized, recruited to synaptic sites, and required for potentiation[END_REF] and neuroligin [START_REF] Schapitz | Neuroligin 1 is dynamically exchanged at postsynaptic sites[END_REF] numbers at synaptic membranes are increased after LTP expression. Synaptic activity induced accumulation or reduction in CAM numbers at synaptic membranes are the result of altered stability of interactions or targeted trafficking to and from the synapse regulated by posttranslational modifications. For instance, the increase in neuroligin1 numbers at excitatory PSDs is mediated by CAMKII phosphorylation of their cytoplasmic tails [START_REF] Bemben | CaMKII phosphorylation of neuroligin-1 regulates excitatory synapses[END_REF] and also levels of presynaptic b-neurexin1 at inhibitory synapses rises in response to neural activity due to an increase in stability (or suppressed dynamics) at the pre-synaptic membrane [START_REF] Fu | Differential dynamics and activity-dependent regulation of α-and β-neurexins at developing GABAergic synapses[END_REF]. Other changes upon activity, such as the re-organization or establishment of synaptic nanocolumns are also thought to be mediated by CAMs [START_REF] Biederer | Transcellular Nanoalignment of Synaptic Function[END_REF].

Several CAMs including neurologin1 [START_REF] Peixoto | Transsynaptic Signaling by Activity-Dependent Cleavage of Neuroligin-1[END_REF] and N-cadherin [START_REF] Restituito | Synaptic autoregulation by metalloproteases and γ-secretase[END_REF] are known substrates of extracellular proteases that cleave off their extracellular domain in an NMDAR dependent manner [START_REF] Peixoto | Transsynaptic Signaling by Activity-Dependent Cleavage of Neuroligin-1[END_REF][START_REF] Suzuki | Activity-Dependent Proteolytic Cleavage of Neuroligin-1[END_REF]. The proteolytic cleavage of CAMsalso referred to as ectodomain sheddingdisrupts trans-synaptic interactions and releases the cleaved ectodomain as a bio-active fragment [START_REF] Shinoe | Tuning synapses by proteolytic remodeling of the adhesive surface[END_REF]. Although irreversible, shedding is thought to be highly regulated and seems to affect only a sub-population of synaptic CAMs [START_REF] Restituito | Synaptic autoregulation by metalloproteases and γ-secretase[END_REF], thus providing the means for a rapid decrease in adhesion that is sufficient to enable the expression of plasticity as it for instance allows for a higher receptor mobility and thus reorganization of the synaptic membrane [START_REF] Shinoe | Tuning synapses by proteolytic remodeling of the adhesive surface[END_REF]. CAMs also have the potential to influence functional properties of synapses through direct interaction with receptors or involvement in the initiation of intracellular signaling cascades that lead to the expression of plasticity.

For example, postsynaptic EphBs bind and modulate the activity of NMDARs, interact with AMPARs and induce kinase-dependent changes in dendritic spine morphology (reviewed in [START_REF] Hruska | Ephrin regulation of synapse formation, function and plasticity[END_REF] Ultimately, proper synaptic adhesion and transsynaptic signaling by CAMs is crucial to brain function which is illustrated by the implication of CAM dysfunction in various neurological and neuropsychiatric disorders in humans [START_REF] Chowdhury | Synaptic recognition molecules in development and disease[END_REF][START_REF] Taylor | The Role of Synaptic Cell Adhesion Molecules and Associated Scaffolding Proteins in Social Affiliative Behaviors[END_REF]). Yet, despite advances in genomics and proteomics enabling the analysis of cell type-specific repertoires, mapping the enormous molecular diversity of CAMs, their combinatorial expression and distinct effects on synapses remains a challenge [START_REF] Südhof | Towards an Understanding of Synapse Formation[END_REF]De Wit and Ghosh, 2016).

Chapter 3.4 Cadherin-catenin complexes at the synapse

The cadherin superfamily is a large, highly evolutionary conserved protein family that encompasses over 100 members and is generally subdivided into major cadherins (including classic cadherins), protocadherins and cadherin-related proteins [START_REF] Gul | Evolution and diversity of cadherins and catenins[END_REF]. With a few exceptions, all cadherins are single-spanning transmembrane proteins with variable numbers of cadherin repeats in their extracellular domain. Via these domains they engage in trans-cellular Ca 2+ dependent and preferentially homophilic interactions that are essential to various processes including cell-cell adhesion and recognition, tissue morphogenesis and integrity (reviewed in [START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF], as illustrated by the implication of cadherin dysregulation in a variety of metastatic cancers [START_REF] Hirohashi | Inactivation of the E-cadherin-mediated cell adhesion system in human cancers[END_REF][START_REF] Kaszak | Role of cadherins in cancer-a review[END_REF][START_REF] Kourtidis | A central role for cadherin signaling in cancer[END_REF][START_REF] Mendonsa | E-cadherin in contact inhibition and cancer[END_REF]. FIGURE 14 Cadherin/catenin complex. (A) An overview of vertebrate catenins. Most vertebrates have 12 genes that encode different types of catenins which can be subdivided into beta-catenins, p120 subfamily of catenins, Plakophilins and alphacatenins. beta-catenins, p120-catenins and plakophilins are Armadillo-repeat domain proteins (depicted here in a grossly simplified form in different shades of blue). The number of armadillo-repeats varies between 9-12 depending on the catenin (each repeat is 42 amino acids in length). Armadillo repeats mediate various protein-protein interactions including Cadherin binding. Additionally, several of these catenins harbor other protein-protein interaction domains that are not depicted here, such as PDZ binding motive or coiled-coil domains, nuclear localization and export sequences as well as sequences that are responsive to canonical WNT signaling. The last family of catenins are the F-actin binding proteins alpha-catenins that are structurally very different to the other catenins harboring a dimerization, mechanosensitive and F-actin binding domain. The Nterminal dimerization domain engages mutually exclusive with beta-catenin (heteromeric) or alpha-catenin (homomeric). (B) Model of the cadherin-catenin complex. p120 catenins, beta-catenin and (indirectly) alpha-catenins associate with classical cadherins. Thereby beta-catenin interacts with the distal cytoplasmic tail of cadherin. Alpha catenin family members indirectly bind to cadherins through beta-catenin (or plakoglobin, not depicted here) and thereby link cadherins to the actin cytoskeleton. The four p120 catenins (including CTNND2) bind in a competitive manner to the juxtamembrane domain of cadherins. EC: ectodomain, JMD: juxtamembrane domain, CBD: catenin binding domain. (adapted from [START_REF] Ishiyama | Dynamic and Static Interactions between p120 Catenin and E-Cadherin Regulate the Stability of Cell-Cell Adhesion[END_REF] The subfamily of type I and II classic cadherins comprises 18 members in humans (type I: Cdh1-4 and Cdh15; type II: Cdh5-12, Cdh18-20, Cdh22 and Cdh24) and includes the prototypical E-cadherin (CDH1) as well as N-cadherin (CDH2), which has been extensively studied in the neuronal context (reviewed in [START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF]. Classic cadherins are characterized by five extracellular cadherin repeats (EC domains) and a highly conserved intracellular domain that binds members of the catenin protein family to form F-actin linked cell adhesion complexes termed cadherin-catenin complexes (Figure 14) [START_REF] Takeichi | The cadherin superfamily in neuronal connections and interactions[END_REF][START_REF] Takeichi | The cadherins: cell-cell adhesion molecules controlling animal morphogenesis[END_REF]. A key characteristic of these complexes is that the adhesion strength they provide can be readily modified either by virtue of relatively weak extracellular interactions and changes in calcium levels or by flexible intracellular interactions with, or mediated by, catenins that can be regulated by post-translational modifications [START_REF] Brigidi | Cadherin-catenin adhesion complexes at the synapse[END_REF]. Based on sequence homology, catenins are subdivided into 4 subfamilies named after representative members: a-catenin, b-catenins, p120-catenins and plakophilins (Figure 14A).

Plakophilins preferentially interact with desmosomal cadherins and are thus not thought to be a part of the cadherin-catenin complex, however they are included here because they are so closely related to p120 catenins that they are sometimes classified together under the umbrella name δ-catenins [START_REF] Gul | Evolution and diversity of cadherins and catenins[END_REF]. Among the catenins, members of the b-catenin and p120-catenin subfamilies contain armadillo (ARM) domains that directly bind to the cytoplasmic tail of cadherins, whereas acatenins are F-actin binding proteins that are structurally related to vinculin and rely on b-catenin for cadherin association (reviewed in [START_REF] Gul | Evolution and diversity of cadherins and catenins[END_REF][START_REF] Han | An α-catenin déjà vu[END_REF]. In vertebrates, the a-catenin subfamily consists of aE-, aN-and aT-catenins, where E designates epithelial, N neuronal and T testis. They form a heterodimer with b-catenin (that constitutively binds the extended cytoplasmic tail of classic cadherins, Figure 14B) and at the same time either directly or indirectly (via other actin binding proteins) interacts with actin filaments [START_REF] Desai | Monomeric α-catenin links cadherin to the actin cytoskeleton[END_REF], thus forming a bridge between the cadherin-complex and the actin cytoskeleton. In addition, unbound a-catenin homodimers have a strong affinity with F-actin and are thought to suppress Arp2/3 mediated actin polymerization (reviewed in [START_REF] Takeichi | Multiple functions of α-catenin beyond cell adhesion regulation[END_REF]. Both a-catenin in complex with b-catenin and cadherins, as well as acatenin homodimers are needed for stable and strong cadherin mediated cell adhesion [START_REF] Bianchini | Reevaluating αE-catenin monomer and homodimer functions by characterizing E-cadherin/αE-catenin chimeras[END_REF]. The b-catenin subfamily consists of b-catenin and g-catenin (also called plakoglobin or junction plakoglobin/JUP). In mammals, b-catenin exerts dual functions in cell adhesion and signaling.

Besides its structural role in cadherin-catenin complex, where it is required for trans-interactions of cadherins [START_REF] Benson | N-cadherin redistribution during synaptogenesis in hippocampal neurons[END_REF], b-catenin is key for the canonical Wnt/b-catenin signaling pathway, an important signaling cascade regulating, for example, cell fate decisions in development.

Briefly, in response to WNT, cytoplasmic b-catenin accumulates and translocates to the nucleus, where it interacts with transcription factors to modulate gene expression (reviewed in [START_REF] Valenta | The many faces and functions of beta-catenin[END_REF]. The second member of the vertebrate b-catenin subfamily, g-catenin, does not seem to have a nuclear signaling function, but in contrast to b-catenin, strongly interacts with desmosomal cadherins and is essential for the formation of desmosomes (reviewed in [START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF].

The p120 catenin subfamily comprises four members: p120 catenin (δ1-catenin or CTNND1), ARVCF (armadillo repeat gene deleted in velocardiofacial syndrome), CTNND2 (δ2-catenin, δ-catenin, NPRAP or neurojungin) and p0071, also known as plakophilin-4 (PKP4). In contrast to b-catenin, that has 12 ARM repeats, p120 catenin family members have only nine ARM repeats, that are interrupted by a 60 amino-acid linker between the 5 th and 6 th ARM repeat [START_REF] Ishiyama | The three-dimensional structure of the cadherin-catenin complex[END_REF]. This structure enables them to bind to a juxtamembrane domain within the cytoplasmic tail of cadherins (Figure ZC1B) and thereby regulate the stability of cadherin complexes by preventing cadherin endocytosis [START_REF] Cadwell | Cadherin tales: Regulation of cadherin function by endocytic membrane trafficking[END_REF][START_REF] Ishiyama | Dynamic and Static Interactions between p120 Catenin and E-Cadherin Regulate the Stability of Cell-Cell Adhesion[END_REF][START_REF] Tai | Activity-Regulated N-Cadherin Endocytosis[END_REF]. CTNND2, ARVCF and p0071, unlike p120 catenin, have a C-terminal PDZ-binding domain [START_REF] Arikkath | Cadherins and catenins at synapses: roles in synaptogenesis and synaptic plasticity[END_REF][START_REF] Laura | The Erbin PDZ domain binds with high affinity and specificity to the carboxyl termini of δ-catenin and ARVCF[END_REF][START_REF] Yuan | δ-catenin regulates spine architecture via cadherin and PDZ-dependent interactions[END_REF]. In addition, all four members are thought to modulate actin through the regulation of Rho family GTPases and p120-catenin has been shown to interact with and regulate the microtubule cytoskeleton. (reviewed in [START_REF] Kourtidis | P120 catenin: An essential regulator of cadherin stability, adhesion-induced signaling, and cancer progression[END_REF][START_REF] Mccrea | Developmental functions of the P120-catenin sub-family[END_REF] The cadherin-catenin complex in synapse development

In the developing nervous system, cadherin-based adhesion is thought to play diverse roles at various developmental stages, including neural tube and neuroepithelial layer formation, cell migration, axon pathfinding, neuronal morphogenesis and circuit formation (for comprehensive reviews see [START_REF] Friedman | Cadherin-based transsynaptic networks in establishing and modifying neural connectivity[END_REF][START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF]. Particularly, cadherin function in circuit formation is well described. Most type I Cadherins (including N-Cadherin) are broadly expressed in the CNS [START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF][START_REF] Redies | Cadherins in the central nervous system[END_REF], whereas type II Cadherins show distinct and partially overlapping expression patterns across brain areas, and their combinatorial expression contributes to neuronal circuit development by providing a general adhesion code of distinct brain areas (Figure 15A) (reviewed in [START_REF] Chowdhury | Synaptic recognition molecules in development and disease[END_REF]Sanes & Zipursky, 2020). This code was long thought to mostly rely on homophilic trans-recognition of cadherins [START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF]. However, type II classic cadherins have been shown to also engage in heterophilic trans-interactions with varying binding affinities, creating specificity subgroups that are thought to further complexify the adhesion code [START_REF] Brasch | Homophilic and Heterophilic Interactions of Type II Cadherins Identify Specificity Groups Underlying Cell-Adhesive Behavior[END_REF]. The biological role of these heterophilic interactions, however, have so far been little explored (but see [START_REF] Basu | Heterophilic Type II Cadherins Are Required for High-Magnitude Synaptic Potentiation in the Hippocampus[END_REF][START_REF] Brasch | Homophilic and Heterophilic Interactions of Type II Cadherins Identify Specificity Groups Underlying Cell-Adhesive Behavior[END_REF]. To date, one of the best-elucidated examples of circuit organization mediated by cadherins is the direction-sensitive circuit of the mouse retina, where appropriate connectivity is established by combinatorial expression of CHD6-10 and CHD18 [START_REF] Duan | Cadherin Combinations Recruit Dendrites of Distinct Retinal Neurons to a Shared Interneuronal Scaffold[END_REF]Sanes and Zipursky, 2020). CHD6 deletion in mice also impairs axontarget matching for a subset of retinal ganglion cell whose axons overshoot their normal target in subcortical visual nuclei and instead innervate inappropriate visual nuclei [START_REF] Osterhout | Cadherin-6 mediates axon-target matching in a non-image-forming visual circuit[END_REF], illustrating how targeting of long-range connectivity can be regulated by Cadherins. It has to be noted though, that despite their function in target recognition, cadherins have been shown to have no synaptogenic function themselves [START_REF] Scheiffele | Neuroligin expressed in nonneuronal cells triggers presynaptic development in contacting axons[END_REF]. Instead, they are thought to provide permissive adhesion necessary for initial contact and synapse formation (Figure 15B), illustrated by the need of cadherin presence for the synaptogenic function of Neuroligin1, SynCAM1 and LRRTM2 [START_REF] Aiga | N-cadherin and neuroligins cooperate to regulate synapse formation in hippocampal cultures[END_REF][START_REF] Stan | Essential cooperation of N-cadherin and neuroligin-1 in the transsynaptic control of vesicle accumulation[END_REF][START_REF] Yamagata | Cadherins interact with synaptic organizers to promote synaptic differentiation[END_REF]. Cadherin-adhesion is further thought to play a crucial role in spine morphogenesis and spine stability.

Cadherin signaling confers structural stability to developing spines or filopodia and promotes spine maturation by locally slowing down actin turnover and thereby increasing F-actin accumulation (also called a cadherin clutch) [START_REF] Chazeau | Mechanical coupling between transsynaptic N-cadherin adhesions and actin flow stabilizes dendritic spines[END_REF]. In accordance with this, spine motility is abnormally increased in the absence of a-catenin [START_REF] Abe | Stability of dendritic spines and synaptic contacts is controlled by αNcatenin[END_REF]. Furthermore, disruption of the cadherincatenin complex in hippocampal cultures either reduces spine density or interferes with spine maturation [START_REF] Mendez | N-cadherin mediates plasticity-induced long-term spine stabilization[END_REF][START_REF] Okuda | beta-Catenin regulates excitatory postsynaptic strength at hippocampal synapses[END_REF]Saglietti et al., 2007;[START_REF] Togashi | Cadherin regulates dendritic spine morphogenesis[END_REF], while overexpression of some members of the complex increased spine density and/or promoted spine maturation [START_REF] Abe | Stability of dendritic spines and synaptic contacts is controlled by αNcatenin[END_REF][START_REF] Mendez | N-cadherin mediates plasticity-induced long-term spine stabilization[END_REF][START_REF] Yu | Multiple functions for the cadherin/catenin complex during neuronal development[END_REF]. CTNND2, a protein almost exclusively expressed in the brain, has also been implicated in the development of dendritic spines but with contrasting results (e.g., [START_REF] Arikkath | Delta-catenin regulates spine and synapse morphogenesis and function in hippocampal neurons during development[END_REF][START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF][START_REF] Turner | Loss of δ-catenin function in severe autism[END_REF][START_REF] Yuan | δ-catenin regulates spine architecture via cadherin and PDZ-dependent interactions[END_REF], but see Yuan & Arikkath, 2017).

Cadherin-catenin complex in synapse function

Once synapses have formed, cadherin-catenin complexes localize at or adjacent to the PSD and active zone (Figure 15C) [START_REF] Elste | Structural basis for developmentally regulated changes in cadherin function at synapses[END_REF][START_REF] Smith | Cadherin-10 maintains excitatory/inhibitory ratio through interactions with synaptic proteins[END_REF]Uchida et al., 1996). Ncadherins can interact in cis and trans with GluA2-containing AMPARs, which is thought to stabilize AMPAR in the postsynaptic membrane and proposed to promote spine morphogenesis (Saglietti et al., 2007). In line with this, increasing cadherin function by inhibiting N-cadherin internalization increases mEPSC frequency [START_REF] Murase | Depolarization drives β-catenin into neuronal spines promoting changes in synaptic structure and function[END_REF][START_REF] Tai | Activity-Regulated N-Cadherin Endocytosis[END_REF]. Some of the catenins (b-catenin and CTNND2) have also been shown to directly bind to excitatory scaffold proteins [START_REF] Ide | Interaction of S-SCAM with neural plakophilin-related armadillorepeat protein/δ-catenin[END_REF][START_REF] Jones | Glutamate-induced δ-catenin redistribution and dissociation from postsynaptic receptor complexes[END_REF][START_REF] Nishimura | Interaction of Synaptic Scaffolding Molecule and ␤ -Catenin[END_REF][START_REF] Yuan | δ-catenin regulates spine architecture via cadherin and PDZ-dependent interactions[END_REF]. However, at this point it is unclear how cadherin-catenin complexes regulate synaptic transmission, as functional studies have produced diverging results. In vitro studied in hippocampal neurons have shown that interfering with the cadherin-catenin complex reduces mEPSC amplitude [START_REF] Okuda | beta-Catenin regulates excitatory postsynaptic strength at hippocampal synapses[END_REF] or decreases mEPSC frequency and pre-synaptic vesicle release probability, either with (Saglietti et al., 2007) or without [START_REF] Vitureira | Differential control of presynaptic efficacy by postsynaptic N-cadherin and β-catenin[END_REF] affecting spine density. Postsynaptic b-catenin, independent of N-Cadherin, has furthermore been demonstrated to be required for trans-synaptic homeostatic scaling of transmission [START_REF] Okuda | beta-Catenin regulates excitatory postsynaptic strength at hippocampal synapses[END_REF][START_REF] Vitureira | Differential control of presynaptic efficacy by postsynaptic N-cadherin and β-catenin[END_REF]. Interestingly, post-synaptic b-catenin or Ncadherin overexpression is not sufficient to significantly increase excitatory synaptic transmission [START_REF] Okuda | beta-Catenin regulates excitatory postsynaptic strength at hippocampal synapses[END_REF][START_REF] Vitureira | Differential control of presynaptic efficacy by postsynaptic N-cadherin and β-catenin[END_REF]. By contrast, in upper layer cortical neurons in vivo (or ex vivo), pre-synaptic, but not post-synaptic b-catenin gain of function (through the expression of a degradation-resistant b-catenin mutant) increases spine density and glutamatergic synaptic transmission (Li et al., 2017). In the same cells, late embryonic knock-out of b-catenin lead to reduced mEPSC frequency at P21 but not at earlier developmental timepoints (Li et al., 2017). So far it is not known if these discrepancies depend on differences between in vitro and in vivo experiments and/or between hippocampal and cortical neuron specificities. Synaptic activity, in turn, has been demonstrated to affect cadherin-catenin complexes (reviewed in [START_REF] Arikkath | Cadherins and catenins at synapses: roles in synaptogenesis and synaptic plasticity[END_REF][START_REF] Friedman | Cadherin-based transsynaptic networks in establishing and modifying neural connectivity[END_REF][START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF]Tai et al., 2008). Upon strong synaptic activity, cadherins temporarily re-localize from the periphery of the synapse to the center [START_REF] Yam | N-cadherin relocalizes from the periphery to the center of the synapse after transient synaptic stimulation in hippocampal neurons[END_REF] and their synaptic accumulation increases along with the association of acatenin, b-catenin and CTNND2 with the complex [START_REF] Abe | Stability of dendritic spines and synaptic contacts is controlled by αNcatenin[END_REF][START_REF] Brigidi | Palmitoylation of δ-catenin by DHHC5 mediates activity-induced synapse plasticity[END_REF][START_REF] Murase | Depolarization drives β-catenin into neuronal spines promoting changes in synaptic structure and function[END_REF]. b-catenin has been shown to locally redistribute to active spines from neighboring spines and to promote spine growth of active and shrinkage of inactive spines in a cadherin-dependent manner, suggesting activity-dependent inter-spine competition of cadherin-catenin complexes (Bian et al., 2015). Furthermore, the sensitivity of cadherins to extracellular calcium has the potential to modulate their adhesive properties and lead to decreased adhesion upon strong synaptic activity (Tai et al., 2008). Similarly, extracellular proteolysis of N-cadherin by matrix metalloproteinases decreases cadherin-adhesion and allows spine enlargement during LTP [START_REF] Monea | Membrane localization of membrane type 5 matrix metalloproteinase by AMPA receptor binding protein and cleavage of cadherins[END_REF][START_REF] Uemura | Activity-dependent regulation of β-catenin via ε-cleavage of N-cadherin[END_REF]. Activity-dependent cleavage of the cytosolic tail of cadherin might also be important in this context [START_REF] Uemura | Activity-dependent regulation of β-catenin via ε-cleavage of N-cadherin[END_REF]. Notably, mice carrying a conditional deletion of N-cadherin in hippocampal neurons cannot maintain LTP nor the spine head enlargement following potentiation, suggesting that N-cadherin is required for the stabilization of structural changes following plasticity [START_REF] Bozdagi | Persistence of coordinated long-term potentiation and dendritic spine enlargement at mature hippocampal CA1 synapses requires N-cadherin[END_REF][START_REF] Mendez | N-cadherin mediates plasticity-induced long-term spine stabilization[END_REF]. The interaction between CTNND2 and N-cadherin likely plays an important role here. In hippocampal neurons in vitro, increased binding of CTNND2 to cadherin in response to enhanced activity is required for activity-induced stabilization of N-cadherin at synapses, spine enlargement and insertion of AMPARs into the synaptic membrane [START_REF] Brigidi | Palmitoylation of δ-catenin by DHHC5 mediates activity-induced synapse plasticity[END_REF]. Conversely, enhanced endocytosis of N-cadherin has been implicated in LTD [START_REF] Tai | Activity-Regulated N-Cadherin Endocytosis[END_REF](Tai et al., , 2008)).

Together, the data summarized here paint a picture of cadherins and catenins as multifunctional proteins involved in cell adhesion and signaling in brain development and function. The loss of function of a number of cadherin-catenin complex members, such a CTNND2 and a2-catenin as well as several type II cadherins with more restricted expression during development (CDH7,8,[START_REF] Matsuzaki | Structural basis of long-term potentiation in single dendritic spines[END_REF][START_REF] Bourne | Coordination of size and number of excitatory and inhibitory synapses results in a balanced[END_REF]12,15 and 18), have been linked to neurodevelopmental disorders, thus underscoring the importance of this complex for brain development and function [START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF][START_REF] Pagnamenta | Rare familial 16q21 microdeletions under a linkage peak implicate cadherin 8 (CDH8) in susceptibility to autism and learning disability[END_REF][START_REF] Redies | Cadherins and neuropsychiatric disorders[END_REF][START_REF] Turner | Loss of δ-catenin function in severe autism[END_REF]. So far, most studies have focused on major members of the neuronal cadherin-catenin complex and have been carried out in dissociated hippocampal neurons in culture. Therefore, a lot of the molecular complexity and cell-specific differences have received relatively little attention. However, different compositions of the cadherin-catenin complex are actually likely to exhibit different behaviors. For example, CDH8 but not N-cadherin is selectively removed from hippocampal synapses upon activity [START_REF] Huntley | Synaptic loss and retention of different classic cadherins with LTP-associated synaptic structural remodeling in vivo[END_REF]. Catenins add another layer of complexity because it can be difficult to discern which aspects of their loss or gain of function phenotype rely on cell adhesion and which do not. In addition, cadherins and catenins have mostly been studied at excitatory synapses, keeping their function at inhibitory synapses little explored. We know that N-cadherin is selectively lost from GABAergic synapses during hippocampal development while catenin expression persists [START_REF] Benson | N-cadherin redistribution during synaptogenesis in hippocampal neurons[END_REF], suggesting that other cadherins take over. In line with this, the deletion of some cadherins specifically affects GABAergic synapse development [START_REF] Mossink | Cadherin-13 is a critical regulator of GABAergic modulation in human stem-cell-derived neuronal networks[END_REF][START_REF] Nikitczuk | N-cadherin regulates molecular organization of excitatory and inhibitory synaptic circuits in adult hippocampus in vivo[END_REF] and cadherin 10 localizes to both excitatory and inhibitory synapses in the cortex and remarkably affects both synapse types in opposite direction when depleted [START_REF] Smith | Cadherin-10 maintains excitatory/inhibitory ratio through interactions with synaptic proteins[END_REF].

Together, this data suggests a role for cadherins and catenins much beyond the regulation of synaptic excitation, and shows that despite more than three decades of research into cadherins we are only beginning to understand the physiological roles of cadherin-adhesion in synapse development and function.

AIM OF THIS THESIS

In the lab we are interested in the human specific regulation of molecular pathways in synapse development and function in the neocortex. We aim to elucidate fundamental principles that are common to all mammals and uncover regulations that are specific to human synapses. The humanspecific duplication of SRGAP2, a gene implicated in synapse development and function, forms an entry point here. The focus of this thesis is on one of the major partners of SRGAP2 that we have identified in a proteomic screen and that is implicated in neurological disorder in humans: Catenin-d2 (CTNND2). 

INTRODUCTION

During human evolution, cortical pyramidal neurons have specialized to mature over longer time scales, receive a greater number of synaptic inputs, and integrate more information [START_REF] Benavides-Piccione | Cortical area and species differences in dendritic spine morphology[END_REF]DeFelipe, 2011;[START_REF] Elston | The pyramidal cell in cognition: a comparative study in human and monkey[END_REF][START_REF] Eyal | Unique membrane properties and enhanced signal processing in human neocortical neurons[END_REF][START_REF] Gidon | Dendritic action potentials and computation in human layer 2/3 cortical neurons[END_REF][START_REF] Huttenlocher | Synaptic density in human frontal cortex -developmental changes and effects of aging[END_REF][START_REF] Kalmbach | h-Channels Contribute to Divergent Intrinsic Membrane Properties of Supragranular Pyramidal Neurons in Human versus Mouse Cerebral Cortex[END_REF][START_REF] Lourenço | Human-Specific Cortical Synaptic Connections and Their Plasticity: Is That What Makes Us Human?[END_REF][START_REF] Mansvelder | Synaptic plasticity in human cortical circuits: cellular mechanisms of learning and memory in the human brain?[END_REF][START_REF] Mohan | Dendritic and axonal architecture of individual pyramidal neurons across layers of adult human neocortex[END_REF][START_REF] Petanjek | Extraordinary neoteny of synaptic spines in the human prefrontal cortex[END_REF][START_REF] Sousa | Evolution of the Human Nervous System Function, Structure, and Development[END_REF][START_REF] Szegedi | Plasticity in Single Axon Glutamatergic Connection to GABAergic Interneurons Regulates Complex Events in the Human Neocortex[END_REF][START_REF] Testa-Silva | Human synapses show a wide temporal window for spike-timing-dependent plasticity[END_REF], 2014). Despite the increased density of synapses formed along dendrites [START_REF] Benavides-Piccione | Cortical area and species differences in dendritic spine morphology[END_REF][START_REF] Elston | The pyramidal cell in cognition: a comparative study in human and monkey[END_REF], the ratio between the number of excitatory and inhibitory synapses (E/I ratio) is overall stable across species (DeFelipe, 2011), and E/I alterations are a primary cause of human neurodevelopmental disorders (Forrest et al., 2018;Mullins et al., 2016;Nelson and Valakh, 2015;[START_REF] Tang | The role of GABAergic signalling in neurodevelopmental disorders[END_REF]. Thus, the mechanisms that control the E/I ratio and neuronal excitability are under strong evolutionary pressure. We reasoned that investigating molecular pathways linked to human evolution could highlight crucial mechanisms of neuronal homeostasis and improve our understanding of the human brain and its diseases.

A key mechanism of evolutionary innovation is gene duplication [START_REF] Ohno | Evolution by Gene Duplication[END_REF] which can affect gene dosage or create new genes with unique function as a result of partial duplication, gene fusion or following the accumulation of mutations in the duplicate. Among the few human-specific genes that have been identified [START_REF] Fortna | Lineage-specific gene duplication and loss in human and great ape evolution[END_REF][START_REF] Libé-Philippot | Cellular and Molecular Mechanisms Linking Human Cortical Development and Evolution[END_REF][START_REF] Sudmant | Diversity of human copy number variation and multicopy genes[END_REF], SRGAP2C is thus far unique in its implication in synaptic development and connectivity (Charrier et al., 2012;Fossati et al., 2016;[START_REF] Schmidt | The human-specific paralogs SRGAP2B and SRGAP2C differentially modulate SRGAP2A-dependent synaptic development[END_REF][START_REF] Schmidt | A human-specific modifier of cortical connectivity and circuit function[END_REF]. SRGAP2C is the product of large segmental duplications that occurred about 3.3-2.4 million years ago, at a time that coincides with the emergence of the genus Homo [START_REF] Dennis | Evolution of human-specific neural SRGAP2 genes by incomplete segmental duplication[END_REF][START_REF] Dennis | The evolution and population diversity of human-specific segmental duplications[END_REF]. It encodes a truncated copy of the ancestral protein SRGAP2A, a postsynaptic protein conserved in mammals that localizes to excitatory and inhibitory synapses and promotes their maturation (Charrier et al., 2012;Fossati et al., 2016). SRGAP2C antagonizes the function of SRGAP2A, and thereby delays synaptic maturation and increases synaptic density (Charrier et al., 2012;Fossati et al., 2016;[START_REF] Schmidt | The human-specific paralogs SRGAP2B and SRGAP2C differentially modulate SRGAP2A-dependent synaptic development[END_REF], two features that characterize human cortical pyramidal neurons compared to mouse or monkey neurons [START_REF] Benavides-Piccione | Cortical area and species differences in dendritic spine morphology[END_REF][START_REF] Elston | The pyramidal cell in cognition: a comparative study in human and monkey[END_REF][START_REF] Huttenlocher | Synaptic density in human frontal cortex -developmental changes and effects of aging[END_REF][START_REF] Petanjek | Extraordinary neoteny of synaptic spines in the human prefrontal cortex[END_REF]. Thus far, the cellular and molecular pathways regulated by SRGAP2 proteins remain largely unknown.

In the present study, we identify catenin delta-2 (CTNND2) as a binding partner of the humanspecific protein SRGAP2C. CTNND2 belongs to the delta subfamily of the catenin superfamily and is a component of the cadherin-catenin complex. It was first identified in a yeast-2-hybrid screen as a binding partner of presenilin-1 (PS1) [START_REF] Zhou | Presenilin 1 interaction in the brain with a novel member of the Armadillo family[END_REF], the most frequently mutated gene in familial Alzheimer's disease. CTNND2 is implicated in the Cri du Chat syndrome, where its hemizygous loss causes intellectual disability (ID) [START_REF] Medina | Hemizygosity of δ-catenin (CTNND2) is associated with severe mental retardation in cri-du-chat syndrome[END_REF]. Point mutations in CTNND2 have also been implicated in severe forms of autism spectrum disorders (ASD) [START_REF] Turner | Loss of δ-catenin function in severe autism[END_REF] and in epilepsy [START_REF] Van Rootselaar | δ-Catenin (CTNND2) missense mutation in familial cortical myoclonic tremor and epilepsy[END_REF]. In mice, ctnnd2 mutation impairs synaptic plasticity and memory [START_REF] Israely | Deletion of the Neuron-Specific Protein Delta-Catenin Leads to Severe Cognitive and Synaptic Dysfunction[END_REF], and leads to progressive degeneration of dendritic and synaptic structures in adult mice [START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF]. CTNND2 has also been implicated in the development of excitatory synapses and dendritic spines, the postsynaptic site of excitatory synapses in pyramidal neurons, but with contrasting results (e.g. [START_REF] Arikkath | Delta-catenin regulates spine and synapse morphogenesis and function in hippocampal neurons during development[END_REF][START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF][START_REF] Turner | Loss of δ-catenin function in severe autism[END_REF]Yuan et al., 2015, but see [START_REF] Yuan | Functional roles of p120ctn family of proteins in central neurons[END_REF]. By sparsely depleting CTNND2 in vivo in layer 2/3 pyramidal neurons of the somatosensory cortex, we demonstrate that CTNND2 is a multifunction protein that operates at excitatory synapses, at inhibitory synapses and in the control of neuronal intrinsic excitability. In juvenile mice, CTNND2 depletion enhances excitatory synaptic transmission, disrupts a subset of inhibitory synapses and causes hyperexcitability. Later in adult mice, CTNND2 inactivation leads to a precocious loss of synapses. Proteomic and functional analyses further indicate that CTNND2 forms a complex with the inhibitory postsynaptic organizer gephyrin and is required for the synaptic recruitment of synGAP1, a major excitatory postsynaptic protein that limits synaptic excitation and whose mutation in neurodevelopmental disorders shares important pathophysiological features with CTNND2 [START_REF] Aceti | Syngap1 haploinsufficiency damages a postnatal critical period of pyramidal cell structural maturation linked to cortical circuit assembly[END_REF][START_REF] Clement | Pathogenic SYNGAP1 Mutations Impair Cognitive Development by Disrupting Maturation of Dendritic Spine Synapses[END_REF][START_REF] Michaelson | SYNGAP1 heterozygosity disrupts sensory processing by reducing touch-related activity within somatosensory cortex circuits[END_REF][START_REF] Rumbaugh | SynGAP regulates synaptic strength and mitogen-activated protein kinases in cultured neurons[END_REF].

RESULTS

CTNND2 is a binding partner of the human-specific protein SRGAP2C.

The inhibition of ancestral SRGAP2A by human-specific SRGAP2C provides a unique framework to investigate SRGAP2 molecular network using proteomic approaches in mice (Figure 16A). We isolated protein complexes enriched in synaptic membranes using subcellular fractionation from postnatal day (P)15 mouse brains, performed co-immunoprecipitation using anti-SRGAP2 antibodies and identified SRGAP2A partners in maturing synapses using liquid chromatography tandem MS (LC-MS/MS)based proteomics (Figure 16B). We identified CTNND2 among the 10% most enriched proteins relative to their molecular weight in SRGAP2A complexes, among known partners such as SRGAP3, SRGAP1 and homer1 (Coutinho-Budd et al., 2012;Fossati et al., 2016) (Figure 16C). CTNND2 encodes a 132 kDa protein expressed almost exclusively in the brain and most highly in the cortex (https://gtexportal.org/home/gene/CTNND2) whose expression peaks during postnatal development [START_REF] Ho | δ-Catenin is a nervous system-specific adherens junction protein which undergoes dynamic relocalization during development[END_REF]. It contains a N-terminal coiled-coil domain, 10 armadillo repeats, which mediates binding to cadherins, and a C-terminal tail containing a PDZ binding motif (Figure 16D). Using coimmunoprecipitation in heterologous HEK cells, we found that CTNND2 directly interacts not only with SRGAP2A but also with the human-specific protein SRGAP2C (Figure 16E). CTNND2 implication in brain diseases and human-specific molecular networks suggested a key role in neurons and at synapses.

CTNND2 promotes inhibitory synapse formation but limits spine density in juvenile mice

Despite CTNND2 implication in cognitive function and brain disorders, its subcellular localization in neurons remains elusive. Using immunocytochemistry in dissociated cortical neurons cultured for 18 days in vitro (DIV), we found that endogenous CTNND2 forms clusters associated with the vast majority of excitatory synapses labelled with PSD-95 (79% ± 4%, Figure 17A-B). Remarkably, CTNND2 was also accumulated in a large fraction of inhibitory synapses labelled with gephyrin (67% ± 3%, Figure 17A-B). This dual localization is atypical: excitatory and inhibitory synapses are built of almost distinct sets of proteins (Krueger-Burg et al., 2017;Sheng and Kim, 2011;Tyagarajan and Fritschy, 2014) and only few postsynaptic proteins have been shown to localize or operate at both types of synapses in the same neurons [START_REF] Budreck | Neuroligin-3 is a neuronal adhesion protein at GABAergic and glutamatergic synapses[END_REF]Fossati et al., 2016;[START_REF] Moon | Differential distribution of synGAPα1 and synGAPβ isoforms in rat neurons[END_REF][START_REF] Smith | Cadherin-10 maintains excitatory/inhibitory ratio through interactions with synaptic proteins[END_REF]. These proteins are in pole position for excitation/inhibition coordination. Therefore, we decided to assess the function of CTNND2 at both types of synapses. To that aim, we designed shRNAs that prevent the expression of all CTNND2 isoforms, (shCtnnd2, Figure S1), which so far has not been possible using mutant mouse lines [START_REF] Israely | Deletion of the Neuron-Specific Protein Delta-Catenin Leads to Severe Cognitive and Synaptic Dysfunction[END_REF]; discussed in Figure S1). To assess the function of CTNND2 at excitatory synapses in vivo, we used cortex-directed in utero electroporation (IUE) at embryonic days (E) 14.5 -15.5 (Figure 17C), which allows the sparse genetic manipulation of layer 2/3 cortical pyramidal neurons (CPNs). We co-expressed shRNAs with the fluorescent protein mVenus to visualize neuronal morphology and dendritic spines, which can be used as proxy for excitatory synapses (Harris and Stevens, 1989;Holler et al., 2021), and quantified spine density in oblique apical dendrites in the somatosensory cortex using high-resolution confocal microscopy. In juvenile mice (postnatal day (P) 21), CTNND2-depleted neurons exhibited a higher density of dendritic spines than neurons expressing a control shRNA (114.6% ± 3.8% of shControl; Figure 17D-E). Normal spine density was rescued by co-electroporating shCtnnd2 with an shRNAresistant ctnnd2 variant (96 ± 3.7% of control) and CTNND2 overexpression reduced spine density (59 ± 4% of control; Figure 17D-E), indicating that CTNND2 limits spine density. To examine the consequences of ctnnd2 knock-down (KD) on inhibitory synapses, we electroporated low levels of fluorescent (EGFP-tagged) gephyrin, along with a soluble red fluorescent protein to visualize neuronal morphology (Figure 17F). This approach has been shown to reliably label inhibitory synapses without affecting synaptic development or function (Chen et al., 2012;Fossati et al., 2016;[START_REF] Gemin | Unique properties of dually innervated dendritic spines in pyramidal neurons of the somatosensory cortex uncovered by 3D correlative light and electron microscopy[END_REF]van Versendaal et al., 2012). In contrast to dendritic spines, CTNND2 depletion decreased the density of gephyrin clusters (78.8 ± 2.5% of control, Figure 17F-G). Normal density was rescued by coexpression of the shRNA-resistant construct (98 ± 4% of control). CTNND2 overexpression did not significantly increase gephyrin cluster density, although a trend was observed (105 ± 3.7%; Figure 17F-G). Morphological parameters of dendritic spines and gephyrin clusters did not differ between the conditions (data not shown). These results indicate that CTNND2 is required for the formation and maintenance of some inhibitory synapses and that the loss of CTNND2 has opposite effect on excitatory and inhibitory synapses.

CTNND2 depletion increases spine density in juveniles but leads to spine loss in adults

Since CTNND2 has been implicated in both neurodevelopmental and neurodegenerative disorders [START_REF] Lu | Genetic alterations of δ-catenin/NPRAP/Neurojungin (CTNND2): functional implications in complex human diseases[END_REF][START_REF] Medina | Hemizygosity of δ-catenin (CTNND2) is associated with severe mental retardation in cri-du-chat syndrome[END_REF][START_REF] Van Rootselaar | δ-Catenin (CTNND2) missense mutation in familial cortical myoclonic tremor and epilepsy[END_REF][START_REF] Turner | Loss of δ-catenin function in severe autism[END_REF], we hypothesized that the consequences of CTNND2 inactivation could vary over time. We examined the consequences of Ctnnd2 knockdown at two other developmental time points: P10, which corresponds to the peak of synaptogenesis, and P77, when mice have reached adulthood (Figure 18A). In control mice, the density of dendritic spines strongly increased between P10 and P21 (from 0.49 ± 0.03 to 1.69 ± 0.04 spine. µm -1 ) and then remained stable in adults (1.68 ± 0.08 spine. µm -1 , Figure 18B). In Ctnnd2-KD neurons, spine density was similar to control at P10 (0.53 ± 0.03 spine. µm -1 ). The increase in spine density between P10 and P21 was faster than in control neurons, and overshot control level by P21.

In adult mice however, spine density in Ctnnd2-KD neurons was lower than in juvenile neurons and adult control neurons 81.5% ± 3.6% of control, Figure 18B), suggesting a premature loss of synapses.

These results reconcile previous observations from other groups that CTNND2 limits spine density in young neurons [START_REF] Arikkath | Delta-catenin regulates spine and synapse morphogenesis and function in hippocampal neurons during development[END_REF][START_REF] Brigidi | Palmitoylation of δ-catenin by DHHC5 mediates activity-induced synapse plasticity[END_REF] and is required for the maintenance of dendrites and dendritic spines in adult mice [START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF]. Together, they suggest that CTNND2 deficiency leads to an initial phase of hyperexcitation and hyperconnectivity followed by synapse degeneration.

Loss of CTNND2 increases the E/I ratio and intrinsic excitability in juvenile mice

We further investigated what happens at the juvenile stage, when the excess of dendritic spines and the deficit in gephyrin clusters likely disrupts neuronal function. To test the physiological consequences of CTNND2 inactivation on synaptic transmission, we performed whole-cell patchclamp recording in acute brain slices (P16-P20; Figure 19B) and compared synaptic transmission in electroporated Ctnnd2-depleted neurons versus neighboring non-electroporated control neurons (Figure 19A). We first examined miniature excitatory and inhibitory postsynaptic currents (mEPSCs and mIPSCs, respectively). Loss of CTNND2 strongly increased the frequency of mEPSCs (140% ± 12% of control, Figure 19C) without modifying their amplitude (108% ± 6% of control, Figure 3D).

Together with the faster rise in spine density between P10 and P21, this suggests accelerated synaptic formation and maturation leading to excessive excitatory activity. On the other hand, mIPSC amplitude and frequency were not affected by Ctnnd2 KD (115 ± 12% and 102 ± 11% of control respectively, Figure 19E-F). These results contrast with the deficit in gephyrin clusters in oblique apical dendrites of CTNND2-deficient neurons. Since whole-cell patch clamp recordings mainly sample proximal synapses, these results suggest that CTNND2 function in inhibition could be restricted to subtypes of distal inhibitory synapses. To directly measure the ratio between excitatory and inhibitory transmission (E/I ratio) in oblique apical dendrites, we placed a stimulation electrode ~100 µm along the main apical dendrite (Figure 19G) and adjusted the stimulation strength to evoke a response of approximately 150 pA. We then recorded evoked excitatory and inhibitory post synaptic currents (eEPSC and eIPSC) by clamping the cell at -70 mV and +10 mV, respectively (Figure 19H). CTNND2 depletion strongly increased the E/I ratio compared to control neurons (185% of maximum current amplitude in control neurons and 152% of control synaptic charge over 50ms, Figure 19I-J). By contrast, neither the ratio between AMPA receptor-and NMDA receptor-mediated synaptic transmission (AMPA/NMDA ratio), nor the paired pulse ratio were affected by CTNND2 depletion in postsynaptic neurons (Figure S2).

Increases in E/I ratio are sometimes compensated by a decrease in neuronal intrinsic excitability to preserve network activity (Nelson and Valakh, 2015). To test how Ctnnd2 KD affects intrinsic neuronal properties, we performed current-clamp recordings and injected depolarizing current steps of 50 pA intervals to evoke action potentials (Figure 20A), or a current ramp to determine the spike threshold. Although the resting membrane potential (Vm) and spike threshold (Th) did not differ between control and KD neurons (Figure 20B: VmControl = -78 ± 1 mV, VmshCtnnd2 = -76 ± 1 mV, Figure 20C: ThControl = -37 ± 1 mV, ThshCtnnd2 = -35 ± 1 mV), CTNND2 deficiency strongly increased the frequency of action potential firing compared to control neurons (162 ± 8% of control for 500 pA current injection, Figure 20D-E), reflecting a rise in membrane resistance (152 ± 11% of control, Figure 20F). None of these intrinsic excitability parameters were significantly changed when non-electroporated control neurons were compared to neurons electroporated with a control shRNA (Figure S3). Collectively, our results indicate that CTNND2 deficiency causes homeostatic failure in cortical juvenile neurons, increasing synaptic excitation, decreasing inhibitory synapse number and ramping up intrinsic excitability.

SynGAP1 and gephyrin are two of the main partners of CTNND2

How does CTNND2 operate in the juvenile brain? To address this question, we performed a proteomic screen aimed at identifying CTNND2 social network at the synapse. We purified synaptic membranes from P15 mouse brains using subcellular fractionation, performed co-immunoprecipitation using either an anti-CTNND2 antibody or control immunoglobulins (IgGs), and identified CTNND2 partners using LC-MS/MS (Figure 21A). Using a label-free semiquantitative approach based on the normalized spectral abundance factor, we identified 322 proteins detected with at least 5 peptides and significantly enriched in CTNND2 immuno-precipitates (Table S1). Among these, 238 proteins (excluding known mitochondrial contaminants) were at least 4-fold enriched or exclusively detected in CTNND2 complexes (Figure 21B) and 58 proteins were annotated for biological processes at the synapse in SYNGO (SYNaptic Gene Ontologies database [START_REF] Koopmans | SynGO: An Evidence-Based, Expert-Curated Knowledge Base for the Synapse[END_REF])) (Figure 21C). The most represented processes included synapse organization and assembly, trans-synaptic interactions, chemical synaptic transmission, regulation of neurotransmitter receptor level at synapses and regulation of plasma membrane potentials, which is consistent with our morphological and physiological results (Figure 21C). More specifically, members of the Cadherin/catenin superfamily were highly represented among the main partners of CTNND2 (Figure 21B+D; Table S1), which was expected. CTNND2 was also found in complex with other proteins involved in cell-cell interactions, especially EphA4, and, albeit in lower amounts, neuroligin 3, neuroligin 4l, neurexin 1 or IgSF8 (Figure 21D), suggesting widespread implication at cell-cell contacts. In agreement with the role of CTNND2 in neuronal excitability, potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channels (HCN1-4) and their accessory subunit Pex5l [START_REF] Lewis | Alternatively spliced isoforms of TRIP8b differentially control h channel trafficking and function[END_REF][START_REF] Santoro | Regulation of HCN channel surface expression by a novel C-terminal protein-protein interaction[END_REF] were highly represented among CTNND2 partners. However, the two most striking partners of CTNND2 were the excitatory postsynaptic protein SynGAP1 and the inhibitory scaffolding protein gephyrin, which were among the most abundant proteins in CTNND2 protein complexes (Figure 21B+D.

Glutamatergic AMPA, NMDA and metabotropic receptor subunits, as well as GABAergic (Gagrb2) neurotransmitter receptor subunits were also found in complex with CTNND2, but in lower amounts (Figure 17D, Table S1). These data support the notion that CTNND2 operates and localizes at both excitatory and inhibitory synapses. As mentioned before, Gephyrin is the main component of inhibitory postsynaptic scaffolds (Krueger-Burg et al., 2017;Tyagarajan and Fritschy, 2014). It provides the skeleton for the formation of dendritic inhibitory post-synapses and the recruitment of other major proteins such as GABAA receptors, Neuroligin 2 or collybistin. Therefore, CTNND2 might promote the formation of some dendritic inhibitory synapses (Figure 17F-G) through direct interaction with gephyrin. SynGAP1 is one of the most abundant proteins of excitatory PSDs (Sheng and Hoogenraad, 2007). It is a GTPaseactivating protein for Ras and Rap [START_REF] Gamache | Twenty years of syngap research: From synapses to cognition[END_REF] and its major isoform synGAP1a directly binds to PSD95, which is thought to limit the number of slots available for the recruitment of AMPA receptors [START_REF] Gamache | Twenty years of syngap research: From synapses to cognition[END_REF][START_REF] Walkup | A model for regulation by SynGAP-α1 of binding of synaptic proteins to PDZ-domain "Slots" in the postsynaptic density[END_REF]. Syngap1 haploinsufficiency accelerates excitatory synaptic maturation in mice [START_REF] Clement | Pathogenic SYNGAP1 Mutations Impair Cognitive Development by Disrupting Maturation of Dendritic Spine Synapses[END_REF] and, in humans, account for up to 1% of non-syndromic ID [START_REF] Gamache | Twenty years of syngap research: From synapses to cognition[END_REF]. Like CTNND2, SynGAP1 acts as a break on synaptic transmission and its loss of function strongly increases the frequency of mEPSCs in juvenile neurons [START_REF] Rumbaugh | SynGAP regulates synaptic strength and mitogen-activated protein kinases in cultured neurons[END_REF]. To assess the interplay between CTNND2 and SynGAP1, we coelectroporated in utero SynGAP1-GFP along with tdTomato and either shCtnnd2 or shControl, and we analyzed SynGAP1 distribution in oblique apical dendrites of layer 2/3 CPNs at P21. We found that CTNND2 deficiency led to a dramatic loss of synGAP1 in dendritic spines (44 ± 9% of control, Figure 21F+G), indicating that CTNND2 is required for the synaptic accumulation of SynGAP1 in these neurons. Together these data provide important insights into the mechanisms underlying the dual role of CTNND2 at excitatory and inhibitory synapses, and its implication in the control of neuronal excitability.

DISCUSSION

We have shown that CTNND2 is a binding partner of the human-specific protein SRGAP2C that accumulates at synapses. During postnatal development, CTNND2 slows excitatory synaptogenesis, limits excitation and dampens intrinsic excitability in layer 2/3 CPNs. CTNND2 is also required for the formation of a subpopulation of inhibitory synapse, likely by mediating the recruitment of the postsynaptic organizer gephyrin at contact sites with specific subtypes of interneurons. As a consequence, CTNND2 deficiency increased spine density and excitatory synaptic transmission, decreased inhibitory synapse density and ramped up neuronal excitability, uncovering a pivotal role of CTNND2 in balancing excitation and inhibition and maintaining neuronal homeostasis. Remarkably, excitatory hyperconnectivity in juvenile ctnnd2-deficient neurons was only temporary. The consequences of CTNND2 inactivation on spine density reversed as mice aged and reached adulthood, so that adult ctnnd2-deficient neurons had less spines than adult control neurons. Our results are consistent with previous studies performed in young neurons in vitro [START_REF] Arikkath | Delta-catenin regulates spine and synapse morphogenesis and function in hippocampal neurons during development[END_REF][START_REF] Brigidi | Palmitoylation of δ-catenin by DHHC5 mediates activity-induced synapse plasticity[END_REF] but see [START_REF] Arikkath | Regulation of dendrite and spine morphogenesis and plasticity by catenins[END_REF] and with the progressive retraction of dendrites and dendritic spines in adult mice carrying a CTNND2 mutation [START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF]. The parallel between the cellular phenotypes observed in adult mice following sparse ctnnd2 knockdown (here) and global ctnnd2 mutation in a mouse model [START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF] indicate that CTNND2 function in the cortex is mostly postsynaptic and cell autonomous. In mice carrying a ctnnd2 mutation, synaptic and dendritic retraction is associated with deficits in cortical responsiveness and cognition [START_REF] Israely | Deletion of the Neuron-Specific Protein Delta-Catenin Leads to Severe Cognitive and Synaptic Dysfunction[END_REF][START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF] and might be signs of neurodegeneration [START_REF] Lu | Genetic alterations of δ-catenin/NPRAP/Neurojungin (CTNND2): functional implications in complex human diseases[END_REF][START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF]. This hypothesis is supported by evidence that presenilin1 mutations implicated in familial Alzheimer's disease increase the processing of CTNND2 [START_REF] Kim | Presenilin-1 inhibits δ-catenininduced cellular branching and promotes δ-catenin processing and turnover[END_REF][START_REF] Lu | Genetic alterations of δ-catenin/NPRAP/Neurojungin (CTNND2): functional implications in complex human diseases[END_REF][START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF][START_REF] Zhou | Presenilin 1 interaction in the brain with a novel member of the Armadillo family[END_REF]. Together, these data indicate that CTNND2 is required to limit excitation and excitability during synaptic maturation, and to ensure long-term maintenance of synaptic and neuronal structures. Future experiments will determine whether spine loss in adult neurons results from developmental excitotoxicity or if it is independent.

Biphasic developmental perturbations with early hyperactivity and faster synaptogenesis followed by adult hypofunction have been observed with other major excitatory postsynaptic proteins involved in ASD and ID: SynGAP1 and Shank3. SynGAP1 is present in high abundance in excitatory PSDs, with a near stoichiometric ratio to PSD-95 (Sheng and Hoogenraad, 2007). Its haploinsufficiency is highly penetrant and causes ID, ASD and epilepsy [START_REF] Kilinc | Molecular and Cellular Neuroscience Species-conserved SYNGAP1 phenotypes associated with neurodevelopmental disorders[END_REF]. In the cortex, Syngap1 mutation accelerates dendritic spine maturation and increases spine density in a narrow time window during postnatal development [START_REF] Aceti | Syngap1 haploinsufficiency damages a postnatal critical period of pyramidal cell structural maturation linked to cortical circuit assembly[END_REF]. However in adult mice, cortical pyramidal neurons show decreased dendritic branching and synaptic density, associated with deficits in sensory processing [START_REF] Michaelson | SYNGAP1 heterozygosity disrupts sensory processing by reducing touch-related activity within somatosensory cortex circuits[END_REF]. Shank3 is a postsynaptic scaffolding protein that self-assembles with Homer, GKAP and PSD-95 through phase separation to form the core of excitatory postsynaptic densities and connect neurotransmitter receptors on the plasma membrane to the actin cytoskeleton [START_REF] Chen | Phase separation at the synapse[END_REF]. Shank3 haploinsufficiency leads to Phelan-McDermid syndrome and is strongly associated with idiopathic autism [START_REF] Krol | Windows of opportunity: timing in neurodevelopmental disorders[END_REF]. In mouse corticostriatal circuits, shank3 deficiency leads to early hyperactivity and precocious synaptic maturation. Excitatory synaptic activity normalizes by P30 and then reverses so that adult mice exhibit decreased corticostriatal drive, decreased spine density and decreased mEPSC frequency [START_REF] Krol | Windows of opportunity: timing in neurodevelopmental disorders[END_REF][START_REF] Peça | Shank3 mutant mice display autistic-like behaviours and striatal dysfunction[END_REF][START_REF] Peixoto | Early hyperactivity and precocious maturation of corticostriatal circuits in Shank3B -/-mice[END_REF][START_REF] Peixoto | Abnormal Striatal Development Underlies the Early Onset of Behavioral Deficits in Shank3B-/-Mice[END_REF]. SHANK2 mutation has also been shown to induce early hyperconnectivity in human cortical excitatory neurons derived ASD patients [START_REF] Zaslavsky | SHANK2 mutations associated with autism spectrum disorder cause hyperconnectivity of human neurons[END_REF]. Importantly, we show that SynGAP1 is a major partner of CTNND2 at synapses and that CTNND2 is required for the synaptic recruitment of SynGAP1. CTNND2 has also been shown by others to interact with Shank3 (other shank proteins have not been tested), and CTNND2 abundance in the PSD is decreased in shank3 knock-out mice [START_REF] Hassani Nia | Targeting of δcatenin to postsynaptic sites through interaction with the Shank3 N-terminus[END_REF]. Therefore, CTNND2 deficiency implies loss of synaptic SynGAP1, and reduced levels of Shank may also decrease CTNND2 and SynGAP1 synaptic accumulation. This supports a model in which CTNND2, SynGAP1 and Shank form a core protein complex that shapes the developmental trajectory of synapses.

In the human neocortex, the developmental trajectory of synapses is extremely protracted but the metronome remains poorly understood (Charrier et al., 2012;Fossati et al., 2016;[START_REF] Liu | Extension of cortical synaptic development distinguishes humans from chimpanzees and macaques[END_REF][START_REF] Zhu | Spatiotemporal transcriptomic divergence across human and macaque brain development[END_REF]. We have previously shown that the human-specific protein SRGAP2C regulates the timing of synaptic development, in part by regulating its parental copy SRGAP2A and decelerating the assembly of the Homer-based excitatory postsynaptic scaffold (Charrier et al., 2012;Fossati et al., 2016). The interaction between CTNND2 and the human-specific protein SRGAP2C opens new perspective to understand how synaptic development is adjusted in humans at the core of postsynaptic scaffolds. It also suggests that the disruption of synaptic regulations specific to humans might contribute to the pathogenesis of neurodevelopmental disorders. Mice were maintained in a 12 hr light/dark cycle with unlimited access to food and water.

MATERIALS AND METHODS

Animals

Primary neuronal cultures

Primary cultures of cortical neurons were performed as previously described (Fossati et al., 2016) with few modifications. Briefly, mouse cortices from E18.5 embryos were dissected, dissociated and neurons were plated on glass coverslips coated with poly-D-ornytine (80 µg/ml, Sigma) in MEM (Gibco) supplemented with sodium pyruvate (1 mM), L-glutamine (2 mM) and 10% horse serum. This medium was exchanged 2-3 hours after plating with Neurobasal (Gibco) supplemented with Lglutamine (2 mM), B27 (1X) and penicillin (2.5 units/ml) -streptomycin (2.5 µg/ml). Until use, every 5 days one third of the medium was changed and the cells were maintained at 37°C and 5% CO2.

Unless otherwise indicated, all products were from Thermo Fisher Scientific.

Cell lines

HEK293T (CRL-1573 from ATCC) cells were cultured according to suggested protocols. Cells were maintained in DMEM (GIBCO) supplemented with 10% fetal bovine serum (GIBCO) and 1% Penicillin-Streptomycin (GIBCO) at 37°C, 5% CO2. They were passaged by trypsin/EDTA digestion (GIBCO) upon reaching confluency with a maximum of 25 passages.

Plasmids for protein expression

All plasmids for protein expression in utero have a pCAG backbone driving protein expression under the CAG promoter. pCAG EGFP-GPHN was previously described (Fossati et al., 2016) and was used to visualize inhibitory synapses. pCAG SRGAP2A-HA and pCAG SRGAP2C-HA were previously described (Charrier et al., 2012;Fossati et al., 2016) 

shRNA plasmids

To express shRNAs, we used the previously described pH1SCV2 and pH1SCTdT2 vectors (Charrier et al., 2012;Fossati et al., 2016) in which the H1 promoter drives the expression of the shRNA and a CAG promoter that of either mVenus (pH1SCV2) or TdTomato (pH1SCTdT2). mVenus was used for dendritic spine analysis. pH1SCTdT2 was used in patch clamp experiments, and along with pCAG EGFP-GPHN in morphology experiments to analyze inhibitory synapse densities. The control shRNA (shControl) was described previously (Charrier et al., 2012). To target Ctnnd2 we inserted the following seed sequences into the shRNA vectors: shCtnnd2#1 5'-GCAGTGAGATCGATAGCAAGA -3' and shCtnnd2#2 5'-GGGAAATGATCAGCCTCAAAG -3'. Both shRNAs were used in spine density analysis at P21 and no difference was observed between them. In all the other experiments, we used shCtnnd2#2. The mutant Ctnnd2* is resistant against shCtnnd2#2. If not otherwise indicated shCtnnd2#2 was used in experiments.

Lentiviral plasmids and Lentivirus production

To knockdown mouse Ctnnd2 with lentivirus, we used a lentiviral vector expressing shRNA under a H1 promoter and GFP under a synapsin promoter, as previously described (Fossati et al., 2019). For production, HEK293T cells were co-transfected with the lentiviral vector expressing the shRNAs and three plasmids together comprising the lentiviral packaging system. 48h after transfection, the viral supernatant was collected and ultracentrifuged at 4°C at 25,000 g for 2h. Viral pellets were resuspended in sterile PBS, aliquoted and stored at -80°C.

shRNA validation

shRNAs were validated in HEK293T cells on exogenously expressed CTNND2 and on endogenous ctnnd2 in primary cultures of cortical neurons. Briefly, for validation in a heterologous system, HEK293T cells were co-transfected using Jet-Prime (Polyplus Transfection #POL114-07) according to the manufacturer protocol with either MYC tagged CTNND2 or CTNND2* together with the shRNAs targeting CTNND2 or a control shRNA at a 1:2 ratio. Two days after transfection, cells were collected and lysed in RIPA buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM

Tris, pH 8.0, Sigma-Aldrich) and further processed for western blot analysis of the relative protein expression levels. For the knockdown validation on endogenous ctnnd2, primary cultures of cortical neurons were infected at 4 days in vitro (DIV4) with lentiviruses carrying shCtnnd2#2 or a control shRNA. Infected cultures as well as a non-infected control were harvested at DIV21 and lysed in RIPA buffer under agitation for 1h at 4°C and further processed for western blot analysis (see below).

In utero electroporation

In utero electroporation (IUE) was performed as previously described (Fossati et al., 2016;[START_REF] Meyer-Dilhet | In Utero Cortical Electroporation of Plasmids in the Mouse Embryo[END_REF]. Pregnant Swiss females at E14. 

Confocal imaging

Immunocytochemistry After 18 days in vitro (DIV), cultured cortical neurons were fixed for 15 min at room temperature using 4% (w/v) paraformaldehyde in PBS and incubated for 30 min in blocking buffer containing 0.3% Triton X100 and 3% BSA (Sigma) in PBS to permeabilize the cells and block nonspecific staining.

Subsequently, cells were incubated for 1h in primary antibody, rinsed extensively, and incubated 45 min in secondary antibodies diluted in blocking buffer. Coverslips were mounted on slides with Vectashield (Vector Laboratories). Primary antibodies were mouse anti-Gephyrin. (mAb7a, Synaptic System, 1:300), mouse anti-PSD95 (clone K28/43, Neuromab, 1:200) and rabbit anti-Ctnnd2 (Abcam #ab184917; 1:500). Secondary antibodies were anti-rabbit Alexa-488 (Invitrogen; 1:500) and antimouse Cy3 (Jackson ImmunoResearch, 1:500).

Perfusion and slice preparation

Electroporated mice were sacrificed at the indicated age by terminal transcardial perfusion of 4% paraformaldehyde (Electron Microscopy Sciences) in PBS as described previously (Fossati et al., 2019). Unless otherwise indicated, 100 µm coronal brain sections were obtained using a vibrating microtome (Leica VT1200S, Leica Micro-systems). Sections were mounted on slides in Vectashield.

Confocal image acquisition

Confocal images were acquired in 1024x1024 mode using either Leica TCS SP8 scanning confocal microscope controlled by the LAFAS software and equipped with a tunable white laser and hybrid 

Confocal image analysis

In immunocytochemistry experiments, the association of CTNND2 with Gephyrin or PSD95 was analyzed using ICY v1.9.9. 1 (de Chaumont et al., 2012). Regions of interest were manually drawn around dendrites and clusters in each channel were detected using the spot detector plugin (Olivo-Marin, 2002) of ICY. Then the association between channels was assessed with SODA 2-channel colocalization protocol [START_REF] Lagache | Mapping molecular assemblies with fluorescence microscopy and object-based spatial statistics[END_REF] using the synaptic markers as reference channel (radius set to 1.5x the max. feret diameter). The fraction of synaptic marker clusters associated with a cluster of CTNND2 was defined as association index.

In brain slices, dendritic spines and Gephyrin cluster densities were quantified in oblique dendrites originating from the apical trunk using Fiji (Schindelin et al., 2012; https://fiji.sc/). Only dendrites that were largely parallel to the plane of the slice and acquired from sections of comparable rostro-caudal position were analyzed (no more than 1 dendrite per neuron). The density of dendritic spines and gephyrin clusters along dendrites was calculated as described before (Charrier et al., 2012;Fossati et al., 2016). Gephyrin cluster and spine densities were quantified over a minimal dendritic length of 50 µm starting from the object closest to the branchpoint with the main apical dendrite. The length of the dendritic segment was measured on the z projection. To assess SYNGAP1 levels in spines, ROIs were manually drawn around dendrites and SYNGAP1 clusters were detected using the ICY spot detector plugin. Fluorescence intensity of SYNGAP1 was normalized to local filler intensity and compared between conditions.

Ex vivo electrophysiology

Slice preparation

Following in utero electroporation, juvenile (postnatal day [START_REF] Alvarez | Anatomical and Physiological Plasticity of Dendritic Spines[END_REF][START_REF] Tønnesen | Spine neck plasticity regulates compartmentalization of synapses[END_REF][START_REF] Adrian | Probing the Interplay between Dendritic Spine Morphology and Membrane-Bound Diffusion[END_REF][START_REF] Yasuda | Biophysics of Biochemical Signaling in Dendritic Spines: Implications in Synaptic Plasticity[END_REF][START_REF] Harnett | Synaptic amplification by dendritic spines enhances input cooperativity[END_REF] 

Electrophysiological data analysis

Voltage and Current clamp data were sampled at 10 kHz and filtered at 2 kHz. All traces were analyzed using pClamp 10.0 (Molecular Devices). Miniature currents were analyzed over 1 minperiods. Overlapping events were excluded from amplitude analysis. Evoked currents were averaged over 10 (E/I ratio and PPR) or 5 sweeps (A/N ratio) and quantified over 50 or 100 ms after stimulation, respectively. Sweeps with a di-synaptic response or noise interference were excluded from averaging.

The E/I ratio was calculated from either the maximum amplitude or integrated currents over 50ms

(charge) per holding potential. The paired pulse ratio of IPSC and EPSC was calculated from the maximum amplitude of currents per holding potential. The AMPA/NMDA ratio is defined as the peak of the EPSC at -70 mV over the amplitude of the EPSC at +40 mV 50 ms after stimulation. Cells showing >20% change in access and input resistance upon application of 5 mV hyperpolarizing steps of current were excluded from the analysis.

Biochemistry experiments

Co-Immunoprecipitation in HEK cells

Transfected HEK cell were lysed in 10 mM Tris/Cl pH7.5, 150 mM NaCl, 0.5 mM EDTA and 0.5%

Igepal and the protein concentration was determined. From each condition, 0.8-1 mg of total protein was diluted in binding buffer containing 0.05% Igepal, 10 mM Tris/Cl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA and protease inhibitors as well as 25 µl of antibody-conjugated magnetic beads. Depending on the experiment GFP-or HA-conjugated magnetic beads were used (GFP-trap from Chromotek or Pierce anti-HA magnetic beads (Thermo Fisher #88837) respectively). Samples were incubated with the beads for 2h at 4°C. After extensive washes, the beads were resuspended in Laemmli buffer and bound proteins were released by boiling (5min 95°C). Samples were subjected to western blot analysis. Inputs correspond to 15 µg of proteins.

Western blotting

Western blotting was performed using precast gels, electrophoresis and transfer chambers from BioRAD according to standard procedures. The following primary antibodies were used: rabbit anti-HA (Cell Signalling #3724S, 1:1000), rabbit anti-GFP (Thermo Fisher Scientific #A11122, 1:2,000), mouse anti-Myc (Cell Signaling Technology #2276, 1:1,000), mouse anti-Ctnnd2 (Abcam #ab54578, 1:1000), rabbit anti-Ctnnd2 (Abcam #ab184917; 1:1000), and mouse anti-actin (Sigma Aldrich, #MAB1501R, 1:5000). Donkey anti-mouse or anti-rabbit HRP-conjugated secondary antibodies were used at a 1:10,000 dilution (Jackson Immunoresearch #711-035-150 and #711-035-152 respectively). Protein visualization was performed by chemiluminescence using LumiLight western blotting (Roche) and ImageQuant 800 (GE Healthcare).

Subcellular fractionation and co-immunoprecipitation

Subcellular fractionation was performed from Swiss P15 mouse brains as previously described (Fossati et al., 2019). All steps were performed at 4°C. Briefly, brains were homogenized in ice-cold HEPES-buffered sucrose (0.32 M sucrose, 4 mM HEPES pH 7.4, 5 mM EDTA, 5 mM EGTA, protease inhibitor cocktail, from Sigma) using a motor driven glass-teflon homogenizer. The homogenate was centrifuged at 3,000g for 15min. The resulting supernatant was centrifuged at 38,400 g for 15 min, yielding the crude synaptosomal pellet. The pellet was then subjected to hypo-osmotic shock and centrifuged at 38,400 g for 20 min. The resulting pellet was lysed for 1 h using HEPES-buffered NaCl (100 mM NaCl, 4mM HEPES pH 7.4, 5mM EDTA, 5mM EGTA, protease inhibitor cocktail) supplemented with 1% CHAPS (Sigma) and centrifuged at 100,000 g for 1h. The corresponding supernatant is referred to as synaptic fraction or synaptic membranes. Protein concentration was measured using BCA assay (Pierce) and protein samples were subjected to immunoprecipitation. Coimmunoprecipitation was performed using antibodies covalently cross-linked to protein G magnetic beads (Pierce). 36 µg of rabbit anti-CTNND2 or anti-SRGAP2 (directed against the F-BAR domain)

antibody, or total rabbit IgG in control condition, were incubated for 1h at room temperature and cross-linked with 20 mM DMP (dimethylpimelimidate, Pierce) in 0.2 M Sodium Borate pH 9. After 30min, the reaction was blocked for 1h with 0.2 M Ethanolamine (pH 8). Eventual unbound antibody molecules were washed out by incubating the beads for 5 min in 0.1 M glycine (pH 3). The efficiency of cross-linking was checked by running samples on polyacrylamide 4%-15% gradient gels (Biorad)

followed by Comassie Blue staining. 1 mg of total proteins from purified synaptic membranes were diluted in a HEPES-NaCl buffer containing (in mM): 20 HEPES pH 7.4, 150 NaCl, 5 EDTA, 5 EGTA and protease inhibitor cocktail supplemented with 1% CHAPS and incubated overnight at 4°C with antibody-coupled magnetic beads. The beads were rinsed 3 times using HEPES-NaCl buffer supplemented with 0.1% CHAPS and further washed 3 times in a buffer containing 20 mM HEPES (pH 7.4) and 150mM NaCl. The samples were then subjected to mass spectrometry analysis (see below).

Mass spectrometry

Proteomics analysis was performed as previously described (Fossati et al., 2019). Proteins bound to magnetic beads were washed twice with 100 µL of 25 mM NH4HCO3 and on-beads digested with 200 ng of trypsine/LysC (Promega) for 1 h in 100 µL of 25 mM NH4HCO3 at room temperature. The peptides were loaded onto an C18 StageTips (Fossati et al., 2019) for desalting and eluted using 40/60 MeCN/H2O + 0.1% formic acid. Mass spectrometry measurement was performed on an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) coupled online to an RSLCnano system (Ultimate 3000, Thermo Scientific) and with a top speed DDA method using higher-energy C-trap collisional dissociation (HCD) fragmentation analyzed in the linear ion trap in rapid mode. The mass spectrometry proteomics data will be deposited to the ProteomeXchange Consortium via the PRIDE [START_REF] Vizcaíno | 2016 update of the PRIDE database and its related tools[END_REF] before submission. For protein identification, data were searched against the Mus musculus (Mouse) UniProt database using Sequest HT through proteome discoverer (version 2.1).

Enzyme specificity was set to trypsin and a maximum of two missed cleavage site were allowed.

Oxidized methionine, N-terminal acetylation, and carbamidomethyl cysteine were set as variable modifications. Maximum allowed mass deviation was set to 10 ppm for monoisotopic precursor ions and 0.6 Da for MS/MS peaks. The resulting files were further processed using myProMS [START_REF] Poullet | [END_REF] v3.9.3. FDR calculation used Percolator and was set to 1% at the peptide level for the whole study.

Proteomics analysis: label-free quantification

Label free quantification was performed by peptide Extracted Ion Chromatograms (XICs) computed with MassChroQ version 2.2.1 [START_REF] Valot | MassChroQ: A versatile tool for mass spectrometry quantification[END_REF]. For protein quantification, XICs from proteotypic and non-proteotypic peptides shared between compared conditions (TopN matching), no missed cleavages and all modification, charge states and sources were used. Global MAD normalization was applied on the total signal to correct the XICs for each biological replicate (n=3). To estimate the significance of the change in protein abundance, a statistical test based on a linear model adjusted on peptides and biological replicates was performed and p-values were adjusted with a Benjamini-Hochberg FDR procedure. Protein with at least five total peptides in all replicates, a 4-fold enrichment and an adjusted p-value < 0.05 were considered significantly enriched in sample comparison. Unique proteins were considered with at least 5 total peptides in all replicates.

Gene ontology analysis

Gene ontology analysis was performed using the SYNGO database (https://syngoportal.org/) [START_REF] Koopmans | SynGO: An Evidence-Based, Expert-Curated Knowledge Base for the Synapse[END_REF] for all proteins with more than 5 peptide hits, 4-fold enrichment in CTNND2immunoprcipitates and a p-value >0.05.

Statistical analysis

Statistical analyses were performed with Prism 7 (GraphPad Software). Data are obtained from a minimum of three independent experiments. For in utero electroporations data were obtained from at least three experiments or three animals from two independent litters. For statistical analysis, normality of the distributions was assessed using the D'Agostino-Pearson normality test. In case of normal distributions, we used paired or unpaired Student's t test or one-way analysis of variance followed by Tukey's post hoc test. Non-normal distributions were assessed using the non-parametric 

Please note that the manuscript references are included in the main reference section.

8 7
CHAPTER 5 -Perspectives

8 8
CHAPTER 5 -Perspectives

The focus of this project is on CTNND2, a member of the neuronal cadherin-catenin complex whose mutation is implicated in neurological disorders in human and, as we have shown here, a partner of SRGAP2A and its human-specific paralog SRGAP2C. I have characterized the effect of the loss of CTNND2 function in layer 2/3 pyramidal neurons of the somatosensory cortex in mice and shown that CTNND2 is a multi-functional protein implicated in the development of both excitatory and inhibitory synapses, the regulation of intrinsic neuronal excitability and spine maintenance in adults.

CTNND2 localizes to and interacts with core proteins of both inhibitory and excitatory PSDs among which gephyrin and SynGAP1. These interactions likely mediate CTNND2 function at synapses, and we demonstrated that CTNND2 is required for SynGAP1 localization in dendritic spines. Our finding that depletion of CTNND2 can lead to both an increase in the E/I ratio in juveniles and premature loss of synapses in adult mice contributes to our understanding how CTNND2 dysfunction in humans can both be implicated in neuro-developmental diseases and neurodegeneration.

However, there are still several open questions, and some aspects of CTNND2 function remain elusive. For one, we don't know how the different aspects of CTNND2 phenotype relate to one another. Is the increase in excitation and intrinsic excitability in juvenile mice causal to the premature spine loss in adults, or is CTNND2 independently needed to maintain synapse numbers? Assessing this requires the separation of the CTNND2 loss of function phenotype in time. To this end, we have introduced the shRNA targeting CTNND2 in a vector that drives expression upon tamoxifen-induced cre-recombination, which will allow us to induce CTNND2 depletion after synapse development.

These experiments are ongoing and will give us further opportunity to explore the loss of function phenotype in adults. At what age does the synapse loss manifest? Is the spine loss we see in our model linked to degeneration of dendrites, as shown in adult CTNND2 mutant mice [START_REF] Matter | δ-Catenin Is Required for the Maintenance of Neural Structure and Function in Mature Cortex In Vivo[END_REF], or even to pathological neuronal cell death? It would further be interesting to investigate whether it is possible to alleviate the phenotypes we see through the postnatal expression of our shRNA-resistant CTNND2 construct. Would such a recovery be restricted in time, similar to what has been demonstrated for SynGAP1 and Shank3 reintroductions (reviewed in [START_REF] Krol | Windows of opportunity: timing in neurodevelopmental disorders[END_REF]?

Generally, regarding the molecular mechanism underlying CTNND2 function, it is important to further explore the possibility that CTNND2, SYNGAP1 and SHANK contribute to a common signaling pathway at excitatory synapses, which is disrupted in neurological disorders. Moreover, the decrease in inhibitory synapses we see in juveniles is likely mediated through direct interaction of CTNND2 with gephyrin. In order to gain a better understanding of CTNND2 function at either synapse subtype as well as their mutual relationships, decoupling the influence of CTNND2 on excitatory and inhibitory synapses would be ideal. This could be done through the generation of a mutant CTNND2 that specifically disrupt either gephyrin or SynGAP interaction. Unfortunately, our considerable efforts in that direction have thus far been unsuccessful. Alternatively, live imaging in organotypic slices to observe both spine and gephyrin cluster dynamics and their response to CTNND2 loss might also be beneficial to our understanding of the influence of CTNND2 on excitatory and inhibitory synapse development.

One aspect of CTNND2 that we have not yet looked into is its role as a part of the neuronal cadherin-catenin complex. In contrast to CTNND2 loss, loss of N-Cadherin in development has been shown to decrease excitatory synaptic transmission (Saglietti et al., 2007;[START_REF] Vitureira | Differential control of presynaptic efficacy by postsynaptic N-cadherin and β-catenin[END_REF] and thus argues for a N-cadherin independent function of CTNND2 at excitatory synapses. However, we cannot exclude an implication of these interactions completely, nor any potential implication of other classical cadherins. As classical cadherins are thought to provide an adhesion code during synapse formation (see chapter 3 and reviewed in [START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF], such interactions would be especially interesting in regard to a possible synapse specificity of CTNND2 function in the formation of inhibitory synapses. Interestingly, the cadherin binding site is largely conserved between p120 catenin family members and a mutation specifically disrupting the interaction has been described for p120 catenin [START_REF] Ishiyama | Dynamic and Static Interactions between p120 Catenin and E-Cadherin Regulate the Stability of Cell-Cell Adhesion[END_REF]. Introducing this mutation into CTNND2 thus could specifically disrupt the interaction with cadherins and would allow us to assess cadherin adhesion implication within the CTNND2 loss of function phenotype. Furthermore, although the relevance for this study is currently unknown, catenins in general and thus also CTNND2 are becoming more broadly recognized to be implicated in the regulation of gene transcription (reviewed in [START_REF] Mccrea | Beyond β-catenin: Prospects for a larger catenin network in the nucleus[END_REF].

In humans, CTNND2 mutations have been implicated in a severe form of autism spectrum disorder (ASD) [START_REF] Turner | Loss of δ-catenin function in severe autism[END_REF]. Utilizing our model to carry out gene replacement experiments in which we express the autism mutation of CTNND2 could provide further insight in the specific pathophysiology of CTNND2. Relevant in this regard are also the interactions between CTNND2 and human-specific genes, as several lines of evidence indicate that synapses have specialized in humans (reviewed in i.a., [START_REF] Lourenço | Human-Specific Cortical Synaptic Connections and Their Plasticity: Is That What Makes Us Human?[END_REF][START_REF] Sousa | Evolution of the Human Nervous System Function, Structure, and Development[END_REF] and fully understanding CTNND2 pathophysiology will require a better understanding of the context it is operating in. A start in that direction would be to investigate the regulation of CTNND2 by human-specific genes like SRGAP2C

or FRMPD2B in our model. This has the potential to contribute to our understanding of the human vulnerability to brain disease. In Brief Fossati et al. show that, in stark contrast to other iGluRs, the glutamate receptor delta-1 (GluD1) operates at inhibitory, rather than excitatory, synapses in the cortex. GluD1 mediates trans-synaptic signaling governing the formation of synapses between specific interneurons and pyramidal neurons.

INTRODUCTION

Synapses constitute the elementary functional units of the brain. They convey excitatory or inhibitory signals that need to be coordinated in space and time for optimal brain function (Mullins et al., 2016;Nelson and Valakh, 2015). Excitatory and inhibitory synapses in the mammalian brain mainly use glutamate and gamma-aminobutyric acid (GABA) as a neurotransmitter, respectively. They are multi-molecular nanomachines composed of almost exclusive sets of proteins (Krueger-Burg et al., 2017;Sheng and Kim, 2011;Tyagarajan and Fritschy, 2014). Yet they share the same basic organization, which ensures the efficacy and fine-tuning of synaptic transmission. The organization of synapses relies on transient, highly regulated interactions between various categories of proteins (neurotransmitter receptors, scaffolding proteins, adhesion proteins, signaling molecules, and cytoskeleton elements) and accommodates a great level of molecular diversity (Choquet and Triller, 2013;Emes and Grant, 2012;Sheng and Hoogenraad, 2007;Tyagarajan and Fritschy, 2014;[START_REF] Ziv | Presynaptic and postsynaptic scaffolds: dynamics fast and slow[END_REF].

The molecular diversity of synapses enables the establishment of complex neuronal networks: it specifies their functional properties and shapes the transfer of information between neurons throughout the brain. Hence, synaptic dysfunctions cause a wide range of neurodevelopmental and psychiatric disorders, such as epilepsy, autisms, or schizophrenia [START_REF] Bourgeron | From the genetic architecture to synaptic plasticity in autism spectrum disorder[END_REF]Mullins et al., 2016;Nelson and Valakh, 2015;[START_REF] Ting | Functional consequences of mutations in postsynaptic scaffolding proteins and relevance to psychiatric disorders[END_REF][START_REF] Zoghbi | Synaptic dysfunction in neurodevelopmental disorders associated with autism and intellectual disabilities[END_REF]. Trans-synaptic molecular interactions critically contribute to both the development and diversification of synaptic connections. They instruct the formation of synapses following initial contact [START_REF] Mcallister | Dynamic aspects of CNS synapse formation[END_REF][START_REF] Missler | Synaptic cell adhesion[END_REF], match pre-and post-synaptic neurons [START_REF] Berns | Teneurin-3 controls topographic circuit assembly in the hippocampus[END_REF]de Wit and Ghosh, 2016), control the recruitment of neurotransmitter receptors and postsynaptic scaffolding proteins [START_REF] Aoto | Presynaptic neurexin-3 alternative splicing trans-synaptically controls postsynaptic AMPA receptor trafficking[END_REF][START_REF] Bemben | The cellular and molecular landscape of neuroligins[END_REF][START_REF] Fukata | Epilepsy-related ligand/receptor complex LGI1 and ADAM22 regulate synaptic transmission[END_REF][START_REF] Lovero | The LGI1-ADAM22 protein complex directs synapse maturation through regulation of PSD-95 function[END_REF][START_REF] Mondin | Neurexin-neuroligin adhesions capture surface-diffusing AMPA receptors through PSD-95 scaffolds[END_REF][START_REF] Nam | Postsynaptic assembly induced by neurexinneuroligin interaction and neurotransmitter[END_REF]Poulopoulos et al., 2009), and regulate synaptic plasticity [START_REF] Bemben | The cellular and molecular landscape of neuroligins[END_REF]Jang et al., 2017;Tai et al., 2008;[START_REF] Yuzaki | A GluD Coming-Of-Age Story[END_REF]. Nonetheless, frequent discrepancies between in vitro and in vivo studies have made the role of some trans-synaptic molecular interactions difficult to precisely delineate. Furthermore, the scarcity of information on how trans-synaptic signals are transduced in the post-synaptic neuron stymies our understanding of the molecular logic governing the assembly of synaptic connections. Individual synaptic proteins may operate through a diversity of modalities. Recently, it has emerged that ionotropic glutamate receptors (iGluRs), which are the main excitatory neurotransmitter receptors in the CNS, do not solely operate through ionotropic mechanisms [START_REF] Dore | Agonist binding to the NMDA receptor drives movement of its cytoplasmic domain without ion flow[END_REF][START_REF] Rodrı ´guez-Moreno | Kainate receptors with a metabotropic modus operandi[END_REF][START_REF] Yuzaki | A GluD Coming-Of-Age Story[END_REF]. At least some iGluRs engage in trans-synaptic interactions along with conventional cell adhesion molecules (CAMs) (Matsuda et al., 2010[START_REF] Matsuda | Transsynaptic Modulation of Kainate Receptor Functions by C1q-like Proteins[END_REF]Uemura et al., 2010) or mediate non-ionotropic signaling critical for synaptic development and plasticity [START_REF] Babiec | Ionotropic NMDA receptor signaling is required for the induction of long-term depression in the mouse hippocampal CA1 region[END_REF][START_REF] Carter | Postsynaptic, not presynaptic NMDA receptors are required for spike-timing-dependent LTD induction[END_REF][START_REF] Dore | Agonist binding to the NMDA receptor drives movement of its cytoplasmic domain without ion flow[END_REF][START_REF] Grabauskas | Protein kinase signalling requirements for metabotropic action of kainate receptors in rat CA1 pyramidal neurones[END_REF][START_REF] Hayashi | The AMPA receptor interacts with and signals through the protein tyrosine kinase Lyn[END_REF][START_REF] Kakegawa | D-serine regulates cerebellar LTD and motor coordination through the d2 glutamate receptor[END_REF][START_REF] Lerma | Kainate receptors in health and disease[END_REF][START_REF] Nabavi | Metabotropic NMDA receptor function is required for NMDA receptor-dependent long-term depression[END_REF]Saglietti et al., 2007;[START_REF] Stein | Non-Ionotropic NMDA Receptor Signaling Drives Activity-Induced Dendritic Spine Shrinkage[END_REF]. Alternative functions of iGluRs are best characterized for the glutamate receptor delta-2 (GluD2), an iGluR of the delta subfamily (comprising GluD1 and GluD2 receptor subunits, encoded by the genes grid1 and grid2) predominantly expressed in the cerebellum [START_REF] Araki | Selective expression of the glutamate receptor channel d 2 subunit in cerebellar Purkinje cells[END_REF]. GluD2 is confined in the postsynaptic membrane of excitatory synapses between parallel fibers (PFs) and Purkinje cells (PCs). It contributes to synaptic adhesion by interacting with presynaptic neurexins containing an insert in the splice site 4 through the extracellular scaffolding proteins cerebellins (Cblns), presynaptically secreted molecules that belong to the C1q family of the classical complement pathway [START_REF] S€ Udhof | Synaptic Neurexin Complexes: A Molecular Code for the Logic of Neural Circuits[END_REF]Uemura et al., 2010;[START_REF] Yuzaki | The C1q complement family of synaptic organizers: not just complementary[END_REF]Yuzaki, , 2018)). This trans-synaptic interaction controls the specification and maintenance of PF-PC synapses. In addition, activation of GluD2 by its agonist initiates signaling cascades regulating the local accumulation of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and long-term depression [START_REF] Kakegawa | D-serine regulates cerebellar LTD and motor coordination through the d2 glutamate receptor[END_REF][START_REF] Yuzaki | A GluD Coming-Of-Age Story[END_REF]. GluD1 can also form triads with Cblns and neurexins [START_REF] Yasumura | Glutamate receptor d1 induces preferentially inhibitory presynaptic differentiation of cortical neurons by interacting with neurexins through cerebellin precursor protein subtypes[END_REF][START_REF] Yuzaki | A GluD Coming-Of-Age Story[END_REF]. It is widely expressed in the neocortex, hippocampus, striatum, and cerebellum, where its expression is strongly upregulated during the period of synaptogenesis and remains high in adults [START_REF] Hepp | Glutamate receptors of the delta family are widely expressed in the adult brain[END_REF][START_REF] Konno | Enriched expression of GluD1 in higher brain regions and its involvement in parallel fiber-interneuron synapse formation in the cerebellum[END_REF]. GluD1 has been implicated in the formation of excitatory synapses in the cerebellum [START_REF] Konno | Enriched expression of GluD1 in higher brain regions and its involvement in parallel fiber-interneuron synapse formation in the cerebellum[END_REF] and hippocampus [START_REF] Tao | Postsynaptic d1 glutamate receptor assembles and maintains hippocampal synapses via Cbln2 and neurexin[END_REF] and in pruning in the hippocampus and medial prefontal cortex [START_REF] Gupta | Essential role of GluD1 in dendritic spine development and GluN2B to GluN2A NMDAR subunit switch in the cortex and hippocampus reveals ability of GluN2B inhibition in correcting hyperconnectivity[END_REF]. Other studies have suggested a role in the firing of dopaminergic neurons or at inhibitory synapses [START_REF] Benamer | GluD1, linked to schizophrenia, controls the burst firing of dopamine neurons[END_REF][START_REF] Ryu | Induction of excitatory and inhibitory presynaptic differentiation by GluD1[END_REF][START_REF] Yasumura | Glutamate receptor d1 induces preferentially inhibitory presynaptic differentiation of cortical neurons by interacting with neurexins through cerebellin precursor protein subtypes[END_REF]. Notwithstanding, GluD1 function remains poorly understood.

In the present study, we have investigated the role of GluD1 in the development of excitatory and inhibitory synapses in the somato-sensory cortex. By depleting GluD1 in vivo in a few layer 2/3 cortical pyramidal neurons (CPNs) using sparse in utero electroporation (IUE), we demonstrate that GluD1 regulates the formation of inhibitory synapses in dendrites as well as inhibitory synaptic transmission. In contrast, GluD1 is dispensable for the formation and maintenance of excitatory synapses in CNPs. Using an in vivo structure/function analysis, we demonstrate that the regulation of inhibitory synapses by GluD1 requires transsynaptic interaction via Cbln4, an extracellular scaffolding protein secreted by somatostatin-expressing (SST + ) interneurons (INs) (Favuzzi et al., 2019), activation of the receptor by its endogenous agonists glycine and D-Serine, and post-synaptic signaling via the intracellular C-terminal tail of the receptor. Using mass spectrometry, we characterize GluD1 interactome in developing synapses. We show that GluD1 serves as a hub for molecules implicated in inhibitory synaptogenesis, and we identify two major partners of GluD1, the signaling molecules rho guanine nucleotide exchange factor 12 (ARHGEF12) and protein phosphatase 1 regulatory subunit 12A (PPP1R12A), as critical regulators of inhibitory synapse formation in CPNs. Together, our results define a trans-synaptic signaling pathway centered on an atypical iGluR for the formation and specification of cortical inhibitory circuits.

RESULTS

GluD1 Is Selectively Required for the Formation of Inhibitory Synapses

In order to assess the role of GluD1 in synaptic development, we used cortex-directed IUE at embryonic day (E)15.5. IUE at E15.5 allows the sparse and specific modification of layer 2/3 CPNs in their intact environment and the dissection of cell autonomous mechanisms operating at synapses in vivo (Figure 1A). We analyzed the consequences of GluD1 depletion or overexpression on excitatory and inhibitory synapses formed on oblique apical dendrites of layer 2/3 CPNs of the somato-sensory cortex using a morphometric approach (Figure 1A). We first used dendritic spines, the postsynaptic site of the majority of excitatory synaptic inputs in the brain (Bourne and Harris, 2008;Yuste, 2013), and clusters of PSD-95, a major scaffolding protein of excitatory synapses (Sheng and Hoogenraad, 2007), as a proxy for excitatory synapses (Figure 1B). We found that GluD1 depletion using short hairpin RNAs (shRNAs) (shGluD1; Figure S1A) did not affect the density of dendritric spines in juvenile (postnatal day [P] [START_REF] Harnett | Synaptic amplification by dendritic spines enhances input cooperativity[END_REF][START_REF] Yuste | Electrical Compartmentalization in Dendritic Spines[END_REF][START_REF] Tønnesen | Dendritic spines as tunable regulators of synaptic signals[END_REF] or adult (P > 69) mice (102% ± 3% and 105% ± 5% of control in juvenile and adult neurons respectively; Figures 1B-1D) or the density of endogenous PSD-95 clusters visualized using EGFP-tagged fibronectin intrabodies generated with mRNA display (FingR) [START_REF] Gross | Recombinant probes for visualizing endogenous synaptic proteins in living neurons[END_REF]) (94% ± 5% of control; Figures 1E and1F). GluD1 overexpression, however, decreased spine density to 75% ± 4% of the control value (Figures 1B and1C). These results suggest that GluD1 is not necessary for the formation or maintenance of excitatory synapses in layer 2/3 CPNs, though GluD1 may constrain their number if upregulated.

We then assessed the role of GluD1 at inhibitory synapses. To that aim, we expressed small amounts of fluorescent (EGFPtagged) gephyrin (Figure 1A), the core component of inhibitory postsynaptic scaffolds (Krueger-Burg et al., 2017;Tyagarajan and Fritschy, 2014). This approach has been shown to reliably label inhibitory synaptic contacts without affecting synaptic development or inhibitory neurotransmission (Chen et al., 2012;Fossati et al., 2016;van Versendaal et al., 2012). In juvenile mice, GluD1 knockdown (KD) using shRNAs decreased the density of gephyrin clusters compared to control neurons (77% ± 4% of control; Figures 1G and1H; Figure S2). Normal gephyrin cluster density was rescued by co-electroporating shGluD1 with a KD-resistant GluD1 construct (GluD1*; Figures 1G and1H; Figure S1A). Remarkably, the decrease in gephyrin cluster density induced by GluD1 KD was maintained in adults (79% ± 4% of control; Figure 1I), indicating that the loss of inhibitory synapses was not compensated over time. To further substantiate the role of GluD1 at inhibitory synapses, we knocked out grid1 in single cells using the CRISPR-Cas9 system. We expressed the enhanced specificity espCas9(1.1) [START_REF] Slaymaker | Rationally engineered Cas9 nucleases with improved specificity[END_REF] and a combination of two guide RNAs (gRNAs) using IUE. In grid1 knockout (KO) neurons, the density of gephyrin clusters was decreased by 22% ± 5% compared to control neurons expressing espCas9(1.1) with mismatched gRNAs (Figures 1J and1K), which is consistent with GluD1 KD experiments with shRNAs. In line with these results, GluD1 overexpression increased the density of gephyrin clusters along dendrites by 33% ± 4% (Figures 1J and1K).

To test the physiological consequences of GluD1 inactivation on synaptic transmission, we performed whole- cell patch-clamp recording in electroporated GluD1-depleted neurons and in neighboring non-electroporated control neurons (Figure 2A). We compared miniature excitatory and inhibitory postsynaptic currents (mEPSCs and mIPSCs, respectively) in brain slices from juvenile mice (Figure 2B). In line with the morphological data, GluD1 KD did not affect the amplitude or the frequency of mEPSCs (98% ± 8% and 100% ± 4% of control, respectively) (Figures 2B-2D). In contrast, GluD1 KD slightly increased the amplitude of mIPSCs and decreased their frequency by z35% (Figures 2B, 2E, and2F), which is consistent with the reduced gephyrin cluster density observed in the oblique dendrites of GluD1 KD and KO neurons. We conclude that GluD1 in CPNs is selectively required for the formation of inhibitory synapses. It regulates both the assembly of the gephyrin-based postsynaptic scaffold and inhibitory synaptic transmission.

GluD1 Localizes to Inhibitory Postsynaptic Sites

It is unexpected for a member of the iGluR family to control the formation of inhibitory synapses. Therefore, we asked whether GluD1 accumulates at inhibitory synapses. To answer this question, we performed immunohistochemistry in brain slices from juvenile mice. GluD1 fluorescent puncta were frequently associated with gephyrin clusters in the upper layers of the so-mato-sensory cortex (Figure 3A). To determine the precise subcellular localization of GluD1, we employed immuno-electron microscopy (EM). In cortical layer 2/3, inhibitory synapses represent only 10% of the total number of synapses, and they are ''symmetrical'' when observed in EM, meaning that they do not show the electron-dense post-synaptic differentiation facilitating the detection of excitatory synapses. To unambiguously identify inhibitory synapses, we performed double immunostaining of the vesicular GABA transporter (VGAT) and GluD1 (Figure 3B). We used diaminobenzidine (DAB) to reveal VGAT. DAB oxidation forms electron-dense precipitates that largely stained VGAT-positive inhibitory presynaptic terminals.

To visualize and precisely localize GluD1 in cortical tissue, we used nanogold particles and silver enhancement. Nanogold particles corresponding to GluD1 were detected in front of VGAT-positive presynaptic terminals and in intracellular compartments in dendrites (Figure 3B). Within synapses, GluD1 was frequently observed in postsynaptic membrane domains located at the edge or in the periphery of the active zone, which is consistent with the distribution profile of other synaptic adhesion molecules [START_REF] Triller | Synaptic structure and diffusion dynamics of synaptic receptors[END_REF]Uchida et al., 1996). To quantify the proportion of synapses containing GluD1, we electroporated mOrange-tagged GluD1 together with EGFP-tagged GPHN or PSD95 FingRs and a soluble blue fluorescent protein to visualize neuronal morphology (Figure 3C, blue filler not shown). In oblique apical dendrites of layer 2/3 CPNs, z50% of inhibitory synapses contained GluD1 (Figure 3D). In contrast, GluD1 was rarely associated with excitatory synapses (21% ± 2%) (Figure 3D). Collectively, these results demonstrate the presence of GluD1 at inhibitory synapses and indicate that GluD1 directly operates at inhibitory synapses. 

Inhibitory Synapse Formation Requires GluD1 Binding to Cbln and Activation by Glycine or D-Serine

To determine the molecular basis for GluD1-mediated regulation of inhibitory synapses, we took advantage of the recent crystallographic analysis of the interactions between GluD, Cbln, and neurexin and the abundant literature on the structure/function of GluD2 [START_REF] Cheng | Conformational Plasticity in the Transsynaptic Neurexin-Cerebellin-Glutamate Receptor Adhesion Complex[END_REF][START_REF] Elegheert | Structural basis for integration of GluD receptors within synaptic organizer complexes[END_REF][START_REF] Kakegawa | The d2 'ionotropic' glutamate receptor functions as a non-ionotropic receptor to control cerebellar synaptic plasticity[END_REF][START_REF] Kakegawa | The N-terminal domain of GluD2 (GluRdelta2) recruits presynaptic terminals and regulates synaptogenesis in the cerebellum in vivo[END_REF][START_REF] Kuroyanagi | Flap loop of GluD2 binds to Cbln1 and induces presynaptic differentiation[END_REF][START_REF] Yuzaki | A GluD Coming-Of-Age Story[END_REF]. GluDs, as all members of the iGluR family, are tetrameric receptors [START_REF] Traynelis | Glutamate receptor ion channels: structure, regulation, and function[END_REF]. Each subunit has a modular architecture. The extracellular region contains a distal N-terminal domain (NTD), followed by an agonist-binding domain (ABD). The NTD of the GluD receptor interacts with the extracellular scaffolding protein Cbln (Matsuda et al., 2010;Uemura et al., 2010), and their ABD binds to glycine and D-serine (but not glutamate) [START_REF] Naur | Ionotropic glutamate-like receptor delta2 binds D-serine and glycine[END_REF], as in some N-methyl-D-aspartate (NMDA) receptor subunits [START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF]. The transmembrane domain (TMD) lines the pore of the ion channel. Finally, GluDs contain a C-terminal cytoplasmic domain (CTD) regulating their trafficking and intracellular interactions [START_REF] Kakegawa | Differential regulation of synaptic plasticity and cerebellar motor learning by the C-terminal PDZ-binding motif of GluRdelta2[END_REF][START_REF] Kohda | The d2 glutamate receptor gates long-term depression by coordinating interactions between two AMPA receptor phosphorylation sites[END_REF]. To assay the functional importance of known domains or molecular interactions, we generated key mutant forms of GluD1 (Figure 4B). We then used an in utero gene replacement strategy to inactivate endogenous grid1 with shRNAs and replace it with individual mutant forms in vivo and throughout development (Fossati et al., 2016). This strategy prevents the formation of heteromers between wild-type and mutant subunits of GluD1, which could mask or attenuate some phenotypes. Importantly, all mutants were properly trafficked to the cell surface (Figure S3A).

We first examined whether GluD1 function involves trans-synaptic interaction via Cbln. To that aim, we replaced endogenous GluD1 with a DNTD mutant lacking the whole NTD. In juvenile mice, gephyrin cluster density in neurons expressing this mutant was lower than in control (65% ± 4% of control), suggesting that the NTD is critical for GuD1 function (Figures 4A and4C). We then specifically disrupted GluD1 interaction with Cbln by introducing two point mutations in the NTD (R341A/W343A, Figure S3B; residues corresponding to R345 and W347 in GluD2; [START_REF] Elegheert | Structural basis for integration of GluD receptors within synaptic organizer complexes[END_REF]. Replacement of GluD1 with the R341A/ W343A mutant also led to a lower density of gephyrin clusters (69% ± 4% of control; Figures 4A and4C), indicating that GluD1 interaction with the extracellular scaffolding protein Cbln is required for inhibitory synapse formation. Next, we tested whether the regulation of inhibitory synapses requires GluD1 gating by glycine/D-serine, ion-flux through GluD1 channel, and signaling via the CTD of the receptor. Replacement of GluD1 with a mutant containing an arginine to lysine substitution at position 526, which abolishes the affinity for glycine or Dserine (R526K mutant corresponding to position 530 in GluD2) [START_REF] Kakegawa | The N-terminal domain of GluD2 (GluRdelta2) recruits presynaptic terminals and regulates synaptogenesis in the cerebellum in vivo[END_REF][START_REF] Kakegawa | D-serine regulates cerebellar LTD and motor coordination through the d2 glutamate receptor[END_REF][START_REF] Naur | Ionotropic glutamate-like receptor delta2 binds D-serine and glycine[END_REF], decreased the density of gephyrin clusters (71% ± 4% of control; Figures 4A and4C), as observed after GluD1 KD. A similar effect was found with a mutant lacking the intracellular CTD (75% ± 5% of control; Figures 4A and4C). In contrast, preventing ion flux through the pore with a single point mutation (V617R) [START_REF] Ady | Type 1 metabotropic glutamate receptors (mGlu1) trigger the gating of GluD2 delta glutamate receptors[END_REF][START_REF] Kakegawa | The d2 'ionotropic' glutamate receptor functions as a non-ionotropic receptor to control cerebellar synaptic plasticity[END_REF][START_REF] Robert | The expression of dominant-negative subunits selectively suppresses neuronal AMPA and kainate receptors[END_REF] did not interfere with the formation of inhibitory synapses (Figures 4A and4C). Collectively, these results demonstrate that the control of inhibitory synapse formation by GluD1 in CPNs requires trans-synaptic interactions via Cbln and glycine/D-serine-dependent non-ionotropic postsynaptic mechanisms involving intracellular interactions via the C-terminal tail of the receptor.

GluD1 Specifies Synapses between SST + INs and Layer 2/3 CPNs

We wondered if GluD1 mediates the formation of inhibitory synapses between layer 2/3 CPNs and specific classes of INs. In the cortex, distinct subtypes of INs express distinct isoforms of Cblns, with SST + INs in upper cortical layers expressing Cbln4 and vasoactive intestinal peptide-positive (VIP + ) INs expressing Cbln2 [START_REF] Paul | Transcriptional Architecture of Synaptic Communication Delineates GABAergic Neuron Identity[END_REF][START_REF] Tasic | Adult mouse cortical cell taxonomy revealed by single cell transcriptomics[END_REF]. Therefore, we tested if Cbln2 and Cbln4 regulate the density of inhibitory synapses. To that end, adeno-associated viral vectors (AAVs) carrying an 5B). We then quantified the density of gephyrin clusters in sparse electroporated neurons surrounded by numerous infected cells (Figure 5B). In juvenile mice, Cbln4, but not Cbln2, inactivation significantly decreased the density of inhibitory synapses (85% ± 4% of control for shCbln4 and 102% ± 4% for shCbln2; Figure 5C). GluD1 interacted with Cbln4 (Figure 5D), and Cbln4 KD did not further decrease the density of gephyrin clusters in grid1 KO neurons (98% ± 5% of Grid1-KO/shCtrl neurons; Figure 5E), indicating that Cbln4 operates via GluD1. The role of Cbln4 at inhibitory synapses between SST + INs and CPNs has recently been characterized in more detail by Favuzzi et al. (2019). Taken together, these results indicate that GluD1 specifies inhibitory cortical connectivity by mediating synaptogenesis between Cbln4-expressing SST + INs and CPNs. This is compatible with the partial colocalization of GluD1 and gephyrin (Figures 3C and3D) in oblique apical dendrites, which are also contacted by other classes of interneurons [START_REF] Fishell | Interneuron Types as Attractors and Controllers[END_REF].

Postsynaptic Signaling Controlling Inhibitory Synapse Formation

To determine the postsynaptic mechanisms through which GluD1 regulates the formation of inhibitory synaptic machineries, we performed an unbiased proteomic screen aimed at identifying GluD1 interacting partners at synapses. We employed subcellular fractionations from P15 mouse brains to enrich our samples in proteins associated with synaptic membranes and efficiently immunoprecipitate GluD1 (Figure 6A). The proteins co-immunoprecipitated with GluD1 (gene name Grid1) were separated by liquid chromatography and identified using tandem mass spectrometry (LC-MS/MS) (Figures 6A and6B; Table S1).

We focused on the proteins that were the most represented in terms of the number of detections in LC-MS/MS biological triplicates relative to their molecular weight. GluD1 was strongly associated with regulators of GTPases (e.g., ARHGEF12 and SRGAP3) and regulators of protein phosphorylation (e.g., the serine/threonine phosphatase 1 regulatory subunit PPP1R12A and the serine/threonine protein kinase MRCKa, encoded cdc42bpa), pointing out the involvement of signaling pathways.

To determine the contribution of these proteins to the development of inhibitory synapses, we manipulated their expression in vivo using IUE. We first investigated the role of ARHGEF12 (also referred to as LARG), a guanine nucleotide exchange factor for RhoA [START_REF] Chen | The myotonic dystrophy kinase-related Cdc42-binding kinase is involved in the regulation of neurite outgrowth in PC12 cells[END_REF]. We generated an shRNA against arhgef12 (shArhgef12) and an shRNA-resistant construct (ARHGEF12*; Figure S1B). In juvenile mice, sparse arhgef12 KD decreased the density of gephyrin clusters to 79% ± 3% of the control value (Figure 6C). Normal gephyrin cluster density was rescued by ARHGEF12* (94% ± 3%). These data identify ARHGEF12 as a new determinant of inhibitory synapse formation in the dendrites of CPNs. We next considered the role of Slit-Robo Rho GTPAse-activating proteins (SRGAPs). In LC-MS/MS, GluD1 was associated not only with SRGAP3, but also with SRGAP1 and SRGAP2 (Table S1). SRGAP3 and SRGAP2 have previously been shown to interact with gephyrin and regulate the development of inhibitory synapses in the hippocampus and the cortex, respectively (Fossati et al., 2016;Okada et al., 2011). We found that SRGAP2 inactivation decreases the cell surface expression of GluD1 in young (15 days in vitro), but not older (22-23 days in vitro), neurons (Figure S4), suggesting a developmental regulation of GluD1 trafficking.

We then assayed the role of MRCKa and PPP1R12A, two proteins likely to modulate the phosphorylation state of proteins implicated in building up inhibitory synapses. Neither the overexpression of a kinase-dead dominant-negative mutant of MRCKa (MRCKa KinD, with K106A substitution) [START_REF] Leung | Myotonic dystrophy kinase-related Cdc42-binding kinase acts as a Cdc42 effector in promoting cytoskeletal reorganization[END_REF] nor that of wild-type MRCKa (MRCKa WT) affected the density of gephyrin clusters (Figure 6D) in juvenile mice, indicating that MRCKa is not critical for the formation of inhibitory synapses.

In contrast, depletion of PPP1R12A (also referred to as MYPT1), a targeting subunit of PP1, with shRNAs decreased the density of gephyrin clusters (74% ± 3% of the control), and normal gephyrin cluster density was rescued with the shRNA-resistant mutant PPP1R12A* (Figure 6E; Figure S1C), demonstrating that PPP1R12A is required for the formation of inhibitory synapses in dendrites. These data are in line with a previous study indicating that PP1 physically interacts with gephyrin and regulates the density of gephyrin clusters [START_REF] Bausen | Regulation of postsynaptic gephyrin cluster size by protein phosphatase 1[END_REF]. Since both ARHGEF12 and PPP1R12A inactivation mimic GluD1 loss of function, our data suggest that GluD1 might signal through these two proteins to mediate the formation of inhibitory synapses. Using the CRISPR-Cas9 system combined with IUE to inactivate grid1 (Figures 1J and1K), ppp1r12a, and arhgef12 (Figure 6F), we found that neither grid1/ arhgef12 double KO nor grid1/ppp1r12a double KO further reduced the density of inhibitory synapses compared to single grid1 KO (104% ± 3% of Grid1-KO for Grid1-KO + Ppp1r12a-KO and 105% ± 4% of Grid1-KO for Grid1-KO + Arh-gef12-KO; Figure 6G), indicating that GluD1 requires ARHGEF12 and PPP1R12A to operate at inhibitory synapses. Interestingly, other major partners of GluD1 (Figure 6B), such as the Rho GTPase-activating protein 32 (ARHGAP32/PX-RICS) [START_REF] Nakamura | PX-RICS-deficient mice mimic autism spectrum disorder in Jacobsen syndrome through impaired GABAA receptor trafficking[END_REF]Uezu et al., 2016), SRCIN1 (p140cap) [START_REF] Alfieri | Synaptic Interactome Mining Reveals p140Cap as a New Hub for PSD Proteins Involved in Psychiatric and Neurological Disorders[END_REF][START_REF] Russo | P140CAP regulates GABAergic synaptogenesis and development of hippocampal inhibitory circuits[END_REF], and Ankyrin 3 (Ankyrin G) [START_REF] Nelson | Ankyrin-G regulates forebrain connectivity and network synchronization via interaction with GABARAP[END_REF], have been shown to interact with gephyrin and/or regulate inhibitory synaptogenesis. This supports the notion that GluD1 serves as a signaling hub for the formation and specification of inhibitory synapses (Figure 6H), and that the regulation of inhibitory synaptogenesis is a major function of GluD1 in the neocortex.

DISCUSSION

In the present study, we employed sparse in vivo molecular manipulations and proteomic approaches to characterize the role of GluD1 in synaptic development in layer 2/3 pyramidal neurons of the somato-sensory cortex. We demonstrate that GluD1 is a maverick among iGluRs, operating at inhibitory synapses rather than excitatory synapses. GluD1 is necessary for the formation of specific inhibitory synapses along dendrites and regulates GABAergic synaptic transmission accordingly. In the upper layers of the cortex, GluD1 is enriched in the postsynaptic membrane of inhibitory synapses, lateral to the active zone, where it establishes trans-synaptic interactions via Cbln4, an extracellular scaffolding protein secreted by SST + INs (Favuzzi et al., 2019), which, in turn, binds to presynaptic neurexins [START_REF] Yuzaki | The C1q complement family of synaptic organizers: not just complementary[END_REF][START_REF] Zhong | Cbln1 and Cbln4 Are Structurally Similar but Differ in GluD2 Binding Interactions[END_REF]. When interacting with Cbln4 and binding to glycine or D-serine, GluD1 activates postsynaptic signaling pathways that do not depend on ion flux through its channel, but it involves intracellular interactions via its C-terminal tail, organizing the assembly of inhibitory postsynaptic machineries at contact sites with SST + INs. These interactions involve ARHGEF12 and PPP1R12A, two molecules required for GluD1 function at inhibitory synapses and probably other molecules implicated at GABAergic synapses.

Region-Specific Function of GluD1 at Inhibitory Synapses Although the repertoire of inhibitory synaptic proteins has recently expanded (Krueger-Burg et al., 2017), the molecular diversity of inhibitory synapses and the difficulty of investigating their biochemistry and their cell biology in vivo has obscured the mechanistic understanding of inhibitory synaptogenesis. Hence, few CAMs and signaling molecules have been shown to selectively control inhibitory synapse assembly (Krueger-Burg et al., 2017;Tyagarajan and Fritschy, 2014). These molecules show domain-specific functions at perisomatic [START_REF] Fr€ Uh | Neuronal Dystroglycan Is Necessary for Formation and Maintenance of Functional CCK-Positive Basket Cell Terminals on Pyramidal Cells[END_REF]Poulopoulos et al., 2009), dendritic (Li et al., 2017), or axo-axonic synapses [START_REF] Panzanelli | Distinct mechanisms regulate GABAA receptor and gephyrin clustering at perisomatic and axo-axonic synapses on CA1 pyramidal cells[END_REF]. Their function also varies depending on brain areas. In particular, extensive studies of neuroligin 2 and collybistin (ARHGEF9), two proteins present in virtually all inhibitory synapses in the CNS, have highlighted fundamental differences between the cell biology of hippocampal and cortical inhibitory synapses [START_REF] Gibson | Neuroligin-2 deletion selectively decreases inhibitory synaptic transmission originating from fastspiking but not from somatostatin-positive interneurons[END_REF]Poulopoulos et al., 2009;Papadopoulos et al., 2007). Since the mechanisms of synaptogenesis in the forebrain are predominantly studied in hippocampal neurons, the molecular underpinning of inhibitory synapse formation in the cortex has remained enigmatic.

Previous in vitro hemi-synapse formation assays suggested a synaptogenic activity of GluD1 in cortical neurons [START_REF] Ryu | Induction of excitatory and inhibitory presynaptic differentiation by GluD1[END_REF][START_REF] Yasumura | Glutamate receptor d1 induces preferentially inhibitory presynaptic differentiation of cortical neurons by interacting with neurexins through cerebellin precursor protein subtypes[END_REF]. However, it was unclear whether the synaptogenic activity was selective for inhibitory synapses [START_REF] Yasumura | Glutamate receptor d1 induces preferentially inhibitory presynaptic differentiation of cortical neurons by interacting with neurexins through cerebellin precursor protein subtypes[END_REF] or common to excitatory and inhibitory synapses [START_REF] Ryu | Induction of excitatory and inhibitory presynaptic differentiation by GluD1[END_REF], and the role of endogenous GluD1 in cortical neurons in vivo remained unclear [START_REF] Gupta | Essential role of GluD1 in dendritic spine development and GluN2B to GluN2A NMDAR subunit switch in the cortex and hippocampus reveals ability of GluN2B inhibition in correcting hyperconnectivity[END_REF]. Here, we used in vivo single cell approaches based on sparse IUE to manipulate GluD1 expression and function in isolated layer 2/3 CPNs in the intact brain. Targeting a specific cell type allowed us to investigate a relatively homogeneous population of neurons and dissect cell-autonomous mechanisms with a subcellular resolution in spatially identified synapses along the dendritic tree. Moreover, sparse in vivo manipulations help avoid compensatory and adaptive changes at the network level, which might occur in KO mouse models. Our results provide direct evidence that GluD1 is necessary for the formation of specific cortical inhibitory synapses in vivo. While we do not exclude that GluD1 could regulate some properties of excitatory synapses in the cortex, we clearly show that GluD1 is not required for their formation, which is consistent with a previous study [START_REF] Gupta | Essential role of GluD1 in dendritic spine development and GluN2B to GluN2A NMDAR subunit switch in the cortex and hippocampus reveals ability of GluN2B inhibition in correcting hyperconnectivity[END_REF]. Therefore, GluD1 function in CPNs starkly contrasts with GluD1 function in cerebellar INs [START_REF] Konno | Enriched expression of GluD1 in higher brain regions and its involvement in parallel fiber-interneuron synapse formation in the cerebellum[END_REF] and hippocampal pyramidal neurons [START_REF] Tao | Postsynaptic d1 glutamate receptor assembles and maintains hippocampal synapses via Cbln2 and neurexin[END_REF], where GluD1 is required for the formation of excitatory synapses. This raises fundamental questions on the molecular basis underlying the region-specific function of GluD1 at excitatory or inhibitory synapses and the synaptic dysfunction associated with GluD1 mutations in brain disorders [START_REF] Cooper | A copy number variation morbidity map of developmental delay[END_REF][START_REF] Fallin | Bipolar I disorder and schizophrenia: a 440-single-nucleotide polymorphism screen of 64 candidate genes among Ashkenazi Jewish case-parent trios[END_REF][START_REF] Glessner | Autism genome-wide copy number variation reveals ubiquitin and neuronal genes[END_REF][START_REF] Guo | A case-control association study between the GRID1 gene and schizophrenia in the Chinese Northern Han population[END_REF][START_REF] Treutlein | Dissection of phenotype reveals possible association between schizophrenia and Glutamate Receptor Delta 1 (GRID1) gene promoter[END_REF]).

An iGluR-Dependent Signaling Pathway at Inhibitory Synapses It is unconventional for a member of the iGluR family to locate and operate at inhibitory synapses. We show that trans-synaptically engaged GluD1 binding to glycine or D-serine initiates postsynaptic signaling via non-ionotropic mechanisms, probably through conformational changes that are transmitted through the TMD, and controls intracellular interactions [START_REF] Elegheert | Structural basis for integration of GluD receptors within synaptic organizer complexes[END_REF]. Whether GluD1 binds to glycine or D-serine in CPNs is unknown, but both glycine and D-serine may contribute to the regulation of inhibitory synapse formation. Glycine is present in the extracellular space, where it activates extrasynaptic NMDA receptors [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by different endogenous coagonists[END_REF] and mediates tonic inhibition in layer 2 /3 CPNs (McCracken et al., 2017;[START_REF] Salling | Strychnine-sensitive glycine receptors on pyramidal neurons in layers II/III of the mouse prefrontal cortex are tonically activated[END_REF]). In the brainstem and spinal cord, where glycine is a major inhibitory neurotransmitter and GluD1 is highly expressed (https://www.gtexportal.org/home/gene/GRID1), presynaptic release of glycine may directly regulate the formation and maintenance of inhibitory synapses. D-serine is also present in the extracellular environment. It is synthesized through conversion of L-serine by serine racemase and released at least by the neuronal alanine-serine-cysteine transporter 1 (Asc-1) [START_REF] Rosenberg | Neuronal D-serine and glycine release via the Asc-1 transporter regulates NMDA receptor-dependent synaptic activity[END_REF]. Ambient D-serine level is regulated by excitatory glutamatergic activity [START_REF] Van Horn | The Gliotransmitter d-Serine Promotes Synapse Maturation and Axonal Stabilization In Vivo[END_REF][START_REF] Ma | Serine racemase regulated by binding to stargazin and PSD-95: potential N-methyl-D-aspartate-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (NMDA-AMPA) glutamate neurotransmission cross-talk[END_REF], and low D-serine levels are associated with epilepsy [START_REF] Klatte | Impaired D-serine-mediated cotransmission mediates cognitive dysfunction in epilepsy[END_REF] and schizophrenia-like behaviors [START_REF] Ma | Pathogenic disruption of DISC1serine racemase binding elicits schizophrenia-like behavior via D-serine depletion[END_REF], consistent with defects in synaptic inhibition and GluD1 function. So far, in the forebrain, the role of D-serine and, to some extent, glycine has been envisioned through the activation of NMDA receptors [START_REF] Oliet | Regulation of N-methyl-D-aspartate receptors by astrocytic D-serine[END_REF]. The role of GluD1 in establishing the equilibrium between excitation and inhibition and the requirement of GluD1 activation by glycine/D-serine suggests that some functions initially attributed to NMDA receptors might instead depend on GluD1 signaling.

Proteomic and functional analyses of GluD1 interactome allowed us to identify signaling pathways controlling the postsynaptic organization of inhibitory machineries. We found that two major partners of GluD1, ARHGEF12 and PPP1R12A, are necessary for inhibitory synapse formation in layer 2/3 CPNs. Double inactivation experiments showed that ARHGEF12 and PPP1R12A operate in the same pathway as GluD1 and therefore also contribute to the specification of inhibitory connectivity between SST + INs and layer 2/3 CPNs. ARHGEF12 contains a Dbl-homology (DH) domain mediating guanosine diphosphate (GDP)/guanosine triphosphate (GTP) exchange activity and a pleckstrin-homology (PH) domain, which binds phosphoinositides and regulates its membrane targeting [START_REF] Hyvo ¨nen | Structure of the binding site for inositol phosphates in a PH domain[END_REF]. ARHGEF12 also contains an N-terminal PDZ domain, which may interact with the C-terminal PDZ-binding motif of GluD1, and a regulator of G-protein signaling-like (RGSL) domain.

Although further experiments are needed to determine how ARHGEF12 contributes to inhibitory synaptic development, one possibility is that ARHGEF12 links trans-synaptic interaction with phosphoinositide and G-protein signaling to mediate inhibitory synaptogenesis. Furthermore, our data on PPP1R12A suggest that targeting PP1 to GluD1-mediated contact sites between INs and pyramidal neurons and locally regulating the post-translational state of inhibitory synaptic components is critical to initiate or promote postsynaptic assembly. This is congruent with previous studies showing that PP1 associates with gephyrin and the beta-3 subunit of GABA A receptors (GABA A Rs) [START_REF] Bausen | Regulation of postsynaptic gephyrin cluster size by protein phosphatase 1[END_REF][START_REF] Pribiag | TNF-a downregulates inhibitory neurotransmission through protein phosphatase 1-dependent trafficking of GABA(A) receptors[END_REF] and that pharmacological inhibition of PP1 induces a loss of gephyrin clusters [START_REF] Bausen | Regulation of postsynaptic gephyrin cluster size by protein phosphatase 1[END_REF]. Among the most represented interactors of GluD1 we identify here, Ankyrin 3, ARHGAP32/PX-RICS, SRCIN1/ p140Cap, and SRGAPs were previously implicated at inhibitory synapses. Ankyrin 3 interacts with GABA A R-associated protein (GABARAP) and contributes to stabilization of GABA A Rs in the postsynaptic membrane [START_REF] Nelson | Ankyrin-G regulates forebrain connectivity and network synchronization via interaction with GABARAP[END_REF]. ARHGAP32 interacts with gephyrin, and its inactivation impairs GABA A R trafficking at synapses [START_REF] Nakamura | PX-RICS-deficient mice mimic autism spectrum disorder in Jacobsen syndrome through impaired GABAA receptor trafficking[END_REF]Uezu et al., 2016). SRCIN1, SRGAP3, and SRGAP2 also associate with gephyrin and regulate GABAergic synaptogenesis [START_REF] Alfieri | Synaptic Interactome Mining Reveals p140Cap as a New Hub for PSD Proteins Involved in Psychiatric and Neurological Disorders[END_REF]Fossati et al., 2016;Okada et al., 2011;[START_REF] Russo | P140CAP regulates GABAergic synaptogenesis and development of hippocampal inhibitory circuits[END_REF]. Therefore, GluD1 trans-synaptic signaling provides local regulation of protein phosphorylation and GTPase activity and allows the recruitment of synaptic molecules for the assembly of inhibitory postsynaptic machineries in an input-specific and agonistdependent manner. Interestingly, in young neurons, GluD1 expression at the cell surface was decreased by SRGAP2 inactivation. SRGAP2, and by homology SRGAP3, is inhibited by the human-specific protein SRGAP2C (Charrier et al., 2012;Coutinho-Budd et al., 2012). This regulation could contribute to the delay of the development of inhibitory synapses in human neurons (Fossati et al., 2016) and modify inhibitory circuitry to accommodate a greater diversity of IN subtypes (Defelipe, 2011). Understanding the diversity of trans-synaptic interactions and signaling pathways coordinating the establishment of neocortical inhibitory circuitry, their interplay, their evolution in human, and their dysregulations in brain disorders will be a fertile area for future research.

STAR+METHODS LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ce ´cile Charrier (cecile.charrier@ens.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals

All animals were handled according to French and EU regulations (APAFIS#1530-2015082611508691v3). In utero electroporations were performed on pregnant Swiss females at E14.5-15.5 (Janvier labs). For viral injections in the lateral ventricles, newborn pups (P0) of undetermined sex were used. Primary cultures were prepared from timed pregnant C57BL/6J mice at E18.5 (Janvier labs). Juveniles correspond to mice between P20 and P22. Adults correspond to mice between P69 and P75. Mice were maintained in a 12 hr light/dark cycle with unlimited access to food and water.

Primary cultures of mouse cortical neurons

Primary cultures were performed as described previously (Charrier et al., 2012) with few modifications. After dissection and dissociation of mouse cortices from E18.5 embryos, neurons were plated on glass coverslips coated with poly-D-ornytine (80 mg/ml, Sigma) in MEM supplemented with sodium pyruvate, L-glutamine and 10% horse serum. Medium was changed 2-3 h after plating with Neurobasal supplemented with L-glutamine (2 mM), B27 (1X) and penicillin (2.5 units/ml) -streptomycin (2.5 mg/ml). Then, one third of the medium was changed every 5 days. Unless otherwise indicated, all products were from Life Technologies. Cells were maintained at 37 C in 5% CO2 until use.

HEK293T cells

HEK293T (CRL-1573 from ATCC) cells were cultured according to suggested protocols. Briefly, cells were maintained in DMEM (GIBCO) supplemented with 10% fetal bovine serum (GIBCO) and 1% Penicillin-Streptomycin (GIBCO) at 37 C, 5% CO2, and passaged by trypsin/EDTA digestion (GIBCO) upon reaching confluency. 

METHOD DETAILS

Plasmids for protein expression EGFP-GPHN was previously described (Fossati et al., 2016) and it was used to visualize inhibitory synapses. HA-tagged mouse grid1 (gift from Ludovic Tricoire, IBPS, Paris, France) was inserted into pCAG vector by PCR between XhoI and BsrGI to obtain pCAHA GluD1 or between XhoI and KpnI to obtain pCAHA GluD1-EGFP. EGFP was then replaced by mOrange between KpnI and NotI to generate pCAHA GluD1-mOrange. pCAG_PSD95.FingR-EGFP-CCR5TC and pCAG_GPHN.FingR-EGFP-CCR5TC were purchased from Addgene (plasmids #46295 and #46296, respectively). Mouse ppp1r12a (GenBank: BC125381, cDNA clone MGC:159084 IMAGE:40129896) and human CDC42BPA (encoding MRCKa, GenBank: BC136333, cDNA clone MGC:167943 IMAGE:9020320) cDNAs were obtained from Dharmacon and subcloned by PCR into pCAG vector between AgeI and BsrGI or AgeI and NotI, respectively. Both constructs were Myc-tagged by inserting a DNA cassette containing a start codon and 3x-Myc between AgeI and KpnI. Human ARHGEF12 (gift from Moritz B€ unemann, Marburg University, Germany) was inserted into pCAG vector by PCR between AgeI and BsrGI. Indicated mutations were introduced in grid1, CDC42BPA, ppp1r12a, and ARHGEF12 using the QuickChange mutagenesis kit (Agilent). Mouse cbln2 (GenBank: BC055682, cDNA clone MGC:66500 IMAGE:6412317) and cbln4 (GenBank: BC094540, cDNA clone MGC:106619 IMAGE:5708067) cDNAs were obtained from Dharmacon and subcloned by PCR into pCAG vector between AgeI and NotI. The three constructs were Myc-tagged at the N terminus by inserting a DNA cassette containing a start codon, the signal sequence of Cbln1 (for Cbln2) or of Cbln4 (for Cbln4) and one Myc tag between EcoRI and AgeI.

shRNA and Crispr constructs and shRNA validation For in utero knockdown experiments with shRNAs, we used the previously described pH1SCV2 and pH1SCTdT2 vectors (Charrier et al., 2012;Fossati et al., 2016). An H1 promoter drives the expression of the shRNA and a CAG promoter that of myristoylated Venus (mVenus) or TdTomato, respectively. The vector pH1SCV2 was used for dendritic spine analysis, pH1SCTdT2 was co-expressed with EGFP-GPHN to analyze inhibitory synapses. For shRNA validation on endogenous mouse grid1, arhgef12 and ppp1r12a, we used a lentiviral vector carrying the H1 promoter to drive shRNA expression and the synapsin promoter to drive EGFP expression (Fossati et al., 2016). For AAV-mediated in vivo knockdown of cbln2 and cbln4 the plasmid pAAV-eIF1a-tdTomato-WPRE-pGHpA (Addgene, plasmid #67527; [START_REF] Wertz | Single-cell-initiated monosynaptic tracing reveals layer-specific cortical network modules[END_REF] was modified as follows: a DNA cassette containing the shRNA with the H1 promoter and EGFP with the synapsin promoter was amplified by PCR from the lentiviral vector described above and inserted into pAAV-eIF1a-tdTomato-WPRE-pGHpA between MluI and EcoRI. EGFP was then replaced by TagBFP between EcoRI and NheI. AAVs (serotype 2/1) were produced by the Centre of vector production of INSERM (CPV, UMR1089, Nantes, France). Control shRNA (shControl) was described previously (Charrier et al., 2012). The following shRNAs targeted the corresponding seed sequences: shGluD1: 5 0 -GAAGATAGCTCAAATCCTTAT-3 0 ; shARHGEF12: 5 0 -GCAGCTGTTTCCAGAGCATTG-3 0 ; shPpp1r12a: 5 0 -GCTGAAAT CAGTGCGTCTAAA-3 0 ; shCbln2: 5 0 -GCTTAATGCAGAATGGCTACC-3 0 ; shCbln4: 5 0 -GCCGTTCTGCTGATTCTAGTG-3 0 . ShRNAs were validated as previously described (Charrier et al., 2012). Briefly, HEK293T cells were co-transfected with mouse HA-GluD1, Myc-Ppp1r12a, Myc-Cbln2, Myc-Cbln4 or human RFP-ARHGEF12 together with the corresponding shRNA at 1:2 ratio. Two days after transfection, cells were collected and lysed in RIPA buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, Sigma-Aldrich) and further processed for western blot analysis of the relative protein expression levels.

The knockdown of endogenous grid1, arhgef12 and ppp1r12a was further validated in primary cultures of cortical neurons infected with lentiviral vectors. Neurons infected at DIV (days in vitro) 4 were harvested at DIV21 and lysed in RIPA buffer under agitation for 1 h at 4 C. 20 mg of total proteins for neurons infected with shGluD1 and shArhgef12 or 40 mg of total proteins for neurons infected with shPpp1r12a were separated by SDS-PAGE and further processed for western blot analysis. For rescue experiments, four point silent mutations were introduced in grid1 (c1193t_t1194a_c1195 g_a1196c), ppp1r12a (c1355t_a1356t_g1357c_t1358a) and ARHGEF12 (g1119a_a1120t_g1121c_c1122a) to resist to shRNA-mediated knockdown (mutants named GluD1*, Ppp1r12a* and ARHGEF12*, respectively). To knock out grid1, arhgef12 and ppp1r12a with Crispr, we used an engineered spCas9 with enhanced specificity (espCas9(1.1), Addgene plasmid #71814) [START_REF] Slaymaker | Rationally engineered Cas9 nucleases with improved specificity[END_REF]. gRNAs were designed using the prediction software: https:// portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design. Each gene was knocked-out using two gRNAs that were encoded by the same plasmid together with the espCas (1.1). A DNA cassette containing the U6 promoter and one gRNA was inserted between XbaI and and KpnI into espCas9(1.1) plasmid carrying a second gRNA. grid1: 5 0 -GGCCAATAATCCGTTCCAGG-3 0 (targets exon 2) and 5 0 -GAAACTCCATAACCCCTGTG-3 0 (targets exon 8); arhgef12: 5 0 -GTCTACTATCACGGACAGGT-3 0 (targets exon 1) and 5 0 -GGCATCACCTAATGGCCTGG-3 0 (targets exon 11); ppp1r12a: 5-'GGTGAAGCGCCAGAAGACCA-3 0 (targets exon 1) and 5 0 -GTGTTGATATAGAAGCGGCT-3 0 (targets exon 4).

Lentivirus production and infection 48 h after transfection of HEK293T cells, the viral supernatant was collected, centrifuged at 3,000 g for 5 min at 4 C to remove cell debris, and ultracentrifuged at 25,000 g for 2 h on a 20% sucrose cushion. Viral pellets were resuspended in sterile PBS, aliquoted and stored at À80 C. When indicated, cortical neurons were infected 4 days after plating with concentrated lentiviruses driving the expression of shRNA and EGFP.

In utero electroporation, AAV injection and slice preparation

In utero electroporation was performed as previously described (Fossati et al., 2016). Pregnant Swiss females at E14.5-15.5 (Janvier labs) were anesthetized with isoflurane (3.5% for induction and 2% during the surgery) and subcutaneously injected with 0.1 mg/kg of buprenorphine for analgesia. The uterine horns were exposed after laparotomy. Electroporation was performed using a square wave electroporator (ECM 830, BTX) and tweezer-type platinum disc electrodes (5mm-diameter, Sonidel). The electroporation settings were: 4 pulses of 40 V for 50 ms with 500 ms interval. Endotoxin-free DNA was injected using a glass pipette into one ventricle of the mouse embryos. The volume of injected DNA was adjusted depending on the experiments. Plasmids were used at the following concentrations: shRNA vectors: 0.5 mg/ml (adults) or 1 mg/ml (juveniles); GluD1, ARHGEF12, MRCKa and Ppp1r12a constructs: 1 mg/ml, except the shRNA-resistant Ppp1r12a mutant (Ppp1r12a*) and GluD1-mOrange which were used 0.5 mg/ml; EGFP-GPHN: 0.3 mg/ml; Crispr knock out plasmids: 0.5 mg/ml. pCAG dsRed: 0.5 mg/ml, pCAG TagBFP: 1 mg/ml, GPHN.FingR-EGFP and PSD95.FingR-EGFP: 0.7 mg/ml. AAV injection was performed at P0 on newborn pups previously in utero electroporated at E14.5-15.5. Upon hypothermia-induced anesthesia (avoiding direct contact of the animal with the ice), pups were injected in the lateral ventricle corresponding to the electroporated side using a graduated glass pipette. The volume corresponding to 3 3 10 10 vg (viral genome) was used. Injected pups were then rapidly warmed up and kept on a heating pad set at 37 C until complete recovery. Animals were sacrificed at the indicated age by terminal perfusion of 4% paraformaldehyde (Electron Microscopy Sciences) in PBS. Unless otherwise indicated, 100 mm coronal brain sections were obtained using a vibrating microtome (Leica VT1200S, Leica Microsystems). Sections were mounted on slides in Vectashield.

Immunohistochemistry for confocal microscopy

Animals at postnatal day 21 were intracardially perfused with PBS and 4% paraformaldehyde (see above). After post-fixation, dissected brains were cryoprotected in 20% sucrose at 4 C for at least 16 h and then frozen at À80 C. 20 mm coronal sections were obtained using a cryostat and further processed for immunohistochemistry. Briefly, slices were incubated in 0.1% Triton X-100 and 0.25% fish gelatin (Sigma-Aldrich) in PBS to permeabilize and block unspecific staining. Primary antibodies were incubated overnight at 4 C and secondary antibodies for 3 h at room temperature under gentle agitation. Both primary and secondary antibodies were diluted in 0.1% Triton X-100 and 0.125% fish gelatin in PBS. Coverslips were mounted on slides in Vectashield (Vector Laboratories). Mouse anti-Gephyrin (Synaptic Systems Clone 7a, 1:400) and rabbit anti-GluD1 (kind gift from L. Tricoire, IBPS, Paris, France) [START_REF] Benamer | GluD1, linked to schizophrenia, controls the burst firing of dopamine neurons[END_REF][START_REF] Hepp | Glutamate receptors of the delta family are widely expressed in the adult brain[END_REF] were used as primary antibodies. All secondary antibodies Alexa-(Invitrogen) or Cyanin-conjugated (Jackson ImmunoResearch) were diluted 1:500.

Confocal image acquisition

Confocal images were acquired in 1024x1024 mode using Leica TCS SP8 confocal laser scanning platforms controlled by the LAF AS software and equipped with a tunable white laser and hybrid detectors (Leica Microsystems) or, for slices infected with AAVs expressing TagBFP, in 512x512 mode using an inverted microscope (Nikon Ti PSF) equipped with a CSUX1-A1 Yokogawa spinning disc and an EMCCD camera and controlled by the Metamorph software (Molecular Devices). We used the following objective lenses: 10X PlanApo, NA 0.45 (identification of electroporated neurons and low magnification images) and 100X HC-PL APO, NA 1.44 CORR CS (Leica) or 100 X HC-PlanApo, NA 1.4 (Nikon) (images of spines, gephyrin and PSD-95 clusters and association between GluD1, immunostained gephyrin and PS-D95 or Gephyrin.FingRs). Images were blindly acquired and analyzed. Z stacks of images were acquired with spacing of 150 nm.

Electron microscopy

Anesthetized P21 mice were intracardially perfused with 2% paraformaldehyde (PFA) and 0.1% glutaraldehyde in phosphate-buffered saline (PBS) and post-fixed overnight at 4 C in 2% PFA. Coronal sections (200 mm) were obtained using a vibratome (see above) and cryoprotected overnight in 20% glycerol and 20% sucrose under gentle agitation at 4 C. They were permeabilized with 3 freezethawing cycles performed by floating them on liquid nitrogen in an aluminum cup. They were then extensively rinsed in PBS, and immersed for 20 min in 50 mM ammonium chloride and for 30 min in PBS with 0.1% gelatin (PBSg). For double detection of VGAT and GluD1, GluD1 labeling was performed first. Coronal sections were incubated for 60 h at 4 C with a rabbit anti-GluD1 antibody (1:1,000 dilution, see immunohistochemistry). Sections were rinsed extensively in PBSg and then incubated 6h at room temperature with a goat anti-rabbit secondary antibody coupled with nanogold particules (Nanoprobe, 1:100). Gold particles were intensified for 5 min at 20 C with HQ silver kit (Nanoprobe) in a dark room. Gold toning [START_REF] Trembleau | Aggregation of vasopressin mRNA in a subset of axonal swellings of the median eminence and posterior pituitary: light and electron microscopic evidence[END_REF] was performed on the sections. They were then rinsed extensively in PBS and PBSg. For the detection of VGAT, sections were incubated for 48 h at 4 C with anti-VGAT mouse monoclonal antibody (Synaptic Systems, 1:100), rinsed extensively in PBSg and then incubated 4 h at room temperature with a biotinylated goat anti-mouse antibody (Vector Laboratories, 1:100). Detection of the biotinylated antibody was carried by the avidin-biotin complex method (Elite Vectastain kit, Vector; and Sigma fast DAB, Sigma-Aldrich). Antigen-antibody complexes were stabilized by dipping the sections for 5 min in 1% glutaraldehyde in PBS. Sections were then post-fixed for 1 h in 2% OsO4 in PBS at 4 C in the dark, dehydrated in graded ethanol and flat-embedded in epoxy resin (Araldite, Polysciences). Embedded sections were mounted orthogonally on a resin block and cut tangentially to the pial surface. To reach cortical layers 2/3, 200 sections of 1 mm thickness of tissue were removed from the onset of layer 1 using an UC6 ultramicrotome (Leica Microsystems). Ultrathin sections (70 nm, pale yellow) were contrasted with uranyl acetate and Reynolds lead citrate. Observations were performed with a TECNAI 12 electron microscope (Philips).

Electrophysiology

Acute coronal brain slices (300 mm thick) were obtained from juvenile (postnatal day [START_REF] Alvarez | Anatomical and Physiological Plasticity of Dendritic Spines[END_REF][START_REF] Tønnesen | Spine neck plasticity regulates compartmentalization of synapses[END_REF][START_REF] Adrian | Probing the Interplay between Dendritic Spine Morphology and Membrane-Bound Diffusion[END_REF][START_REF] Yasuda | Biophysics of Biochemical Signaling in Dendritic Spines: Implications in Synaptic Plasticity[END_REF] Swiss mice electroporated in utero with shGluD1 in pH1SCTdT2. Whole-cell patch-clamp recordings were performed in layer 2/3 cortical pyramidal neurons of the somatosensory cortex. Briefly, after decapitation the brain was quickly removed from the skull and placed in ice-cold (4 C) 'cutting solution' containing (in mM): 85 NaCl,64 sucrose,25 glucose,2.5 KCl,1.2 NaH2PO4,24 NaHCO3,0.5 CaCl2,and 7 MgCl2,. Slices were cut using the 7000 smz-2 tissue slicer (Campden Instrument). Slices recovered in oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.2 NaH2PO4, 24 NaHCO3, and 25 glucose (pH 7.4), at 35 C for 10 min and then at room temperature for at least 45 min. For electrophysiological recordings, slices were transferred to a submerged recording chamber and continuously perfused at 33-34 C with oxygenated ACSF at a rate of 4-5 ml/min. Inhibitory and excitatory miniature post-synaptic miniature currents (mIPSCs and mEPSCs, respectively) were recorded at a holding potential of À60 mV in the presence of 0.5 mM TTX. mIPSCs were isolated by adding NBQX (10 mM) and D-AP5 (50 mM) to the ACSF. mEPSCs were isolated using gabazine (10 mM). mIPSCs were recorded using an intracellular solution containing (in mM): 150 KCl, 1.5 MgCl2, 10 HEPES 10, 1 EGTA, 2 NaATP, 0.5 NaGTP (pH adjusted to $7.3 with KOH). mEPSCs were recorded using an intracellular solution containing (in mM): 144 K-gluconate, 7 KCl, 10 HEPES, 1 EGTA, 1.5 MgCl2, 2 NaATP, 0.5 NaGTP, (pH adjusted to $7.3 with KOH). Access and input resistance were monitored by applying 5 mV hyperpolarizing steps of current. All drugs were obtained from Abcam.

Transfection and western blotting

Transfection was performed using Jet-Prime (Polyplus Transfection) according to the manufacturer protocol. Western blotting was performed using the following primary antibodies: mouse anti-HA (HA.11 Clone 16B12 Monoclonal Antibody, Covance, 1:1,000), rabbit anti-GFP (Life Technologies, 1:2,000), rabbit anti-Myc (Cell Signaling Technology, 1:1,000), rabbit anti-GluD1 (gift from L. Tricoire, 1:1000), rabbit anti-Arhgef12 (ThermoFisher Scientific, 1:1,000), rabbit anti-Ppp1r12a (ThermoFisher Scientific, 1:1,000), rabbit anti-RFP (Rockland Immunochemicals, 1:1,000), rabbit anti-SRGAP2 (1:2,000; (Charrier et al., 2012;Fossati et al., 2016), rabbit anti-GAPDH (Synaptic Systems, 1:1,000). All HRP-conjugated secondary antibodies were used at 1:30,000 dilution (Jackson Immunoresearch). Protein visualization was performed by chemiluminescence using LumiLight western blotting (Roche) or Clarity Western ECL (Biorad) substrates and ImageQuant LAS 4000 (GE Healthcare) or Chemidoc (Biorad) imagers.

Cell surface biotinylation

Transfected HEK cells or primary cultures of cortical neurons at 15 or 22-23 days in vitro (DIV) were washed 3 times in ice-cold PBS supplemented with 0.8 mM CaCl2 and 0.5 mM MgCl2 (PBS 2+ ) and then incubated for 12 min at room temperature followed by further 12 min at 4 C with 1 mg/ml Sulfo-NHS-SS-Biotin (ThermoFisher Scientific) in PBS 2+ . After rinsing in ice-cold PBS 2+ , biotin was quenched in 50 mM glycine in PBS 2+ for 10 min. Cells were scraped in NaCl-Tris buffer supplemented with protease inhibitory cocktail (Roche) and then lysed (150 mM NaCl, 50 mM TrisHCl, 2% Triton X-100, 2 mM EDTA, 1 mM PMSF, protease inhibitor cocktail) for 1 h at 4 C. Biotinylated proteins were pulled down by incubating cell lysates with neutravidin agarose beads (ThermoFisher Scientific) for 2 h at 4 C. After extensive washes, beads were resuspended in gel loading buffer (Sigma-Aldrich) and bound proteins were eluted with boiling. Relative cell surface expression levels were analyzed by western blotting. Inputs correspond to 20% of the cell surface fraction.

Subcellular fractionation

Subcellular fractionation was performed from Swiss P15 mouse brains. All steps were performed at 4 C. Briefly, brains were homogenized in ice-cold HEPES-buffered sucrose (0.32 M sucrose, 4 mM HEPES pH 7.4, 5 mM EDTA, 5 mM EGTA, protease inhibitor cocktail, from Sigma) using a motor driven glass-teflon homogenizer. The homogenate was centrifuged at 3,000 g for 15 min. The resulting supernatant was centrifuged at 38,400 g for 15 min, yielding the crude synaptosomal pellet. The pellet was then subjected to hypoosmotic shock and centrifuged at 38,400 g for 20 min. The resulting pellet was lysed for 1 h using HEPES-buffered NaCl (100 mM NaCl, 4 mM HEPES pH 7.4, 5 mM EDTA, 5 mM EGTA, protease inhibitor cocktail) supplemented with 1% CHAPS (Sigma) and centrifuged at 100,000 g for 1 h. The corresponding supernatant is referred to as synaptic fraction or synaptic membranes. Protein concentration was measured and protein samples were subjected to immunoprecipitation.

Immunoprecipitation

For HEK cells, 1 mg of total protein from each sample was diluted in NP-40 buffer (1% Igepal, 50mM Tris pH 7.4, 150mM NaCl, 2mM EDTA, protease inhibitor cocktail) and incubated overnight at 4 C, with either 5 mg of mouse anti-HA antibody (HA.11 Clone 16B12 Monoclonal Antibody, Covance) or 5 mg of mouse anti-Myc antibody (clone 9B11 Monoclonal Antibody, Cell Signaling Technology) and 5 mg of mouse IgG as negative control. Protein G-agarose beads (Thermo Fisher Scientific) were then added for 2 h at 4 C. After extensive washes (1% Igepal, 50mM Tris pH 7.4, 200mM NaCl, 2mM EDTA, protease inhibitor cocktail), the beads were resuspended in gel-loading buffer and bound proteins were released with boiling. Inputs correspond to 50 mg of proteins. Samples were subjected to western blot analysis. For brain samples and mass spectrometry analysis, the immunoprecipitations were performed using antibodies covalently cross-linked to protein G magnetic beads (Pierce). 36 mg of rabbit anti-GluD1 antibody, or total rabbit IgG in control condition, were incubated 1 h at room temperature and cross-linked with 20 mM DMP (dimethylpimelimidate, Pierce) in 0.2 M Sodium Borate pH 9. After 30 min, the reaction was blocked for 1 h with 0.2 M Ethanolamine pH 8. Eventual unbound antibody molecules were washed out by incubating beads for 5 min in 0.1 M glycine pH 3. The efficiency of cross-linking was checked by running samples on polyacrylamide 4%-15% gradient gels (Biorad) followed by Comassie Blue staining. 1 mg of total proteins from purified synaptic membranes were diluted in a HEPES-NaCl buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, protease inhibitor cocktail) supplemented with 1% CHAPS and incubated overnight at 4 C with 36 mg of rabbit anti-GluD1 antibody, or total rabbit IgG in control condition, covalently cross-linked to protein G magnetic beads. The beads were rinsed 3 times using HEPES-NaCl buffer supplemented with 0.1% CHAPS and further washed 3 times in a buffer containing 20 mM HEPES pH 7.4 and 150 mM NaCl. The samples were then subjected to mass spectrometry analysis (see below). GluD1-immunoprecipitation from brain extracts was repeated three times.

Proteomics

Proteins on magnetic beads were washed twice with 100 mL of 25 mM NH 4 HCO 3 and we performed on-beads digestion with 0. Online chromatography was performed with an RSLCnano system (Ultimate 3000, Thermo Scientific) coupled online to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). Peptides were trapped on a C18 column (75 mm inner diameter 3 2 cm; nanoViper Acclaim PepMap 100, Thermo Scientific) with buffer A (2/98 MeCN/H 2 O in 0.1% formic acid) at a flow rate of 4.0 mL/min over 4 min. Separation was performed on a 50 cm x 75 mm C18 column (nanoViper Acclaim PepMap RSLC, 2 mm, 100A ˚, Thermo Scientific) regulated to a temperature of 55 C with a linear gradient of 5% to 25% buffer B (100% MeCN in 0.1% formic acid) at a flow rate of 300 nL/min over 100 min. Full-scan MS was acquired in the Orbitrap analyzer with a resolution set to 120,000 and ions from each full scan were HCD fragmented and analyzed in the linear ion trap.

QUANTIFICATION AND STATISTICAL ANALYSIS

Confocal image analysis

Gephyrin and PSD-95 clusters, dendritic spines and the association of GluD1 with Gephyrin and PSD95 were quantified in the proximal part of oblique dendrites directly originating from the apical trunk using Fiji (Schindelin et al., 2012; https://fiji.sc/). Only dendrites that were largely parallel to the plane of the slice and acquired from sections of comparable rostro-caudal position were analyzed (usually no more than 1 dendrite per neuron). The density of dendritic spines and gephyrin clusters along dendrites was calculated as described (Charrier et al., 2012;Fossati et al., 2016). Gephyrin and PSD-95 clusters were quantified over a dendrite of a minimal length of 60 mm. The length of the dendritic segment was measured on the z projection. The fraction of gephyrin and PSD-95 clusters associated with GluD1 (association index) was manually determined on individual dendrites. A gephyrin or PSD-95 cluster labeled with EGFP-tagged FingRs was considered associated with GluD1 if it overlapped with a GluD1-mOrange puncta.

mEPSC and mIPSC analysis Data were sampled at 10 kHz and filtered at 2 kHz. Miniature currents were analyzed over 1 min periods using pClamp 10.0 (Molecular Devices). Cells showing > 20% change in access and input resistance upon application of 5 mV hyperpolarizing steps of current were excluded from the analysis. Overlapping events were excluded from amplitude analysis. Cumulative probability graphs were obtained by taking the first 200 events within the analyzed time window of each recorded cell.

Proteomic analysis

For protein identification, data were searched against the Mus musculus (Mouse) UniProt database using Sequest HF through proteome discoverer (version 2.1). Enzyme specificity was set to trypsin and a maximum of two missed cleavage site were allowed. Oxidized methionine, N-terminal acetylation, and carbamidomethyl cysteine were set as variable modifications. Maximum allowed mass deviation was set to 10 ppm for monoisotopic precursor ions and 0.6 Da for MS/MS peaks. The resulting files were further processed using myProMS (Poullet et al., 2007) v3.6 (work in progress). FDR calculation used Percolator and was set to 1% at the peptide level for the whole study.

Statistics

Data are a minimum of three independent experiments. For in utero electroporations and AAV injections, data were obtained from at least three experiments or three animals from two independent litters.

For statistical analysis, we first checked the normality of the distributions using the D'Agostino-Pearson normality test. In case of normal distributions, we used unpaired Student's t test or one-way analysis of variance followed by Tukey's post test. Non-normal distributions were assessed using the non-parametric Mann-Whitney test or the Kruskal-Wallis test followed by the Dunn's multiple comparison test. A test was considered significant when p < 0.05. Data represent the distribution (or the mean) of the mean value per cell in the main figures. The whiskers of the boxplots in Figure 2 

Introduction

In the mammalian cortex, the vast majority of excitatory synapses are formed on dendritic spines, small membrane protrusions that decorate the dendrites of pyramidal neurons (PNs) [START_REF] Ramo ´n Y Cajal | Reglas y consejos sobre investigacio ´n biolo ´gica (los to ´nicos de la voluntad)[END_REF][START_REF] Hersch | Quantification of synapses formed with apical dendrites of golgi-impregnated pyramidal cells: Variability in thalamocortical inputs, but consistency in the ratios of asymmetrical to symmetrical synapses[END_REF][3]. Dendritic spines are composed of a bulbous head connected to the dendritic shaft by a narrow neck [START_REF] Arellano | Ultrastructure of dendritic spines: correlation between synaptic and spine morphologies[END_REF][START_REF] Harris | Ultrastructure of Synapses in the Mammalian Brain[END_REF]. They exist in a large variety of shapes and sizes along individual dendrites. Spine head volume can vary between 3 orders of magnitude (0.01 to 1.5 μm 3 ), neck length between 0.2 μm and 3 μm, and minimal neck diameter between 20 and 500 nm [6]. Spine heads are typically contacted by an excitatory synaptic input and harbor an excitatory postsynaptic density (ePSD) that contains glutamatergic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-Methyl-D-aspartate (NMDA) neurotransmitter receptors, scaffolding proteins, adhesion molecules, and a complex machinery of proteins undertaking the transduction of synaptic signals. The size of the spine head correlates with the size of the ePSD and the strength of synaptic transmission [START_REF] Fifkova | Stimulation-induced changes in dimensions of stalks of dendritic spines in the dentate molecular layer[END_REF][8][START_REF] Matsuzaki | Structural basis of long-term potentiation in single dendritic spines[END_REF][START_REF] Bourne | Coordination of size and number of excitatory and inhibitory synapses results in a balanced[END_REF][START_REF] Holderith | Release probability of hippocampal glutamatergic terminals scales with the size of the active zone[END_REF]. In addition to the ePSD, spines contain ribosomes, which mediate local protein synthesis, and endosomes, which play a critical role in membrane and receptor trafficking [12,[START_REF] Kennedy | Architecture and Dynamics of the Neuronal Secretory Network[END_REF]. The largest spines often contain a spine apparatus (SA), which contributes to calcium signaling and synaptic plasticity [12,[START_REF] Korkotian | Synaptopodin regulates spine plasticity: Mediation by calcium stores[END_REF], and some spines, especially in the upper layers of the cortex, also house an inhibitory postsynaptic specialization [START_REF] Kubota | Neocortical Inhibitory Terminals Innervate Dendritic Spines Targeted by Thalamocortical Afferents[END_REF]. Spine necks are diffusional barriers that biochemically isolate spine heads from their parent dendrite [START_REF] Alvarez | Anatomical and Physiological Plasticity of Dendritic Spines[END_REF][START_REF] Tønnesen | Spine neck plasticity regulates compartmentalization of synapses[END_REF][START_REF] Adrian | Probing the Interplay between Dendritic Spine Morphology and Membrane-Bound Diffusion[END_REF][START_REF] Yasuda | Biophysics of Biochemical Signaling in Dendritic Spines: Implications in Synaptic Plasticity[END_REF]. In addition, they can filter the electrical component of synaptic signals and amplify spine head depolarization [START_REF] Harnett | Synaptic amplification by dendritic spines enhances input cooperativity[END_REF][START_REF] Yuste | Electrical Compartmentalization in Dendritic Spines[END_REF][START_REF] Tønnesen | Dendritic spines as tunable regulators of synaptic signals[END_REF] (but see [START_REF] Svoboda | Direct measurement of coupling between dendritic spines and shafts[END_REF][START_REF] Takasaki | Super-resolution 2-photon microscopy reveals that the morphology of each dendritic spine correlates with diffusive but not synaptic properties[END_REF][START_REF] Popovic | Electrical behaviour of dendritic spines as revealed by voltage imaging[END_REF]). Both spine heads and spine necks are remodeled depending on neuronal activity [START_REF] Matsuzaki | Structural basis of long-term potentiation in single dendritic spines[END_REF][START_REF] Honkura | The Subspine Organization of Actin Fibers Regulates the Structure and Plasticity of Dendritic Spines[END_REF][START_REF] Araya | Activity-dependent dendritic spine neck changes are correlated with synaptic strength[END_REF] and in pathology [START_REF] Androuin | Evidence for altered dendritic spine compartmentalization in Alzheimer's disease and functional effects in a mouse model[END_REF][START_REF] Forrest | Dendritic structural plasticity and neuropsychiatric disease[END_REF]. While the relationship between spine morphology and function is widely acknowledged, and although dendritic spines are known to participate in different neural circuits depending on their location in the dendritic tree [START_REF] Rajkovich | Experience-Dependent and Differential Regulation of Local and Long-Range Excitatory Neocortical Circuits by Postsynaptic Mef2c[END_REF], the extent of synaptic ultrastructural diversity along individual identified dendrites has not been quantified, and the consequences of this variability on signal compartmentalization and dendritic integration remain to be investigated. Dendritic signaling can be modeled based on anatomical and biophysical parameters [START_REF] Poirazi | Illuminating dendritic function with computational models[END_REF] using "realistic" multicompartment models [START_REF] Almog | Is realistic neuronal modeling realistic?[END_REF]. These models were pioneered by Wilfrid Rall following the seminal works of Hodgkin and Huxley [START_REF] Rall | Cable properties of dendrites and effects of synaptic location[END_REF][START_REF] Hodgkin | A quantitative description of membrane current and its application to conduction and excitation in nerve[END_REF]. They have provided a powerful theoretical framework for understanding dendritic integration [START_REF] Stuart | Dendritic integration: 60 years of progress[END_REF], spine function [START_REF] Segev | Computational study of an excitable dendritic spine[END_REF], inhibitory signaling [START_REF] Gidon | Principles Governing the Operation of Synaptic Inhibition in Dendrites[END_REF][START_REF] Doron | Timed Synaptic Inhibition Shapes NMDA Spikes, Influencing Local Dendritic Processing and Global I/O Properties of Cortical Neurons[END_REF], and electrical compartmentalization in spines [START_REF] Tønnesen | Dendritic spines as tunable regulators of synaptic signals[END_REF][START_REF] Yuste | From form to function: Calcium compartmentalization in dendritic spines[END_REF][START_REF] Gulledge | Electrical advantages of dendritic spines[END_REF]. However, spines and synapses are usually modeled with ad hoc or averaged biophysical parameters, which limit the accuracy of the prediction [START_REF] Jadi | An augmented two-layer model captures nonlinear analog spatial integration effects in pyramidal neuron dendrites[END_REF]. Modeling the actual behavior of dendritic spines requires an accurate description of their ultrastructural heterogeneity with a cell-typeand dendritic-type-resolution. To acquire such data, it is necessary to combine the nanometer resolution of electron microscopy (EM) with an approach that allows the identification of the origin of dendritic spines (i.e., location on the dendrite, type of dendrite, and type of neuron) without obscuring the intracellular content. This task is arduous: 1 mm 3 of mouse cortex contains over 50,000 of neurons, each of which establishes approximately 8,000 synaptic connections with neighboring neurons, and these synapses are highly specific, connecting multiple neuronal subtypes from various brain regions [START_REF] Schu ¨z | Density of neurons and synapses in the cerebral cortex of the mouse[END_REF][START_REF] Herculano-Houzel | Distribution of neurons in functional areas of the mouse cerebral cortex reveals quantitatively different cortical zones[END_REF][START_REF] Motta | Dense connectomic reconstruction in layer 4 of the somatosensory cortex[END_REF][START_REF] Sanes | Synaptic Specificity, Recognition Molecules, and Assembly of Neural Circuits[END_REF]. Reconstructing selected dendritic spines and synaptic contacts along dendritic trees requires either enormous volumes of 3D-EM acquisitions using resource-consuming approaches adapted from connectomics [START_REF] Briggman | Towards neural circuit reconstruction with volume electron microscopy techniques[END_REF][START_REF] Helmstaedter | Cellular-resolution connectomics: Challenges of dense neural circuit reconstruction[END_REF][START_REF] Kasthuri | Saturated Reconstruction of a Volume of Neocortex[END_REF][START_REF] Karimi | Cell-type specific innervation of cortical pyramidal cells at their apical dendrites[END_REF] or combining EM with a lower-scale imaging modality such as confocal or 2-photon light microscopy (LM) to guide 3D-EM image acquisitions to the region of interest (ROI) [START_REF] De | Correlated light and electron microscopy: Ultrastructure lights up![END_REF][START_REF] Begemann | Correlative light electron microscopy: Connecting synaptic structure and function[END_REF][START_REF] Mu ¨ller-Reichert | Correlative Light and Electron Microscopy III[END_REF]. While very powerful in vitro [START_REF] De | Correlated light and electron microscopy: Ultrastructure lights up![END_REF][START_REF] Watanabe | Protein localization in electron micrographs using fluorescence nanoscopy[END_REF][START_REF] Russell | 3D correlative light and electron microscopy of cultured cells using serial blockface scanning electron microscopy[END_REF], correlative light-electron microscopy (CLEM) is difficult to implement in brain tissues [START_REF] Collman | Mapping Synapses by Conjugate Light-Electron Array Tomography[END_REF][START_REF] Lees | Correlative two-photon and serial block face scanning electron microscopy in neuronal tissue using 3D near-infrared branding maps[END_REF][START_REF] Maclachlan | Block Face Scanning Electron Microscopy of Fluorescently Labeled Axons Without Using Near Infra-Red Branding[END_REF]. New protocols are required to facilitate the in situ identification of targeted dendrites and synapses in different imaging modalities and to make 3D-CLEM more accessible to the neuroscientific community.

Here, we have developed a CLEM workflow combining confocal light microscopy with serial block-face scanning EM (SBEM) and targeted photoprecipitation of 3,3-diaminobenzidine (DAB) to facilitate ROI recovery. We applied this workflow to reconstruct dendritic spines located exclusively on the basal dendrites of genetically labelled PNs in layer 2/3 (L2/3) of the somatosensory cortex (SSC) of adult mice. We analyzed the variability of their ultrastructure and estimated the electrical resistance of their neck. We also examined the distribution and the morphology of inhibitory synapses. We specifically examined dendritic spines receiving both excitatory and inhibitory inputs, which represented 10% of all spines along basal dendrites. These dually innervated spines (DiSs) exhibited wider heads and larger ePSDs than singly innervated spines (SiSs), and they were more electrically isolated from the dendritic shaft than SiSs of comparable head size. We then used our measurements to constrain a multicompartment model of synaptic signaling and compartmentalization in dendrites. We assessed the effects of individual excitatory and inhibitory signals on membrane voltage and calcium concentration depending on inhibitory synapse placement (i.e., on a spine head or on the dendritic shaft) and input timing. Our results challenge the view that spinous inhibition strictly vetoes single excitatory inputs and rather suggest that it fine-tunes calcium levels in DiSs. Our simulations indicate that a single inhibitory postsynaptic potential (IPSP) evoked in a DiS within 10 ms after an excitatory postsynaptic potential (EPSP) can curtail the local increase of calcium concentration without affecting the amplitude of membrane depolarization. This decoupling effect could impact long-term synaptic plasticity in cortical circuits.
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Results

Combining light and electron microscopy to access the ultrastructure of targeted populations of dendritic spines in brain slices

In the cortex, the morphology and distribution of dendritic spines vary depending on cortical area and layer in which the cell body is located [START_REF] Harris | Ultrastructure of Synapses in the Mammalian Brain[END_REF][START_REF] Stuart | Dendritic integration: 60 years of progress[END_REF][START_REF] Katz | Synapse Distribution Suggests a Two-Stage Model of Dendritic Integration in CA1 Pyramidal Neurons[END_REF][START_REF] Bosch | FIB/SEM technology and high-throughput 3D reconstruction of dendritic spines and synapses in GFP-labeled adult-generated neurons[END_REF], and dendritic spines are differently regulated depending on their location within dendritic trees-e.g., basal or apical dendrites [START_REF] Rajkovich | Experience-Dependent and Differential Regulation of Local and Long-Range Excitatory Neocortical Circuits by Postsynaptic Mef2c[END_REF][START_REF] Karimi | Cell-type specific innervation of cortical pyramidal cells at their apical dendrites[END_REF][START_REF] Globus | Effects of differential experience on dendritic spine counts in rat cerebral cortex[END_REF][START_REF] Feldmeyer | Excitatory neuronal connectivity in the barrel cortex[END_REF][START_REF] Bian | Coordinated Spine Pruning and Maturation Mediated by Inter-Spine Competition for Cadherin/Catenin Complexes[END_REF]. Therefore, it is critical to take into account both the cellular and dendritic context to characterize the diversity of spine ultrastructure. To that aim, we developed a 3D-CLEM workflow allowing the ultrastructural characterization of dendritic spines on genetically defined neuronal cell types and along identified types of dendrites in intact cortical circuits. In order to sparsely label specific subtypes of neurons, we used cortex-directed in utero electroporation (IUE) in mice. We electroporated neuronal progenitors generating L2/3 cortical PNs at embryonic day (E)15.5 with a plasmid expressing the fluorescent cytosolic filler tdTomato, granting access to the morphology of electroporated neurons, their dendrites, and their dendritic spines in LM. We perfused adult mice with aldehyde fixatives and collected vibratome sections of the electroporated area. To facilitate sample handling, we designed custom-made chambers allowing sample immersion in different solutions during confocal imaging and subsequent retrieval of the sample before EM preparation steps (S1 Fig) . We enclosed 10 to 20 mm 2 fragments of brain sections in these chambers and acquired images of optically isolated basal dendrites of bright electroporated neurons with confocal microscopy (Fig 1A ).

A major challenge of CLEM in brain tissue is to recover the ROI in EM after imaging in LM. Several methods have been proposed to facilitate ROI recovery [START_REF] De | Correlated light and electron microscopy: Ultrastructure lights up![END_REF][START_REF] Begemann | Correlative light electron microscopy: Connecting synaptic structure and function[END_REF][START_REF] Mu ¨ller-Reichert | Correlative Light and Electron Microscopy III[END_REF], but they come with the following caveats: (1) using only intrinsic landmarks has a low throughput [START_REF] Maclachlan | Block Face Scanning Electron Microscopy of Fluorescently Labeled Axons Without Using Near Infra-Red Branding[END_REF][START_REF] Luckner | Label-free 3D-CLEM Using Endogenous Tissue Landmarks[END_REF]; [START_REF] Hersch | Quantification of synapses formed with apical dendrites of golgi-impregnated pyramidal cells: Variability in thalamocortical inputs, but consistency in the ratios of asymmetrical to symmetrical synapses[END_REF] filling target neurons with DAB masks intracellular ultrastructure [START_REF] Meißlitzer-Ruppitsch | Photooxidation technology for correlated light and electron microscopy[END_REF]; and (3) scarring the tissue with an infrared laser to generate extrinsic landmarks, a.k.a. "NIRB" for "near-infrared branding" [START_REF] Lees | Correlative two-photon and serial block face scanning electron microscopy in neuronal tissue using 3D near-infrared branding maps[END_REF][START_REF] Bishop | Near-infrared branding efficiently correlates light and electron microscopy[END_REF][START_REF] Maco | Correlative In Vivo 2 Photon and Focused Ion Beam Scanning Electron Microscopy of Cortical Neurons[END_REF][START_REF] Cane | The relationship between PSD-95 clustering and spine stability In Vivo[END_REF][START_REF] Blazquez-Llorca | Correlation of twophoton in vivo imaging and FIB/SEM microscopy[END_REF], produces landmarks with low pixel intensity in EM and can damage ultrastructure [START_REF] Luckner | Label-free 3D-CLEM Using Endogenous Tissue Landmarks[END_REF][START_REF] Karreman | Intravital Correlative Microscopy: Imaging Life at the Nanoscale[END_REF]. To facilitate ultrastructural measurements in non-obscured identified dendrites, we took advantage of the photo-oxidability of DAB [START_REF] Lu ¨bke | Photoconversion of diaminobenzidine with different fluorescent neuronal markers into a light and electron microscopic dense reaction product[END_REF][START_REF] Grabenbauer | Correlative microscopy and electron tomography of GFP through photooxidation[END_REF]. We immersed the samples in DAB solution and applied focalized UV light at user-defined positions ( We then segmented and reconstructed targeted dendrites in 3D (Fig 1D ) and registered whole portions of dendrites in both LM and EM to identify each dendritic spine unequivocally using neighboring spines as dependable topographic landmarks (Fig 1E and1F). CLEM-based 3D reconstruction enabled the identification of dendritic spines that were not visible in LM or EM alone. In LM, the limited axial resolution prevents the identification of axially oriented spines, which are easily detected in 3D-EM [START_REF] Karimi | Cell-type specific innervation of cortical pyramidal cells at their apical dendrites[END_REF] (Fig 1E and1F; see also corresponding movie at https://www. opendata.bio.ens.psl.eu/3DCLEM-Spines/S1_Movie.zip; login: guest, password: EnsData0811). On the other hand, laterally oriented spines with the longest and thinnest necks are conspicuous in LM stacks but can be difficult to find in 3D-EM datasets without the cues provided by LM. The proportion of spines recovered with CLEM versus LM alone could amount to up to 30% per ROI, and 5% per ROI versus EM alone, highlighting the advantage of CLEM over unimodal microscopy approaches.

Spine ultrastructure along the basal dendrites of L2/3 cortical pyramidal neurons

We used our CLEM workflow to quantify the full extent of the ultrastructural diversity of dendritic spines along the basal dendrites of L2/3 PNs of the SSC of 3 adult mice. We exhaustively segmented 254 μm of the basal dendritic arborization of 4 neurons, and we reconstructed a total of 390 individual spines (S1 Data). As spine distance to the soma spanned from 20 to 140 μm, with basal dendrites extending up to 150 μm [START_REF] ´ñez | Density and morphology of dendritic spines in mouse neocortex[END_REF][START_REF] Chen | Clustered Dynamics of Inhibitory Synapses and Dendritic Spines in the Adult Neocortex[END_REF][START_REF] Sarid | Contribution of intracolumnar layer 2/3-to-Layer 2/3 excitatory connections in shaping the response to whisker deflection in rat barrel cortex[END_REF][START_REF] Kubota | Functional effects of distinct innervation styles of pyramidal cells by fast spiking cortical interneurons[END_REF], our dataset can be considered representative of the whole spine population on these dendrites. The average linear density of dendritic spines was 1.5 ± 0.3 spine.μm -1 . We then quantified the following parameters for each spine: neck length, neck diameter, head volume, head longitudinal diameter (referred to as "head length"), head orthogonal diameter (referred to as "head diameter"), number of PSDs, and PSD area (Fig 2A,S1 Data). In agreement with previous reports in both basal and apical dendrites of mouse cortical and hippocampal neurons [START_REF] Arellano | Ultrastructure of dendritic spines: correlation between synaptic and spine morphologies[END_REF]6,[START_REF] Knott | Spine growth precedes synapse formation in the adult neocortex in vivo[END_REF][START_REF] Noguchi | In vivo two-photon uncaging of glutamate revealing the structure-function relationships of dendritic spines in the neocortex of adult mice[END_REF], we found that ePSD area correlates linearly with the volume of the spine head (Fig 2B). We also observed a nonlinear correlation between the length of the spine neck and its diameter (Fig 2C): Long spines (neck length > 2 μm) always had thin necks (neck diameter < 0.2 μm), although short necks could also be thin. By contrast, there was no correlation between the position of the spine or the interspine distance and any of the morphological parameters we measured (S2 Fig) . There was also no correlation between the length or the diameter of the neck and the morphometry of the spine head or ePSD (S1 Data), which is consistent with previous EM studies of L2/3 PNs of mouse neocortex [START_REF] Arellano | Ultrastructure of dendritic spines: correlation between synaptic and spine morphologies[END_REF][START_REF] ´ñez | Density and morphology of dendritic spines in mouse neocortex[END_REF] (but see [START_REF] Gulledge | Electrical advantages of dendritic spines[END_REF][START_REF] Noguchi | Spine-neck geometry determines NMDA receptor-dependent Ca2+ signaling in dendrites[END_REF] for different conclusions in other brain areas). Since our CLEM approach grants access to the cytosolic content of spines (Fig 3A ), we quantified the occurrence of SA, a complex stacked membrane specialization of smooth endoplasmic reticulum (SER), which contributes to calcium signaling, integral membrane protein trafficking, local protein synthesis, and synaptic plasticity [12][START_REF] Kennedy | Architecture and Dynamics of the Neuronal Secretory Network[END_REF][START_REF] Korkotian | Synaptopodin regulates spine plasticity: Mediation by calcium stores[END_REF][START_REF] Bourne | Balancing Structure and Function at Hippocampal Dendritic Spines[END_REF][START_REF] Segal | Endoplasmic reticulum calcium stores in dendritic spines[END_REF]. In basal dendrites, about 54% of spines contained an SA (Fig 3B), which is substantially higher than previous reports in the mature hippocampus [12,[START_REF] Chirillo | Local resources of polyribosomes and SER promote synapse enlargement and spine clustering after long-term potentiation in adult rat hippocampus[END_REF]. These spines were randomly distributed along the dendrites. They had larger heads (Fig 3C ), larger ePSDs (Fig 3D ), and wider necks than spines devoid of SA (Fig 3E), consistent with previous morphological studies of CA1 PNs [12,[START_REF] Chirillo | Local resources of polyribosomes and SER promote synapse enlargement and spine clustering after long-term potentiation in adult rat hippocampus[END_REF][START_REF] Spacek | Three-dimensional organization of smooth endoplasmic reticulum in hippocampal CA1 dendrites and dendritic spines of the immature and mature rat[END_REF]. The probability that a spine contained an SA depending on spine head volume followed a sigmoid model (Fig 3F), predicting that all spines with a head diameter larger than 1.1 μm (21% spines in our reconstructions) contain an SA.

Next, we used our ultrastructural data to estimate the electrical resistance of spine necks using R neck = ρ W neck , where ρ is the cytosolic resistivity (set to 300 O.cm [START_REF] Elbohouty | In vitro electrical conductivity of seizing and non-seizing mouse brain slices at 10 kHz[END_REF][START_REF] Miceli | Impedance Spectrum in Cortical Tissue: Implications for Propagation of LFP Signals on the Microscopic Level[END_REF]) and W neck is the diffusional neck resistance that restricts the diffusion of molecules and charges between spine heads and dendritic shafts [START_REF] Svoboda | Direct measurement of coupling between dendritic spines and shafts[END_REF]. To quantify W neck , for each spine, we measured a series of orthogonal cross-sections of the neck along its principal axis and integrated W neck = R dℓ / A (ℓ), where A(ℓ) is the neck cross-section area at the abscissa ℓ along the neck axis. W neck ranged from 2 μm -1 to 480 μm -1 and R neck from 8 MO to 1450 MO, with a median value of 188 MO. These values are consistent with previous estimations based on EM reconstructions and stimulated emission depletion (STED) super-resolutive light microscopy [START_REF] Tønnesen | Spine neck plasticity regulates compartmentalization of synapses[END_REF][START_REF] Harris | Dendritic spines of CA1 pyramidal cells in the rat hippocampus: Serial electron microscopy with reference to their biophysical characteristics[END_REF] and with direct electrophysiological recordings [START_REF] Jayant | Targeted intracellular voltage recordings from dendritic spines using quantum-dot-coated nanopipettes[END_REF]. It has been proposed that the SA, which may occupy some of the spine neck volume, could increase W neck [START_REF] Kennedy | Architecture and Dynamics of the Neuronal Secretory Network[END_REF][START_REF] Bourne | Balancing Structure and Function at Hippocampal Dendritic Spines[END_REF][START_REF] Lagache | Electrodiffusion models of synaptic potentials in dendritic spines[END_REF]. Therefore, we subtracted SA crosssection from A(ℓ) when computing W neck in SA+ spines (see Materials and methods). This correction increased W neck by 13% ± 2% in SA+ spines (S3 Fig) . However, because of their wider necks, W neck of SA+ spines was still lower (59% in average) than W neck of spines devoid of SA (Fig 3G). These results suggest that, in addition to supplying large dendritic spines with essential resources, the SA may adjust W neck and influence spine compartmentalization [12,[START_REF] Kennedy | Architecture and Dynamics of the Neuronal Secretory Network[END_REF][START_REF] Chirillo | Local resources of polyribosomes and SER promote synapse enlargement and spine clustering after long-term potentiation in adult rat hippocampus[END_REF].

Excitatory and inhibitory synapses in dually innervated spines

We noticed that a small proportion of dendritic spines were contacted by 2 distinct presynaptic boutons (DiSs). DiSs have long been described in the literature as receiving both an excitatory and an inhibitory synaptic contact [START_REF] Jones | Morphological variations in the dendritic spines of the neocortex[END_REF][START_REF] Beaulieu | A Laminar Analysis of the Number of Round-Asymmetrical and Flat-Symmetrical Synapses on Spines, Dendritic Trunks, and Cell Bodies in Area 17 of the Cat[END_REF][START_REF] Dehay | Excitation by geniculocortical synapses is not "vetoed" at the level of dendritic spines in cat visual cortex[END_REF][START_REF] Fifkova | Inhibitory contacts on dendritic spines of the dentate fascia[END_REF]. In the SSC, DiSs are contacted by VGLUT2-positive thalamocortical inputs [START_REF] Kubota | Neocortical Inhibitory Terminals Innervate Dendritic Spines Targeted by Thalamocortical Afferents[END_REF], and they are sensitive to sensory experiences. The number of DiSs increases in response to sensory stimulation and decreases in response to sensory deprivation [START_REF] Chen | Clustered Dynamics of Inhibitory Synapses and Dendritic Spines in the Adult Neocortex[END_REF][START_REF] Micheva | An anatomical substrate for experience-dependent plasticity of the rat barrel field cortex[END_REF][START_REF] Knott | Formation of Dendritic Spines with GABAergic Synapses Induced by Whisker Stimulation in Adult Mice[END_REF][START_REF] Van Versendaal | Elimination of Inhibitory Synapses Is a Major Component of Adult Ocular Dominance Plasticity[END_REF], suggesting their importance in synaptic integration and sensory processing. However, their scarcity in the cortex has been an obstacle to their ultrastructural and functional characterization. We took advantage of our CLEM approach and the molecular signature of this population of spines (i.e., the presence of a cluster of gephyrin, the core protein of inhibitory postsynaptic scaffolds [START_REF] Tyagarajan | Gephyrin: A master regulator of neuronal function?[END_REF][START_REF] Krueger-Burg | Organizers of inhibitory synapses come of age[END_REF]) to examine their morphological properties. To label inhibitory synapses in cortical PNs (Fig 4A ), we co-expressed tdTomato with small amounts of GFP-tagged gephyrin (GFP-GPHN) [START_REF] Chen | Clustered Dynamics of Inhibitory Synapses and Dendritic Spines in the Adult Neocortex[END_REF][START_REF] Van Versendaal | Elimination of Inhibitory Synapses Is a Major Component of Adult Ocular Dominance Plasticity[END_REF][START_REF] Fossati | SRGAP2 and Its Human-Specific Paralog Co-Regulate the Development of Excitatory and Inhibitory Synapses[END_REF][START_REF] Iascone | Whole-Neuron Synaptic Mapping Reveals Spatially Precise Excitatory/Inhibitory Balance Limiting Dendritic and Somatic Spiking[END_REF]. We identified in LM spines containing a gephyrin cluster (Fig 4B ), and we ascertained their dual innervation in EM after back-correlating spine identity between LM and SBEM acquisitions. To do so, we aligned reconstructed dendrites on LM images (Fig 4C ) and matched individual spines in both modalities (lettered in Fig 4B and4C). While ePSDs look asymmetrical and more electron dense than inhibitory PSDs (iPSDs) in transmission EM [START_REF] Gray | Characteristics of excitatory and inhibitory synapses in the central nervous system of the cat[END_REF][START_REF] Guerrier | The F-BAR Domain of srGAP2 Induces Membrane Protrusions Required for Neuronal Migration and Morphogenesis[END_REF], the anisotropic resolution of SBEM does not allow the distinction of ePSDs and iPSDs in most DiSs [START_REF] Karimi | Cell-type specific innervation of cortical pyramidal cells at their apical dendrites[END_REF]. Therefore, we identified iPSDs on DiSs based on GFP-GPHN cluster position in LM images. In 89% of DiSs (33/37), the excitatory (GFP-GPHN-negative) PSD and the inhibitory (GFP-GPHN-positive) PSD could be clearly discriminated. However, in 11% of DiSs (4/37 DiSs), distinguishing ePSD from iPSD was not obvious due to the coarse axial resolution of LM imaging. To resolve ambiguities, we reconstructed the axons innervating the DiSs and determined their identity based on their other targets in the neuropil, either soma and dendritic shaft for inhibitory axons [START_REF] Hersch | Quantification of synapses formed with apical dendrites of golgi-impregnated pyramidal cells: Variability in thalamocortical inputs, but consistency in the ratios of asymmetrical to symmetrical synapses[END_REF]101,102], or other dendritic spines for excitatory axons [START_REF] Karimi | Cell-type specific innervation of cortical pyramidal cells at their apical dendrites[END_REF] (Fig 4D). As a result, we could unequivocally determine the excitatory or inhibitory nature of each synaptic contact on electroporated neurons, within approximately 10 5 μm 3 3D-EM acquisition volume.

In CLEM, we measured an average density of 1.4 ± 0.5 iPSDs per 10 μm of dendrite on DiSs and 2.1 ± 1.2 iPSDs per 10 μm of dendrite on the dendritic shaft-amounting to 3.5 ± 1.1 iPSDs per 10 μm of dendrite. iPSDs were homogeneously distributed either on spines or shaft from 24 μm away from the soma to the dendritic tip, which contrasts with apical dendrites where spinous inhibitory synapses are distally enriched [START_REF] Chen | Clustered Dynamics of Inhibitory Synapses and Dendritic Spines in the Adult Neocortex[END_REF]. Along the basal dendrites of L2/3 cortical PNs, 38% of inhibitory contacts occurred on dendritic spines, which is higher than previously estimated [START_REF] Chen | Clustered Dynamics of Inhibitory Synapses and Dendritic Spines in the Adult Neocortex[END_REF][START_REF] Iascone | Whole-Neuron Synaptic Mapping Reveals Spatially Precise Excitatory/Inhibitory Balance Limiting Dendritic and Somatic Spiking[END_REF]. This percentage was stable from P21 but lower in young (P10) neurons and in layer 5 PNs (S4 

Morphologically constrained modeling of synaptic signaling

Next, we wanted to assess the impact of spine diversity on synaptic signals. We used a computational approach based on a multicompartment "ball-and-stick" model of the neuronal membrane [START_REF] Gulledge | Electrical advantages of dendritic spines[END_REF][START_REF] Nelson | Excitatory/Inhibitory Balance and Circuit Homeostasis in Autism Spectrum Disorders[END_REF]. This model comprises an isopotential soma and 2 dendritic compartments structured as cables featuring passive resistor-capacitor (RC) circuits and conductance-based synapses. The 2 dendritic compartments correspond to the dendrite receiving the synaptic inputs and to the remainder of the dendritic tree (Fig 6A1) [START_REF] Peixoto | Transsynaptic Signaling by Activity-Dependent Cleavage of Neuroligin-1[END_REF][START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF]. We constrained this model with morphological parameters measured in CLEM (i.e., for 390 spines and 37 DiSs: spine head volume and membrane area, ePSD and iPSD area, neck resistance, distance between spine and soma, dendritic diameter), taking into account the structural shrinkage resulting from chemical fixation (see S7 Fig) . Individual synaptic AMPA, NMDA, and GABA A conductances (Fig 6A2 ) were scaled proportionally to PSD areas [START_REF] Noguchi | In vivo two-photon uncaging of glutamate revealing the structure-function relationships of dendritic spines in the neocortex of adult mice[END_REF][START_REF] Smith | Cadherin-10 maintains excitatory/inhibitory ratio through interactions with synaptic proteins[END_REF][START_REF] Taketo | Developmental change of GABA(A) receptor-mediated current in rat hippocampus[END_REF][START_REF] Van Versendaal | Inhibitory interneurons in visual cortical plasticity[END_REF][110]. Voltage-dependent calcium channels (VDCCs) were modeled in spine heads using Goldman-Hodgkin-Katz equations [111], and their conductance was scaled proportionally to spine head areas. Conductances were adjusted to fit published electrophysiological values (see Materials and methods) [START_REF] Gidon | Principles Governing the Operation of Synaptic Inhibition in Dendrites[END_REF][START_REF] Doron | Timed Synaptic Inhibition Shapes NMDA Spikes, Influencing Local Dendritic Processing and Global I/O Properties of Cortical Neurons[END_REF][112][113][114][115][116][117][118][119][120][121][122].

We first examined the propagation of simulated EPSPs. The amplitude of the depolarization evoked in spine heads followed a log-normal distribution reflecting the morphological variability of spines (Fig 6B). The maximal amplitude of the depolarization (ΔV max ) was sharply attenuated between the head of the spine and the dendritic shaft (51% attenuation in average), and about 5% of ΔV max reached the soma (Fig 6B and6C), which is in the range of measurements performed in basal dendrites of L5 cortical PNs using voltage dyes, electrophysiology, and glutamate uncaging [START_REF] Popovic | Electrical behaviour of dendritic spines as revealed by voltage imaging[END_REF]123]. To determine the contribution of individual In DiSs, the contribution of R neck to ΔV max was much higher, reaching 38% of the variance, while A ePSD contribution dropped to 47% (S1 Table ). In 56% of dendritic spines, R neck was large enough (>145 MO) to attenuate EPSP amplitude by >50% across the spine neck, and more than 90% of spine necks attenuated the signal by at least 10% (Fig 6D ), suggesting that most spine necks constitutively compartmentalize electrical signals in the head of spines.

We next estimated the elevation of calcium ion concentration induced in spine heads by an EPSP. The amplitude of calcium transients (Δ[Ca 2+ ]) was similar in SiSs and DiSs and varied nonlinearly with A ePSD (Fig 6E). A ePSD accounted for 30% of Δ[Ca 2+ ] in SiSs and 45% in DiSs, followed by R neck (9%; S1 Table ). NMDA receptors (NMDARs) had the largest contribution to Δ[Ca 2+ ], consistent with numerous experimental observations reviewed in [125,126] 

(S9 Fig).
Overall, our model provides quantitative insights into the variability of EPSP amplitude originating from spine diversity and highlights differences in the contribution of morphological parameters to membrane depolarization and calcium signals in SiSs and DiSs.

Temporal interplay of excitatory and inhibitory signals in dually innervated spines

We used our model to compare the effects of dendritic shaft inhibition and spinous inhibition, whose functional relevance is still unclear. To understand how spine ultrastructure and iPSD location influence synaptic integration, we modeled the interaction between one IPSP and one EPSP under the constraint of our morphological measurements. Assessing the extent of signal variability originating from spine morphological heterogeneity required a large number of simulations (N � 1,000). To expand our distribution of DiSs and shaft iPSDs (S1 Data), we used a bootstrapping method [127], which provided unbiased estimations of the mean and variance of the signals (see Materials and methods). We first simulated the interaction of one EPSP and one IPSP generated with a time difference of Δt ( A1) and representative time course of excitatory (magenta) and inhibitory (green) conductance based on the kinetics of AMPA, NMDA, and GABA A receptors (A2). All compartments include passive RC circuits to model cell membrane properties and optionally include an active conductance that models VDC. All modeled spines feature an excitatory synapse with glutamatergic AMPA and NMDA currents. Spines and dendritic compartments can also feature an inhibitory synapse with GABAergic currents. All conductances were scaled to PSD area (see Materials and methods). (B) Simulation of the time courses of membrane depolarization following an EPSP, taking into account spine diversity (i.e., R neck , ePSD area, and distance to soma, as measured in CLEM) in the spine head (blue), in the dendritic shaft in front of the spine (orange), and in the soma (green). (C) Amplitude of evoked depolarization (ΔV max ) as a function of ePSD area at 3 distinct locations: head of SiSs (blue) or DiSs (magenta) where the EPSP was elicited, dendritic shaft 1 μm from the spine (orange) or soma (green). (D) Attenuation of the amplitude of depolarization between the spine head and the dendrite as a function of the resistance of the neck (R neck ). The attenuation was calculated as: α = 1 -ΔV max, shaft / ΔV max, spine . Red cross: mean value of α. (E) Estimated amplitude of intracellular calcium concentration transients Δ[Ca 2+ ] max , following activation of NMDA receptors and VDCCs as a function of ePSD area. Three spiking outliers are not represented. The data underlying this figure can be found in https://www.opendata.bio.ens.psl.eu/3DCLEM-Spines/data/Data_ related_to_Fig 6.xlsx (login: guest; password: EnsData0811). AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CLEM, correlative light-electron microscopy; DiSs, dually innervated spines; ePSD, excitatory postsynaptic density; EPSP, excitatory postsynaptic potential; NMDA, N-Methyl-D-aspartate; PSD, postsynaptic density; RC, resistor-capacitor; SiSs, singly innervated spines; VDC, voltage-dependent current; VDCC, voltage-dependent calcium channel. https://doi.org/10.1371/journal.pbio.3001375.g006 To further assess the importance of spine morphological features in the model outputs, we examined the case of adult L2/3 cortical PNs expressing the human-specific gene Slit-Robo Rho GTPAse-activating protein 2C (SRGAP2C). We have previously shown that SRGAP2C regulates synapse density, spine neck length, and DiS proportion in oblique apical dendrites [START_REF] Fossati | SRGAP2 and Its Human-Specific Paralog Co-Regulate the Development of Excitatory and Inhibitory Synapses[END_REF]130]. CLEM reconstructions showed that SRGAP2C expression did not affect the density of synapses or DiSs in basal dendrites. However, dendritic spines in the basal dendrites of SRGAPC-expressing neurons had smaller ePSDs and smaller necks than in control neurons (see panels A-C in S10 

Discussion

In the present study, we developed a novel 3D-CLEM workflow allowing the ultrastructural and quantitative characterization of specific populations of dendritic spines in genetically defined types of neurons. We used this workflow to exhaustively reconstruct spines and synaptic contacts along the basal dendrites of fluorescently labelled L2/3 cortical PNs of the SSC and to provide a quantitative description of their diversity. We input our measurements in a computational model to analyze the variability of electrical and calcium synaptic signals originating from spine ultrastructural diversity and to characterize the local integration of excitatory and inhibitory inputs in dendritic spines. Our results shed light on unique properties of DiSs, which represent 10% of all spines and 38% of all inhibitory synapses along the basal dendrites of L2/3 cortical PNs. While individual inhibitory synapses distributed along dendritic shafts can be powerful enough to block several EPSPs [102], we show that spinous inhibition affects excitatory signals more efficiently than shaft inhibition in DiSs. Furthermore, the activation of a spinous inhibitory synapse within a few milliseconds after an EPSP can decouple voltage and calcium signals in DiSs, which could impact calcium-dependent signaling cascades that drive spine plasticity.

The molecular composition and biophysical properties of spines and synapses are heterogeneous along dendritic segments and across dendritic trees. However, most computational models usually overlook this diversity and consider that inhibition only occurs on the soma or in dendrites (e.g., [131][132][133]). The 3D-CLEM approach we propose provides an accessible solution for detailed quantification of synaptic diversity beyond the micrometer scale in intact brain circuits. Although there can be variation in synaptic transmission at a given synapse due to the stochasticity of the molecular processes involved, EM measurements of synapse size are predictive of the average strength of individual synapses in L2/3 cortical PNs [110]. Therefore, our approach will help implement morphologically constrained computational models to improve modeling accuracy and assess the functional outcomes of ultrastructural changes induced by experience, mutations, or diseases. Our workflow is applicable to any type of tissue and allows anatomical measurements of any kind of genetically labelled cells and organelles.

One technical limitation is the need for chemical fixation, which may distort tissue morphology [134,135] and require correction based on a morphological comparison with physically fixed tissues (see panel B3 in S7 Fig) in order to reliably depict in vivo situations. Future development of aldehyde-free cryo-CLEM methods for tissue analysis will be important to grant access to cellular and synaptic ultrastructure in close-to-native environments.

Applying 3D-CLEM to the basal dendrites of L2/3 cortical PNs allowed us to quantitatively describe the landscape of synaptic diversity and to characterize the ultrastructural features of a scarce population of dendritic spines receiving both excitatory and inhibitory synaptic inputs (DiSs). In the cortex, DiSs are mostly contacted by VGluT2-positive excitatory thalamocortical inputs [START_REF] Kubota | Neocortical Inhibitory Terminals Innervate Dendritic Spines Targeted by Thalamocortical Afferents[END_REF], and they receive inhibition from somatostatin-expressing and parvalbuminexpressing interneurons [129,136], which are the 2 main sources of inhibitory inputs to the basal dendrites of L2/3 cortical PNs [137,138]. In vivo 2-photon imaging experiments have shown that DiSs are among the most stable spines along the dendrites of L2/3 PNs [START_REF] Lu | Genetic alterations of δ-catenin/NPRAP/Neurojungin (CTNND2): functional implications in complex human diseases[END_REF]. The inhibitory synapse in DiSs is smaller and more labile than inhibitory synapses along dendritic shafts, and it is very sensitive to sensory experience [START_REF] Chen | Clustered Dynamics of Inhibitory Synapses and Dendritic Spines in the Adult Neocortex[END_REF][START_REF] Knott | Formation of Dendritic Spines with GABAergic Synapses Induced by Whisker Stimulation in Adult Mice[END_REF][START_REF] Van Versendaal | Elimination of Inhibitory Synapses Is a Major Component of Adult Ocular Dominance Plasticity[END_REF][START_REF] Lu | Genetic alterations of δ-catenin/NPRAP/Neurojungin (CTNND2): functional implications in complex human diseases[END_REF]. Whisker stimulation induces a lasting increase in the occurrence of iPDSs in spines of the barrel cortex [START_REF] Knott | Formation of Dendritic Spines with GABAergic Synapses Induced by Whisker Stimulation in Adult Mice[END_REF], and monocular deprivation destabilizes iPSDs housed in spines of the visual cortex [START_REF] Chen | Clustered Dynamics of Inhibitory Synapses and Dendritic Spines in the Adult Neocortex[END_REF][START_REF] Van Versendaal | Elimination of Inhibitory Synapses Is a Major Component of Adult Ocular Dominance Plasticity[END_REF][START_REF] Lu | Genetic alterations of δ-catenin/NPRAP/Neurojungin (CTNND2): functional implications in complex human diseases[END_REF], suggesting their role in experience-dependent plasticity. Our morphological and computational analysis provides new insights into the biophysical properties of DiSs. We show that DiSs have larger heads and larger ePSDs than SiSs, and most often contain an SA. However, the ratio between mean spine neck diameter and spine head volume (or ePSD area) was smaller in DiSs than in SiSs, and DiSs had longer necks than SiSs of comparable head volume, so that EPSPs of similar amplitudes encounter a higher neck resistance in DiSs than in SiSs. Thus, DiSs are uniquely compartmentalized by their ultrastructural features and the presence of an inhibitory synapse.

Our model predicts that IPSPs occurring in DiSs within milliseconds after an EPSP can curtail calcium transients without affecting depolarization, thereby locally decoupling voltage and calcium signaling. This is expected to impact the induction of long-term forms of synaptic plasticity, such as long-term potentiation (LTP) or long-term depression (LTD), which underlie learning and memory [START_REF] Bourne | Balancing Structure and Function at Hippocampal Dendritic Spines[END_REF][139][140][141]. The induction of LTP versus LTD is determined by the magnitude and time course of calcium flux, with brief, high calcium elevation generating LTP, sustained moderate calcium elevation generating LTD, and low calcium level inducing no plasticity [142][143][144]. Therefore, a small reduction in the amplitude of calcium transients may limit spine potentiation or even cause depression [145][146][147]. In the cortex, thalamocortical inputs may contact DiSs on the basal dendrites of L2/3 PNs both directly (excitatory connection) and indirectly through feed-forward inhibition via parvalbumin-expressing fast-spiking interneurons [148,149]. The delay between thalamocortical excitatory and feed-forward inhibitory signals is typically +1 ms to +3 ms [148], within the 10 ms time window for voltage-calcium decoupling in DiSs. Therefore, the presence of inhibitory synapses in DiSs could prevent synaptic potentiation and thereby increase the temporal precision of cortical response to sensory stimulation [START_REF] Knott | Formation of Dendritic Spines with GABAergic Synapses Induced by Whisker Stimulation in Adult Mice[END_REF]148,150]. On the contrary, the removal of spine inhibitory synapses during experience-dependent plasticity such as monocular deprivation could favor synaptic potentiation to strengthen inputs from the nondeprived eye [START_REF] Chen | Clustered Dynamics of Inhibitory Synapses and Dendritic Spines in the Adult Neocortex[END_REF][START_REF] Van Versendaal | Elimination of Inhibitory Synapses Is a Major Component of Adult Ocular Dominance Plasticity[END_REF]151]. Likewise, the partial alleviation of calcium transient reduction by the human-specific gene SRGAP2C might facilitate long-term plasticity in DiSs. In the future, these hypotheses will have to be tested experimentally and using more elaborate morphologically constrained models allowing the computation of complex events at the basis of long-term plasticity.

Our understanding of synaptic and dendritic computations is intimately linked to the quantitative description of synaptic distribution, ultrastructure, nano-organization, activity, and diversity in neural circuits. The CLEM workflow we propose opens new avenues for the ultrastructural characterization of synapses with distinct molecular signatures defining their identity or activation profile. Another milestone to better model the biophysics of synaptic integration will be to combine EM with quantitative super-resolution LM to measure the density and nano-organization of molecular species (e.g., AMPARs, NMDARs, and VDCCs) in specific populations of synapses in intact brain circuits. Combining circuit and super-resolution approaches through CLEM will be critical to refine large-scale circuit models [START_REF] Sarid | Contribution of intracolumnar layer 2/3-to-Layer 2/3 excitatory connections in shaping the response to whisker deflection in rat barrel cortex[END_REF]152,153] (but see [START_REF] Almog | Is realistic neuronal modeling realistic?[END_REF]) and bridge the gap between molecular, system, and computational neurosciences.

Materials and methods

Ethics statement

All animals were handled according to European and French regulations (directive 2010 /63, decree 2013-118). The reference of our authorization was APAFIS#1530-2015082611508691v3. It was delivered by the French Ministry of Research after evaluation by the Comite ´d'Ethique en Experimentation Animale n˚005.

Animals and in utero cortical electroporation

In utero cortical electroporation was performed as described previously [154]. Briefly, pregnant Swiss female mice at E15.5 (Janvier Labs, France) were anesthetized with isoflurane (3.5% for induction, 2% during the surgery) and subcutaneously injected with 0.1 mg/kg of buprenorphine for analgesia. The uterine horns were exposed after laparotomy. Electroporation was performed using a square wave electroporator (ECM 830, BTX, Holliston, MA) and tweezertype platinum disc electrodes Sonidel,Dublin,Ireland). The electroporation settings were 4 pulses of 40 V for 50 ms with 500 ms interval. Endotoxin-free DNA was injected using a glass pipette into one ventricle of the mouse embryos at the following concentrations: pH1SCV2 TdTomato: 0.5 μg/μL; pCAG EGFP-GPHN: 0.3 μg/μL; and pCAHA SRGAP2C: 0.7 μg/μL. All constructs have been described before [START_REF] Fossati | SRGAP2 and Its Human-Specific Paralog Co-Regulate the Development of Excitatory and Inhibitory Synapses[END_REF].

Cortical slice preparation

Electroporated animals aged between postnatal day P78 and P129 were anesthetized with ketamin 100 mg/kg and xylazin 10 mg/kg and intracardiacally perfused with first 0.1 mL of heparin (5000 U.I/mL, Sanofi, Paris, France), then an aqueous solution of 4% w/v paraformaldehyde (PFA) (CliniSciences) and 0.5% glutaraldehyde (GA) (Clinisciences, Nanterre, France) in 0.1 M phosphate-buffered saline (PBS). The fixative solution was made extemporaneously and kept at ice-cold temperature throughout the perfusion. The perfusion was gravity-driven at a flow rate of about 0.2 ml/s, and the total perfused volume was about 100 ml per animal. Brains were collected and postfixed overnight at 4˚C in a 4% PFA solution. Coronal brain sections with 30-μm thickness were obtained using a vibrating microtome (Leica VT1200S).

Fluorescence microscopy of fixed tissue

Slices containing electroporated neurons were trimmed to small (5 to 10 mm 2 ) pieces centered on a relatively isolated fluorescent neuron, then mounted in a custom-made chamber on #1.5 glass coverslips. The mounting procedure consisted in enclosing the slices between the glass coverslip and the bottom of a cell culture insert (Falcon,ref. 353095) adapted to the flat surface with a silicon O-ring gasket (Leica, Wetzlar, Germany) and fixed with fast-curing silicon glue (see panel A in S1 Fig) . Volumes of GFP and tdTomato signals were acquired in 12 bits mode (1024 × 1024 pixels) with z-steps of 400 nm using an inverted Leica TCS SP8 confocal laser scanning microscope equipped with a tunable white laser and hybrid detectors and controlled by the LAF AS software. The objective lenses were a 10X PlanApo, NA 0.45 lens for identifying electroporated neurons, and a 100X HC-PL APO, NA 1.44 CORR CS lens (Leica) for higher magnification images. GFP-GPHN puncta with a peak signal intensity at least 4 times above shot noise background levels were considered for CLEM.

Placement of DAB fiducial landmarks

Following confocal imaging, slices were immersed in a solution of 1 mg/mL 3,3 0 -diaminobenzidine tetrahydrochloride (DAB, Sigma Aldrich, Darmstadt, Germany) in Tris buffer (0.05 M, pH 7.4). The plugin "LAS X FRAP" (Leica) was used to focus the pulsed laser in the tissue in custom patterns of 10-to-20 points using 100% power in 4 wavelengths (470 to 494 nm) for 30 seconds to 60 seconds per point at 3 different depths: the top of the slice, the depth of the targeted soma, then the bottom of the slice (surface closest to the objective). DAB precipitates were imaged in transmitted light mode. Slices were subsequently rinsed twice in Tris buffer and prepared for EM.

Tissue preparation for serial block-face scanning electron microscopy (SBEM)

Using a scalpel blade under a M165FC stereomicroscope (Leica), imaged tissue slices were cut to approximately 1 mm 2 asymmetrical pieces of tissue centered on the ROI, and then kept in plastic baskets (Leica) through the osmification and dehydration steps. Samples were treated using an osmium bridging technique adapted from the NCMIR protocol (OTO) [155]. The samples were washed 3 times in ddH 2 O and immersed for 1 hour in a reduced osmium solution containing 2% osmium tetroxide and 1.5% potassium ferrocyanide in ddH 2 O. Samples were then immersed for 20 minutes in a 1% thiocarbohydrazide (TCH) solution (EMS, Hatfield, PA) prepared in ddH 2 O at room temperature. The samples were then postfixed with 2% OsO 4 in ddH 2 O for 30 minutes at room temperature and colored en bloc with 1% aqueous uranyl acetate at 4˚C during 12 hours. Postfixed samples were subjected to Walton's en bloc lead aspartate staining at 60˚C for 30 minutes (Walton, 1979). After dehydration in graded concentrations of ice-cold ethanol solutions (20%, 50%, 70%, 90%, and twice 100%, 5 minutes per step), the samples were rinsed twice for 10 minutes in ice-cold anhydrous acetone. Samples were then infiltrated at room temperature with graded concentrations of Durcupan (EMS) prepared without plastifier (components A, B, and C only). In detail, blocks were infiltrated with 25% Durcupan for 30 minutes, 50% Durcupan for 30 minutes, 75% Durcupan for 2 hours, 100% Durcupan overnight, and 100% fresh Durcupan for 2 hours before being polymerized in a minimal amount of resin in a flat orientation in a sandwich of ACLAR 33C Films (EMS) at 60˚C for 48 hours. Samples were mounted on aluminum pins using conductive colloidal silver glue (EMS). Before curing, tissue blocks were pressed parallel to the pin surface using a modified glass knife with 0˚clearance angle on an ultramicrotome (Ultracut UC7, Leica) in order to minimize the angular mismatch between LM and SEM imaging planes. Pins then cured overnight at 60˚C. Samples were then trimmed around the ROI with the help of fluorescent overviews of the ROI within their asymmetrical shape. Minimal surfacing ensured that superficial DAB landmarks were detected at the SBEM before block-facing.

SBEM acquisition

SBEM imaging was performed with a Teneo VS microscope (FEI, Eindhoven, The Netherlands) on the ImagoSeine imaging platform at Institut Jacques Monod, Paris. The software MAPS (Thermo Fisher Scientific, Waltham, MA) was used to acquire SEM images of targeted volumes at various magnifications. Acquisition parameters were 1,7830 kV, 500 ns/px, 100 pA, 40-nm-thick sectioning, and 8200 × 8200 pixels resolution with either 2.5 nm or 25 nm pixel size for high-and low-magnification images, respectively. Placing an electromagnetic trap above the diamond knife to catch discarded tissue sections during days-long imaging sessions was instrumental to achieve continuous 3D-EM acquisitions.

Image segmentation

Dendrites were segmented from SBEM stacks using the software Microscopy Image Browser (MIB) [156]. 3D reconstruction was performed with the software IMOD [157] (http://bio3d. colorado.edu/imod/). Individual PSDs were manually outlined based on the apposition with a presynaptic terminal and differences in membrane contrast and thickness between postsynaptic and nonsynaptic membranes on individual SBEM images (see example movie at https:// www.opendata.bio.ens.psl.eu/3DCLEM-Spines/S1_Movie.zip; login: guest, password: EnsData0811). 3D spine models were imported in the software Blender (www.blender.org) for subsampling, and the quantification of spine section areas along their main axis was done with in-house python scripts. Other measurements were performed using IMOD and in-house python scripts. Models and raw data are accessible at https://www.opendata.bio.ens.psl.eu/ 3DCLEM-Spines (login: guest; password: EnsData0811).

Tissue preparation for tissue shrinkage estimation

Two female mice (21 days postnatal) were used for the analysis of tissue shrinkage induced by chemical fixation. Mice were decapitated, and their brains were rapidly removed. The brains were transferred to an ice-cold dissection medium, containing (in mM) KCl, 2.5; NaHCO 3 , 25; NaH 2 PO 4 ,[START_REF] Ramo ´n Y Cajal | Reglas y consejos sobre investigacio ´n biolo ´gica (los to ´nicos de la voluntad)[END_REF]MgSO 4 ,8;glucose,10 (pH 7.4). A mix of 95% O 2 and 5% CO 2 was bubbled through the medium for 30 minutes before use. Coronal brain sections with 300-μm thickness were obtained using a vibrating microtome (Leica VT1200S). Small fragments of the SSC were cut from those slices and fixed either by immersion in an ice-cold PBS solution containing 4% PFA and 0.5% GA or in frozen with liquid nitrogen under a pressure of 2,100 bars using a high-pressure freezing (HPF) system (HPM100, Leica). For HPF-frozen samples, the interval between removal of the brain and vitrification was about 7 minutes. Cryo-substitution and tissue embedding were performed in a Reichert AFS apparatus (Leica). Cryo-substitution was performed in acetone containing 0.1% tannic acid at -90˚C for 4 days with one change of solution, then in acetone containing 2% osmium during the last 7 hours at -90˚C. Samples were thawed slowly (5˚C/h) to -20˚C and maintained at -20˚C for 16 additional hours, then thawed to 4˚C (10˚C/h). At 4˚C, the slices were immediately washed in pure acetone. Samples were rinsed several times in acetone, then warmed to room temperature and incubated in 50% acetone-50% araldite epoxy resin for 1 hour, followed by 10% acetone-90% araldite for 2 hours. Samples were then incubated twice in araldite for 2 hours before hardening at 60˚C for 48 hours. As for chemically fixed sections, they were postfixed for 30 minutes in ice-cold 2% osmium solution, rinsed in PBS buffer, dehydrated in graded ice-cold ethanol solutions, and rinsed twice in ice-cold acetone, before undergoing the same resin infiltration and embedding steps as HPF-frozen samples. After embedding, ultrathin sections were cut in L2/3 of the SSC, orthogonally to the apical dendrites of PNs, 200 to 300 μm from the pial surface using an ultramicrotome (Ultracut UC7, Leica). Ultrathin (pale yellow) sections were collected on formwarcoated nickel slot grids, then counterstained with 5% uranyl acetate in 70% methanol for 10 minutes, washed in distilled water, and air dried before observation on a Philips TECNAI 12 electron microscope (Thermo Fisher Scientific).

Measurement of shrinkage correction factors

Ultrathin sections of both HPF-frozen tissues and chemically fixed tissues were observed using a Philips TECNAI 12 electron microscope (Thermo Fisher Scientific). Cellular compartments contacted by a presynaptic bouton containing synaptic vesicles and exhibiting a visible electron-dense PSD at the contact site, but no mitochondrion within their cytosol, were identified as dendritic spine heads. Cross-section areas of random spine heads and the curvilinear lengths of their PSD were quantified in both conditions using the softwares MIB and IMOD. N = 277 spine head sections were segmented in HPF-frozen cortical slices from 2 female mice, and N = 371 spine head sections were segmented in chemically fixed cortical slices originating from the same 2 mice. χ 2 minimization was used between spine head cross-section area distributions in HPF or OTO conditions to compute average volume shrinkage and correction factors. PSD areas were not corrected as they exhibited no shrinkage.

Computation of the diffusional neck resistance

The diffusional resistance of spine necks W neck was measured as follows. Using IMOD, we first modeled in 3D the principal axis of each spine neck as an open contour of total length L axis connecting the base of the neck to the base of the spine head. Using Blender, we interpolated each spine neck path linearly with 100 points. We named P(ℓ) the plane that bisected the spine neck model orthogonally to the path at the abscissa ℓ, and A(ℓ) the spine neck cross-section within P(ℓ). In spines containing an SA, we corrected A(ℓ) by a scaling factor β(ℓ) = 1 -(D SA /D spine ) 2 (ℓ), where D SA /D spine (ℓ) is the local ratio of SA and neck diameter. We measured D SA /D spine orthogonally to the neck path in 10 SA+ spines and in 3 different locations per spine on SBEM images: at the spine stem (ℓ/L axis = 0.1), at the center of the spine neck (ℓ/L axis = 0.5), and at the stem of the head (ℓ/L axis = 0.9). D SA /D spine was 44% ± 11%, 31% ± 8%, and 37% ± 8% respectively, and fluctuations were not statistically significant. We then divided each SA+ spine neck in thirds and scaled their neck cross-section areas along neck axis A SA+ (ℓ) = β (ℓ)A(ℓ) before computing W neck = R dℓ / A(ℓ) for all spines, using Simpson's integration rule.

Multicompartment electrical model

All simulations were implemented in Python using NEURON libraries [158] and in-house scripts. Ordinary differential equations were solved with NEURON-default backward Euler method, with Δt = 0.05 ms. Scripts and model definition files are available in a GitHub repository: https:// github.com/p-serna/SpineModel. Biophysical constants were taken from the literature as follows: membrane capacitance C m = 1 μF/cm 2 [START_REF] Doron | Timed Synaptic Inhibition Shapes NMDA Spikes, Influencing Local Dendritic Processing and Global I/O Properties of Cortical Neurons[END_REF]; cytosolic resistivity ρ = 300 O.cm [START_REF] Miceli | Impedance Spectrum in Cortical Tissue: Implications for Propagation of LFP Signals on the Microscopic Level[END_REF]159]; synaptic conductivities were modeled as biexponential functions g(t) = A g max (e -t / t 2 -e -t / t 1 ) where A is a normalizing constant and (t 1 , t 2 ) define the kinetics of the synapses: GABAergic conductance (t 1 , t 2 ) = (0.5, 15) ms, AMPAR-dependent conductance (t 1 , t 2 ) = (0.1, 1.8) ms, NMDAR-dependent conductance (t 1 , t 2 ) = (0.5, 17.0) ms (ModelDB: https://senselab.med. yale.edu/ModelDB/). The magnesium block of NMDA receptors was modeled by a voltagedependent factor [160]. Remaining free parameters comprised the following: the leaking conductivity g m (or, equivalently, the membrane time constant T m ); the peak synaptic conductance per area: g AMPA , g NMDA , g GABA ; and the total membrane area of the modeled neuron. These parameters were adjusted so that signal distributions fitted published electrophysiological recordings [114,115,118,119,121]. In more detail, we first set up one "ball-and-stick" model per segmented spine (N = 390). The dendrite hosting the modeled spine was generated as a tube of diameter d dendrite = 0.87 μm, and length L dendrite = 140 μm. This dendrite was split in 3 segments, and the modeled spine was placed on the 2-μm-long middle segment. To account for the passive electrical effects of neighboring spines, the membrane surfaces of both the proximal and distal sections of the studied dendrite were scaled by a correction factor γ = 1 + <A spine > d spine / π d dendrite = 3.34, with the density d spine = 1.63 spine.μm -1 and the average spine membrane area <A spine > = 3.89 μm 2 . Spine head shrinkage was corrected by scaling the length and diameter of all spine heads by a factor S = 1.22 and spine head volume by S 3 = 1.81. PSD areas were not scaled (see panel C3 in S7 Fig) . The leakage resistance was fitted to 65 MO [120], yielding a total membrane surface of the modeled neurons: A mb,total = 18,550 μm 2 . We calibrated synaptic conductances type by type, by fitting the signals generated in the whole distribution of 390 constrained models to published electrophysiological recordings. AMPA conductances of all excitatory synapses were set proportional to ePSD area and scaled by the free parameter g A . In each model, we activated the AMPAR component of excitatory synapses and monitored the amplitude of resulting EPSCs in the soma. The average EPSC amplitude was adjusted to 58 pA [115,119], yielding a scaling factor g A = 3.15 nS/μm 2 , which takes into account the average number of excitatory contacts per axon per PN in L2/3 of mouse SSC: N ePSD/axon = 2.8 [115]. After this calibration, the maximal AMPA synaptic conductance g AMPA ranged from 0.04 nS to 3.13 nS (0.456 ± 0.434 nS). NMDA conductances of all excitatory synapses were set proportional to ePSD area and scaled by the free parameter g N . In each model, we activated both NMDA and AMPA components of excitatory synapses and fitted the amplitude ratio between the average AMPA+NMDA and AMPA-only responses to 1.05 [119], yielding g N = 3.4 nS/μm 2 . As a result, g NMDA ranged from 0.04 nS to 3.42 nS (0.498 ± 0.474 nS), in line with the literature [120]. Voltage-dependent sodium and potassium conductances were not included in our model because the amplitude of single EPSPs remained subthreshold (<1% of synapses generate EPSPs large enough to activate these conductances [START_REF] Sarid | Contribution of intracolumnar layer 2/3-to-Layer 2/3 excitatory connections in shaping the response to whisker deflection in rat barrel cortex[END_REF]161]; see Fig 6B and6C). Therefore, this model is not fit to compute the integration of multiples EPSPs or spikes. Considering inhibition, the GABA conductances of all inhibitory synapses were set proportional to iPSD area and scaled by the free parameter g G = 5.9 nS/μm 2 to adjust the mean conductance of dendritic inhibitory synapses to 1 nS [START_REF] Gidon | Principles Governing the Operation of Synaptic Inhibition in Dendrites[END_REF]121,122]. Following this calibration, g GABA ranged from 0.33 nS to 3.36 nS (1.00 ± 0.577 nS) for synapses located on the shaft and from 0.19 nS to 1.56 nS (0.528 ± 0.277 nS) for inhibitory synapses located on spines. The reversal potential of chloride ions (E Cl -) was set to -80 mV [162] and considered constant, as it is regulated on timescales exceeding 100 ms [163], and we modeled signals in the 10 ms timescale. Calcium influxes were modeled in spine heads as output of the opening of NMDARs and VDCCs. The dynamics of L-, N-, and Q-type VDCCs were obtained from ModelDB (accession n˚: 151458), and their conductivities were scaled to the head membrane area of each spine, A head , excluding synaptic area (s). VDCC-type ratios and calcium conductivities were adjusted by fitting the average amplitude of calcium concentration transients to 20% of the NMDA conductance [112]. Calcium uptake from cytosolic buffers was set to 95% to yield an average amplitude of Ca 2+ concentration transients of 0.7 μM [113].

Bootstrapping

To simulate a large number of spine-spine interactions with limited redundancy, we expanded our distribution of spines using a "smooth" bootstrapping method [127]. Specifically, the dataset (i.e., a matrix of dimensions N × N f ) was resampled to generate a new matrix of dimension M × N f , where N is the number of spines, N f is the number of selected features, and M is the final number of synthetic spines. M rows were randomly selected in the original dataset, and zero-centered, feature-dependent Gaussian noise was added to each element of the matrix (excluding absolute quantities, e.g., number of PSDs or presence of SA). To determine appropriate noise amplitude for each parameter, we generated a synthetic set of M = 500 spines from the original dataset, including Gaussian noise with an arbitrary amplitude σ on 1 parameter at a time. This new feature distribution was compared to the original distribution using a 2-sample Kolmogorov-Smirnov test (KS test), and this procedure was repeated 1,000 times for each set value of σ. A conservative noise level (σ = 10%) was sufficient to smear parameter distributions while the fraction of synthetic sets that were statistically different from the original set (p < 0.05, KS test) remained 0 over 1,000 iterations. σ = 10% was valid for all relevant features, and we assumed that such a small noise amplitude would minimally interfere with nonlinear correlations in our dataset. Synthetically generated spines were then used to simulate elementary synaptic signaling using in-house python scripts. We also used bootstrapping to estimate standard deviations in our simulations.

Statistics

No statistical methods were used to predetermine sample size. We used a one-way ANOVA on our 4 datasets to test that interneuron and intermice variability were small enough to pool all datasets together (S1 Data). We used KS test to determine that all measured morphological parameters followed a log-normal distribution (S1 Data). We used Mann-Whitney U test for statistical analyses of morphological parameters, except when comparing the probability for SiSs and DiSs to harbor SA, for which we used Pearson χ 2 test. All results in the text are mean ± SD. In Figs 6 and7, we plot medians as solid lines, as they better describe where lognormal distributions peak. Shaded areas represent 68% confidence intervals, which span approximately 1 SD on each side of the mean.

  Fossati M, Assendorp N, Gemin O, Colasse S, Dingli F, Arras G, Loew D, Charrier C (2019) Trans-Synaptic Signaling through the Glutamate Receptor Delta-1 Mediates Inhibitory Synapse Formation in Cortical Pyramidal Neurons. Neuron. 104(6):1081-1094.e7. doi: 10.1016/j.neuron.2019.09.027. Gemin O, Serna P, Zamith J, Assendorp N, Fossati M, Rostaing P, Triller A, Charrier C (2021) Unique properties of dually innervated dendritic spines in pyramidal neurons of the somatosensory cortex uncovered by 3D correlative light and electron microscopy. PLoS Biol 19(8): e3001375. https://doi.org/10.1371/journal.pbio.3001375 In preparation Assendorp N, Depp M, Fossati M, Dingli F, Loew D, Charrier C. CTNND2 moderates synaptic excitation and neuronal excitability during postnatal development in the neocortex.

FIGURE 5

 5 FIGURE 5The protein machinery of chemical synapses. (A) Overview of a chemical synapse with the pre-synaptic machinery or active zone in green, the synaptic cleft machinery in orange and the post-synaptic density highlighted in blue. Note that here the post-synapse is depicted on a dendritic spine, as it is the case for the majority of excitatory synapses. Inhibitory post-synapses however can be formed on the dendritic shaft, spines (and spine neck) or the membrane of the soma and AIS. (B) Patterning (top) and molecular components (bottom) of the presynaptic active zone. Color code from light to dark indicate the evidence for patterning. (C) Side view of the protein complex of the synaptic cleft. Composition and function of the synaptic cleft machinery will be discussed in the following chapter. (D) Excitatory glutamatergic post-synapse: (Top) Patterning of the PSD seen from the side and the top and (bottom) schematic illustration of the molecular composition of the PSD. The excitatory PSD is layered vertically with receptors and transmembrane proteins intracellularly linking to a PDZ scaffold that in turn links to signaling proteins and the cytoskeleton. (E) Inhibitory GABAergic post-synapse: Receptors and cell adhesion molecules dynamically interact with the hexagonal gephyrin lattice that in turn mediates the interaction with signaling proteins and the cytoskeleton.(adapted from[START_REF] Arendt | The Evolutionary Assembly of Neuronal Machinery[END_REF][START_REF] Biederer | Transcellular Nanoalignment of Synaptic Function[END_REF] 

FIGURE 8

 8 FIGURE 8 Developmental timeline in mice. Key developmental processes in the rodent cortex from embryonic stages to the end of the first month of life. Processes are represented as a colored bar, with the gradient in color intensity marking the beginning, peak, and end of the process. (adapted from Farhy-Tselnicker &Allen, 2018) 

FIGURE 15

 15 FIGURE 15Cadherin/catenin complex in synapse development. (A) Cadherin adhesion code hypothesis. Each neuron expresses a specific set of cadherins, providing an adhesion code. Through the preferential homophilic and selective heterophilic transinteraction of cadherins, synaptic partner selection is restricted. The cadherin code is thought to provide area specificity of synaptic targeting. (B) Classical cadherins in synapse formation. Cadherins mediate initial contacts between dendritic filopodia and axons followed by synapse assembly mediated by synaptogenic CAMs. (C) In mature synapses cadherins are accumulated at the outer rim of the synapse. (adapted from[START_REF] Hirano | Cadherins in brain morphogenesis and wiring[END_REF] 

  With this thesis I aim to o describe the role of CTNND2 in the development and maintenance of cortical synapses o assess CTNND2 in neuronal and synaptic function o elucidated the social network of CTNND2 at synapses to provide a mechanistic understanding of CTNND2 function in neurons o contribute to a better understanding of the implication of CTNND2 in human neurodevelopmental disorders and neurodegeneration CHAPTER 4 -CTNND2 moderates synaptic excitation and neuronal excitability during postnatal development in the neocortex.

FIGURE 16 CTNND2

 16 FIGURE 16 CTNND2 is a main interactor of SRGAP2 at synapses. (A) Human-specific SRGAP2C inhibits SRGAP2A.(B) Schematic of the experimental workflow used for mass spectrometry analysis. CoIP, co-immunoprecipitation; a-, anti-; LC-MS/MS, liquid chromatography followed by tandem mass spectrometry. (C) Graph illustrating the most abundant partners of SRGAP2 identified in LC-MS/MS depending on their relative rank (1 = most abundant; 0 = least abundant) and the number of peptides detected per 100 kDa (Only proteins with > 15 peptide per 100 kDa are represented). (D) CTNND2 protein domain structure. (C) CTNND2-GFP co-immunoprecipitates with HA-tagged SRGAP2A and human specific SRGAP2C in HEK cells.

FIGURE 17

 17 FIGURE 17 CTNND2 regulates excitatory and inhibitory synapses in opposite direction. (A) Confocal images of primary cortical neurons cultured for 18 days in vitro immunostained for endogenous CTNND2 and the excitatory or inhibitory postsynaptic markers PSD95 and Gephyrin (GPHN). CTNND2 clusters associates with the majority of PSD95 and Gephyrin clusters (arrowheads). Scale bar: 5 µm. (B) Boxplot with individual datapoints showing the fraction of PSD95 or Gephyrin clusters associated with CTNND2 (association index). NPSD95 = 18; NGPHN = 16 cells. (C) In utero electroporation (IUE) at embryonic day 14.5-15.5 allows the sparse targeting of layer 2/3 cortical pyramidal neurons (L2/3 CPN). Arrow indicates oblique apical dendrites. Scale bar: 50 µm. (D) Representative segments of dendrites expressing shControl, shCtnnd2, shCtnnd2 together with an shCtnnd2-resistant CTNND2* (rescue), or overexpressing CTNND2 (Ctnnd2 OE) along with mVenus in juvenile mice (P21-P23). Scale bar: 2µm. (E) Quantifications of dendritic spine density in the conditions described in D. NshControl = 38; NshCtnnd2 = 33; NRescue = 23; NCtnnd2 OE = 22 dendrites (1 dendrite per cell was analyzed). Dashed line indicates median of shControl condition. (F-G) Same as D-E but for gephyrin clusters in neurons expressing tdTomato to visualize neuronal contour (outlined by dashed lines) and EGFP-GPHN to visualize Gephyrin clusters. NshControl = 41; NshCtnnd2 = 36; NRescue = 33; NCtnnd2 OE = 38. ns: p > 0.05; **: p < 0.01 and ***: p < 0.001, one-way ANOVA followed by Tukey's multiple comparisons test.

FIGURE 18 CTNND2

 18 FIGURE 18 CTNND2 deficiency increases spine density in juveniles but leads to spine loss in adults. (A) Experimental workflow of the "longitudinal" analysis of dendritic spine density at P10, P21 and P77 in control and CTNND2-deficient L2/3 CPNs. IUE: in utero electroporation. (B) Quantification of spine density over time in either control condition (gray) or Ctnnd2 KD (blue). Light colored points represent individual dendrites (1 dendrite per cell was analyzed), dark colored points are the mean ± SEM. N(control, P10) = 21, N(control, P21) = 38, N(control P77) = 20, N(shCtnnd2, P10) = 31, N(shCtnnd2, P21) = 33, N(shCtnnd2, P77) = 24. ns: p > 0.05; **: p < 0.01 and ***: p < 0.001; comparison between conditions at the same timepoint: unpaired t-tests with welch correction; comparison within conditions between timepoints: Kruskal-Wallis test with Dunn's multiple comparison test.

FIGURE 19

 19 FIGURE 19 Loss of CTNND2 increases the E/I ratio in CPNs. (A) Schematic: recording of electroporated layer 2/3 CPN expressing tdTomato and the shRNA against CTNND2 (blue) following in utero electroporation (IUE) and neighboring nonelectroporated control cells (gray) in acute brain slices from juvenile mice. (B) Representative traces of mEPSC and mIPSC recordings in control and shCtnnd2 electroporated neurons. (C) Quantification of mEPSC frequency per cell and Scatterplots (boxplot, right) or mean value from single pairs (scatterplot, right) in which electroporated shCtnnd2 and control were recorded from the same slice. N = 12 in both conditions. (D) Same as C Quantification but for mEPSC amplitude. (E -F) Same as (C-D) from mIPSCs. N = 11 in both conditions. (G) Evoked postsynaptic currents were recorded in layer 2/3 CPNs by placing a stimulation electrode approximately 100 µm above the cell body along the apical dendrite. (H) Representative traces of eIPSCs and eEPSCs for a control cell and an shCtnnd2 expressing neuron. (I -J) E/I ratio calculated using the maximum amplitude (I) or the synaptic charge (J). Ncontrol = 11 and NshCtnnd2 = 16 cells. ns: p > 0.05; *: p < 0.05 and **: p < 0.01, t-test (C-F) or Mann-Whitney test (I-J).

FIGURE 20

 20 FIGURE 20 Depletion of CTNND2 increases the intrinsic excitability of CPNs. (A) Representative traces of action potentials evoked with a 500pA current step in whole cell current clamp recordings in control (grey) and ctnnd2-deficient neurons (shCtnnd2, blue). (B-E) Quantification of resting membrane (mem.) potential, spike threshold, spike frequency depending on current injection (mean ± SEM) and membrane resistance in control (grey) and shCtnnd2 expressing neurons (blue). Ncontrol= 13 cells, NshCtnnd2 = 16 cells. ns: p > 0.05; **: p < 0,01 and ***: p < 0,001, t-test.

FIGURE 21 CTNND2

 21 FIGURE 21 CTNND2 interacts with key proteins of excitatory and inhibitory synapses. (A) Schematic of the experimental workflow used for mass spectrometry analysis. (B) Relative distribution and abundance of proteins enriched in CTNND2 immunoprecipitates. Only proteins that were at least 4-fold enriched in CTNND2 vs control IP and whose p-value was < 0.05 based on three independent experiments are displayed. Cadherins and Catenins are shown in orange, Syngap1 and Gephyrin are in red. (C) SYNGO gene ontology analysis of CTNND2 partners identified in LC-MS/MS. (D) Classes of proteins and individual components standing out in CTNND2 protein complexes. Although not included in (B) due to our stringent threshold, GluA2 was also abundant in CTNND@ complexes. (3-fold enrichment, p = 0.007, 32 peptides / 100 kDa, Table S1). (E) Representative oblique dendritic segments of juvenile L2/3 CPNs expressing TdTomato and SYNGAP1-GFP together with either shControl or the shCtnnd2 following in utero electroporation (IUE). (G) Quantification of SYNGAP1-GFP accumulation in dendritic spines. The fluorescence of SYNGAP1-GFP clusters was normalized TdTomato signals Ncontrol = 17 dendrites, NshCtnnd2 = 20 dendrites (1 dendrite per cell was analyzed), ***: p < 0,001, Mann-Whitney test.

  All animals were handled according to French and EU regulations (directive 2010/63, decree 2013by the French Ministry of Research after evaluation by the Comité d'Ethique en Experimentation Animale n°005. In utero electroporations were performed on pregnant Swiss females at E14.5-15.5 (Janvier labs) and electroporated offspring was used for experiments at varying postnatal timepoints (P10, P15-23 and P77) without consideration for their sex. Primary cultures were prepared from timed pregnant C57BL/6J or Swiss mice at E17.5-E18.5 (Janvier labs).

5 - 15 . 5 (

 5155 Janvier labs) were anesthetized with isoflurane (3.5% for induction and 1.5-2.5% during the surgery; ISO-VET Piramal Critical Care) and subcutaneously injected with 0.1 mg/kg of buprenorphine for analgesia. The uterine horns were exposed after laparotomy to enable injection of endotoxin-free DNA mix into one ventricle of the mouse embryos. The injected embryos were then electroporated with 4 pulses of 40 V for 50 ms at 500 ms intervals delivered by tweezer-type platinum disc electrodes (5 mm-diameter, Sonidel) and a square wave electroporator (ECM 830, BTX). The volume of injected DNA mix was adjusted depending on the experiments. Plasmids were used at the following concentrations: shRNA vectors: 0.5 µg/µl (adults) or 1 µg/µl (young animals; P10-P23); Ctnnd2 or shRNA-resistant Ctnnd2*: 1 µg/µl; EGFP-GPHN: 0.3 µg/µl, SYNGAP-EGFP, SRGAP2C-HA and PSD95-FingR GFP 0.7 µg/µl.

  detectors (Leica Microsystems) or Nikon A1R HD25 scanning confocal microscope controlled by NIS Elements and equipped with an LU-N4/N4S 4-laser unit including 405nm, 488nm, 561nm and 640nm lasers. On the Leica TCS SP8, we used a 10X PlanApo objective (NA 0.45) to identify electroporated neurons and acquire low magnification images and a 100X HC-PL APO, NA 1.44 CORR CS objective to acquire higher magnification images and z-stacks of dendrites. On the Nikon microscope, we used the following objectives: Plan Apo Lambda 10x Air NA 0.45 (MRD00105) and SR HP Plan Apo Lambda S 100x Silicone NA1.35 (MRD73950). Z-stacks were acquired with 150nm spacing and a zoom of x 1.24. Images were blindly acquired and analyzed.

  swiss mice were anesthetized with isoflurane (ISO-VET, Piramal Critical Care), decapitated and brains were quickly removed. For Inhibitory and excitatory miniature post-synaptic miniature currents (mIPSCs and mEPSCs, respectively) and intrinsic excitability recordings brains were subsequently placed in ice-cold (4°C) cutting solution containing (in mM):85 NaCl, 64 sucrose, 25 glucose, 2.5 KCl, 1.2 NaH2PO4, 24 NaHCO3, 0.5 CaCl2, and 7 MgCl2,. Acute coronal slices were cut using the 7000 smz-2 vibratome (Campden Instrument). Slices recovered at room temperature in oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2,1.2 NaH2PO4, 24 NaHCO3, and 25 glucose (pH 7.4) for at least 30 min. For electrophysiological recordings, slices were transferred to a submerged recording chamber and continuously perfused at 33-34°C with oxygenated ACSF at a rate of 4-5 ml/min.For E/I and AMPA/NMDA ratio as well as paired pulse ratio recordings the cutting solution contained (in mM):83 NaCl, 2.5 KCl, 3.3 MgSO4, 1 NaH2PO4,[START_REF] Tønnesen | Dendritic spines as tunable regulators of synaptic signals[END_REF] Glucose, 72 Sucrose, 0.5 CaCl and the extracellular solution contained (in mM): 119NaCl, 2.5 KCl, 1.3 MgSO4, 1.3 NaH2PO4, 20 Glucose, 26 NaHCO3, 2.5 CaCl.Electrophysiological recordingsWhole-cell voltage or current clamp recordings were acquired from visually identified electroporated or non-electroporated layer 2/3 cortical pyramidal neurons of the somatosensory cortex. For all electrophysiological experiments an IR-DIC microscope (Olympus) was used, equipped with a 4X objective (UPlanFL, NA 0.13) as well as a 40X water immersion objective (LUMPlan Fl/IR, NA 0.8), 2 automated manipulators (Patchstar, Scientifica) and a ORCAFlash 4.0LT camera (Hamamatsu).Signals were recorded with a Multiclamp 700B Amplifier (Axon instruments), Axon Digidata 1550 (Axon Instruments) and pClamp 10 software (Axon instruments). Borosilicate glass pipettes were pulled to have a resistance of 3-7MW. mIPSCs and mEPSCs were recorded at a holding potential of -60 mV in the presence of 0.5 µM TTX. mIPSCs were isolated by adding NBQX (10 µM) and D-AP5 (50 µM) to the ACSF and by using a high chloride intracellular solution containing (in mM): 150 KCl, 1.5 MgCl2, 10 HEPES, 1 EGTA, 2 NaATP, 0.5 NaGTP (pH adjusted to ±7.3 with KOH). mEPSCs were isolated using gabazine (10 mM). For mEPSCs recordings as well as intrinsic excitability recordings the following intracellular solution was used, containing (in mM): 144 K-gluconate, 7 KCl, 10 HEPES, 1 EGTA, 1.5 MgCl2, 2 NaATP, 0.5 NaGTP, (pH adjusted to ±7.3 with KOH). To record intrinsic excitability cells were held in current clamp mode at resting potential and injected with 1s step currents from -100 pA to +1000 pA with 50 pA increments to assess spike frequency. Current ramps from 0-1000 pA over 1s were used to probe the action potential threshold. E/I ratio, PPR ratio and AMPA/NMDA ratio were recorded with the following intracellular solution (in mM; previously described inAdesnik & Scanziani, 2010): 115 CsMeSO3, 8 NaCl, 10 HEPES, 0.3 NaGTP, 4 MgATP, 0.3 EGTA, 5 QX-314, 10 BAPTA (pH adjusted to ±7.3). For all three types of recordings a stimulation electrode was placed approximately 100 µm up the apical dendrite and synaptic transmission evoked at 10 s intervals. For the E/I ratio and PPR recordings the neuron was clamped at -70 mV, the reversal potential of inhibitory synaptic transmission, and subsequently at +10 mV, the reversal potential of excitatory synaptic, to record 10 sweeps of eEPSCs and eIPSCs, respectively. Reversal potentials were validated in a few cells with 10 µM NBQX and 10 µM Gabazine respectively. The E/I ratio was calculated from the average peak currents or integrated currents (charge) per holding potential. For the paired pulse ratio, peak currents at both holding potentials were recorded in response to two sequential stimulations with a 50 ms interval (10 sweeps). The AMPA/NMDA ratio was recorded in the presence of 10 mM Gabazine and is defined as the peak of the EPSC at -70 mV over the amplitude of the EPSC at +40 mV 50 ms after stimulation (5 sweeps per holding potential). In all recordings, access and input resistance were monitored by applying 5 mV hyperpolarizing steps of current. All toxins were obtained from Abcam, salts and other reagents from Sigma Aldrich if not otherwise indicated.

  figure. The significance threshold was placed at p < 0.05 (NS= p > 0.05; *= p < 0.05, **= p <0.01; ***= p<0.001).

FIGURE S 2

 2 FIGURE S 2 Depletion of CTNND2 does not change the AMPA/NMDA or PPR ratio. Related to Figure19(A) Schematic: recording evoked postsynaptic currents in either electroporated layer 2/3 CPN expressing TdTomato and the shRNA against CTNND2 (blue) or neighboring non-electroporated control cells (gray) in acute brain slices from juvenile mice. (B) AMPA/NMDA ratio was measured in Control and shCtnnd2 neurons by recording evoked postsynaptic currents while clamping the cell subsequently at -70 mV and +40 mV. AMPA/NMDA ratio was calculated by taking the peak AMPA and the NMDAR components 50 ms post stimulation. ns: p > 0.05, Mann-Whitney test. (C+D) Paired Pulse Ratio (PPR) of excitatory and inhibitory postsynaptic currents in control vs shCtnnd2 condition respectively. EPSCs were recorded at -70mV and IPSCs at +10mV with a 50ms interval. Boxplots represent median and extend from the 25 th to the 75 th percentile, whiskers from smallest to largest value. For (B) non-parametric unpaired two-tailed t-tests with Welch correction. In (C+D) non-parametric unpaired two-tailed ttest with Mann-Whitney post-hoc. ns: p > 0.05.

Figure S3 FIGURE S 3

 S33 Figure S3

Figure 1 .

 1 Figure 1. Selective Control of Inhibitory Synapse Density by GluD1 in CPNs (A) Sparse labeling of layer 2/3 CPNs after in utero electroporation (IUE) with soluble tdTomato (red) and EGFP-gephyrin (EGFP-GPHN, green). Arrowheads in the enlarged area highlight inhibitory synapses in oblique apical dendrites. E15.5, embryonic day 15.5; P22: postnatal day 22. Scale bars: 100 mm (left) and 5 mm (right). (B) Segments of dendrites expressing shControl or shGluD1 or overexpressing (OE) GluD1 along with mVenus to visualize dendritic spines in juvenile mice. Scale bar: 2 mm. (C and D) Quantification of dendritic spine density in juvenile (C) and adult mice (D). Juveniles: n shControl = 38, n shGluD1 = 22, n GluD1 OE = 26. Adults: n shControl = 15, n shGluD1 = 13. (E) Segments of dendrites expressing shControl or shGluD1 along with PSD95.FingR-EGFP in juvenile mice. Dashed lines define the contours of tdTomato fluorescence. Scale bar: 2 mm. (F) Quantification of PSD-95 cluster density. n shControl = 21, n shGluD1 = 24. (G) EGFP-gephyrin clusters in representative segments of dendrites expressing shControl, shGluD1, or shGluD1 together with shGluD1resistant GluD1* in juvenile mice. Scale bar: 2 mm. (H and I) Quantifications of gephyrin cluster density in juvenile (H) and adult mice (I). Juveniles: n shControl = 41, n shGluD1 = 30, n shGluD1 + GluD1 * = 32. Adults: n shControl = 11, n shGluD1 = 30. (J) Segments of dendrites illustrating the effects of Crispr-mediated Grid1 knockout (KO) and GluD1 OE on gephyrin cluster density. Ctrl sgRNA, control sgRNA; KO sgRNA, Grid1-targeting sgRNAs. Scale bar: 2 mm. (K) Quantification of gephyrin cluster density in the conditions described above. n Ctrl sgRNA = 22, n KO sgRNA = 27, and n GluD1 OE = 26. Statistics: bars indicate mean ± SEM, ns: p > 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA test followed by Tukey's post test in (C) and (H); unpaired t test in (D), (F), and (K); and Mann-Whitney test for the comparison of GluD1 OE in K with corresponding control (shControl) in (H).

Figure 2 .

 2 Figure 2. GluD1 Regulates Inhibitory Synaptic Transmission (A) Schematic: recording of electroporated layer 2/3 CPN expressing shGluD1 with tdTomato (red) and neighboring control neuron (black) from juvenile mouse brain slice. (B) Representative traces of mEPSCs and mIPSCs in control and shGluD1-electroporated neurons. (C and D) Quantification of mEPSC amplitude (C) and frequency (D). Boxplots (left) show the distribution of the mean value per cell. n = 14 in both conditions. Cumulative distributions (right) of the amplitudes and interevent intervals of the first 200 events of each cell. (E and F) Same as (C) and (D) for mIPSCs. n = 15 in both conditions. Statistics: ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney test.

Figure 3 .

 3 Figure 3. GluD1 Localizes to Inhibitory Synapses (A) Representative immunofluorescence image of P21 cortical slices stained with anti-GluD1 (green) and anti-gephyrin (red) antibodies. Arrowheads indicate the association between GluD1-and GPHN-positive clusters. Scale bar: 5 mm. (B) Electron micrographs showing GluD1 (stained using nanogold particles and silver enhancement) and VGAT (revealed with diaminobenzidine-positive) immunoreactivity in P21 layer 2/3 cortices. As indicated by the arrowheads, GluD1 was detected in front of inhibitory presynaptic terminals (top left image), or lateral to the active zone (delimited by two bars, other images) and in intracellular compartments (left images). Scale bars: 250 nm. (C) Segments of oblique apical dendrites from P22 neurons in utero electroporated with GluD1-mOrange and GPHN.FingR-EGFP or PSD95.FingR-EGFP. Arrowheads display the association between GluD1 and indicated synaptic markers. Scale bar: 2 mm. (D) Scatterplot showing the fraction of gephyrin and PSD-95 clusters associated with GluD1-mOrange puncta (association index). Gephyrin, n = 31; PSD-95, n = 30. Bars indicate mean ± SEM.

Figure 4 .

 4 Figure 4. In Vivo Structure-Function Analysis of GluD1 Function at Inhibitory Synapses (A) EGFP-gephyrin clusters in representative segments of oblique dendrites in control condition (shControl) or after in utero replacement of endogenous GluD1 with indicated mutants in P20-22 mice. Dashed lines, dendritic contours based on tdTomato fluorescence. Scale bar: 2 mm. (B) Schematic of a GuD1 subunit and localization of the indicated mutations. GluD1 receptors interact with Cbln bound to presynaptic neurexin via their NTD and use glycine or D-serine as agonists. NTD, N-terminal domain; ABD, agonist-binding domain; TMD, transmembrane domain; CTD, C-terminal domain. (C) Quantification of GPHN cluster density in conditions represented in (A).Histogram represents means ± SEM. Data corresponding to shControl, shGluD1, and shGluD1 + GluD1* are the same as in Figure1G. n shControl = 41, n shGluD1 = 30, n shGluD1 + GuD1 * = 32, n shGluD1 + GluD1 DNTD = 30, n shGluD1 + GluD1 R3341A/W343A = 32, n shGluD1 + GluD1 R526K = 30, n shGluD1 + GluD1 V617R = 29, n shGluD1 + GluD1 DCTD = 28. ns p > 0.05, ***p < 0.001, determined by one-way ANOVA test followed by Tukey's post test.

Figure 5 .

 5 Figure 5. GluD1 Regulates Inhibitory Synaptogenesis via Cerebellin-4 (A) Schematic of the experimental workflow: neurons and inhibitory synapses were labeled using IUE at E15.5, which also allowed grid1 knockout with Crispr. The lateral ventricle corresponding to the electroporated hemisphere was then injected with AAVs at P0 to knock down Cbln2 or Cbln4 with shRNAs. Inhibitory synapses were analyzed in juvenile mice. (B) Representative image of a cortical slice derived from a juvenile mouse. Electroporated layer 2/3 CPNs are labeled with tdTomato. Infected neurons are labeled with TagBFP. Scale bar: 20 mm. (C and E) Quantification of GPHN cluster density in neurons in the indicated conditions. n shControl = 37, n shCbln4 = 25, n shCbln2 = 26, n GluD1-KO/shCtr = 30, n GluD1-KO/shCbln4 = 22. Bars indicate mean ± SEM. ns p > 0.05, *p < 0.05, determined by one-way ANOVA test followed by Tukeys's post test (C) or unpaired t test (E). (D) Coimmunoprecipitation (coIP) in HEK cells of Myc-Cbln4 with wild-type HA-GluD1 or HA-GluD1 containing R341A/W343A mutation in the Cbln binding site.

Figure 6 .

 6 Figure 6. Signaling Pathways Regulated by GluD1 at Inhibitory Synapses (A) Schematic of the experimental workflow used for mass spectrometry analysis. CoIP, co-immunoprecipitation; LC-MS/MS, liquid chromatography followed by tandem mass spectrometry. (B) Table displaying the 20 most abundant GluD1interacting proteins. Exp#1-#3 represent independent coIP replicates with anti-GluD1 antibody; Ctrl#1-#3 corresponds to the control coIPs with total rabbit IgG. Only proteins enriched at least three times in GluD1 coIPs are indicated. GluD1 (encoded by the gene grid1) is highlighted in red. (C-G) Quantification of GPHN cluster density in oblique dendrites of layer 2/3 CPNs in utero electroporated in the indicated conditions (juvenile stage). MRCKa KinD, MRCKa kinase-dead mutant; MRCKa WT, wild-type MRCKa. n shControl (C) = 22, n shArhgef12 = 32, n Rescue (C) = 24, n Control (D) = 41, n MRCKa WT = 20, n MRCKa KinD = 18, n shControl (E) = 17, n shPpp1r12a = 30, n Rescue (E) = 21, n Control (F) = 15, n Ppp1r12a-KO = 38, n Arhgef12-KO = 19, n Grid1-KO (G) = 27, n Grid1-KO + Ppp1r12a-KO = 34, n Grid1-KO + Arhgef12-KO = 25. Statistics: bars indicate mean ± SEM, ns p > 0.05, ***p < 0.001 determined by one-way ANOVA test followed by Tukey's post test in (D-G) and Kruskal-Wallis test followed by Dunn's post test in (C). (H) Schematic illustrating GluD1 trans-synaptic signaling regulating inhibitory synapse development. See text for details.

  are the minimal and maximal values. Statistical analyses were performed with Prism (GraphPad Software).

  Fig 1A) to imprint osmiophilic DAB landmarks around targeted dendrites (see S1B-S1E Fig) and pattern the tissue with localized electron-dense DAB precipitates (Fig 1B). After sample retrieval (see panel F in S1 Fig), tissue sections were processed for SBEM and embedded in minimal amounts of epoxy resin in order to maximize sample conductivity and SBEM image quality (see Materials and methods). In 3D-EM stacks, ROIs were recovered within the complex environment of brain tissues using both intrinsic landmarks such as blood vessels (Fig 1B) and high-contrast DAB precipitates (Fig 1C; see also panel G in S1 Fig).

Fig 1 .

 1 Fig 1. CLEM imaging of identified spines within intact cortical circuits. (A) Visualization of basal dendrites of a PN expressing cytosolic TdTomato in L2/3 of adult mouse SSC. DAB was photoprecipitated using focused UV light to insert correlative landmarks (pink dots in yellow circles). (B) Transmitted light image of the same field of view after DAB photoprecipitation. DAB precipitates are highlighted with yellow circles. Blood vessels are outlined with purple dashed lines. (C) Composite SEM image displaying DAB patterning at the depth of the neuron of interest (yellow circles). Slight mismatch between LM and SEM observation planes resulted in DAB landmarks appearing in different z-planes during block facing; the white line represents stitching between z-shifted images. In C1, landmarks are arranged as in B. C2 is a close-up on the soma of the electroporated neuron, labelled with 3 DAB landmarks (arrowheads). C3 is an orthogonal (x, z) view of the SEM stack along the axis represented as a green dashed line in C2 and C3. The superficial DAB layer enabled ROI targeting, and the deeper layer enabled retrospective identification of the target neuron. (D) 3D reconstruction of dendrites of interest from the overview SEM stack. DAB landmarks are reconstructed in blue (in yellow circles). The red rectangle outlines the portion of dendrite represented in E and F. (E) Z-projection of the confocal stack corresponding to the portion of dendrite reconstructed in D. Letters identify individual spines. (F) 3D-EM reconstruction. Individual dendritic spines were manually segmented and randomly colored. Spines that were detected in CLEM but not in LM alone are labelled in red. Scale bars: A, B, C1, D: 10 μm; C2, C3: 5 μm; E, F: 2 μm. CLEM, correlative light-electron microscopy; DAB, 3,3-diaminobenzidine; LM, light microscopy; L2/3, layer 2/3; PN, pyramidal neuron; ROI, region of interest; SEM, scanning EM; SSC, somatosensory cortex; 3D-EM, three-dimensional electron microscopy. https://doi.org/10.1371/journal.pbio.3001375.g001

Fig 2 .

 2 Fig 2. Spine morphometry along basal dendrites of L2/3 cortical PNs. (A) 3D reconstruction of a dendritic spine from an SBEM stack. Dendritic shaft is in light green, spine neck in turquoise, spine head in blue, and PSD surface in red. The following parameters were measured: PSD area, head diameter, neck diameter, and neck length. Scale bar: 300 nm. (B) Linear correlation of PSD area and spine head volume. R 2 = 0.82. (C) Plot of the minimal spine neck diameter as a function of spine neck length. Spearman correlation coefficient is -0.58. N = 390. The data underlying this figure can be found in https://www.opendata.bio.ens.psl.eu/3DCLEM-Spines/data/Data_ related_to_Fig 2.xlsx (login: guest; password: EnsData0811). ePSD, excitatory postsynaptic density; L2/3, layer 2/3; PN, pyramidal neuron; PSD, postsynaptic density; SBEM, serial block-face scanning EM. https://doi.org/10.1371/journal.pbio.3001375.g002

Fig 3 .

 3 Fig 3. Spines containing an SA have larger head and wider neck. (A) TEM images of spines either devoid of SA (left) or containing an SA (SA+) (right, yellow arrowhead). Scale bars: 500 nm. (B) Proportion of SA-and SA+ spines. Histogram represents mean ± SD, from 390 spines in N = 8 dendrites. (C) Distribution of mean head diameter for SA-and SA+ spines. N = 179 and 221, respectively (p < 10 -38 ). (D) Distribution of ePSD area. (p < 10 -40 ). (E) Distribution of mean neck diameter. (p < 10 -12 ). (F) Probability of harboring an SA as a function of spine head volume. Blue: experimental data. Orange: sigmoid fit. (G) Distribution of the diffusional resistance of the spine neck (W neck ) calculated based on neck morphology (p < 10 -5 ). ��� : p < 0.001 calculated using Mann-Whitney test. The data underlying this figure can be found in https://www.opendata.bio.ens.psl.eu/3DCLEM-Spines/data/Data_related_to_Fig 3.xlsx (login: guest; password: EnsData0811). ePSD, excitatory postsynaptic density; SA, spine apparatus; TEM, transmission electron microscopy. https://doi.org/10.1371/journal.pbio.3001375.g003

Fig 4 .

 4 Fig 4. Identification of excitatory and inhibitory synapse on DiSs using CLEM. (A) Confocal image of basal dendrites of a cortical L2/3 PN that was electroporated with cytosolic TdTomato and GFP-GPHN to label inhibitory synapses. The magenta rectangle outlines the region enlarged in B. (B) Enlargement of a portion of the dendrite in A harboring several dendritic spine (lettered). Spine "e" contains a cluster of GFP-GPHN (asterisk) and corresponds to a putative DiS. (C) 3D-EM reconstruction of the same dendritic fragment as in B. Dendritic shaft is colored in purple; individual spines and PSDs are colored randomly. Spines visible in EM but not in LM are labelled in red. The iPSD (colored in green) on spine "e" is identified based on the position of the GFP-GPHN cluster (asterisk in B and C). GFP-GPHNnegative PSDs are defined as excitatory. (D) 3D-EM reconstruction of spine "e" (yellow) with its presynaptic partners (magenta and green). As the "green" axon also targets a neighboring dendritic shaft (blue), it is defined as inhibitory. Scale bars: A: 10 μm; B, C, D: 1 μm. CLEM, correlative light-electron microscopy; DiS, dually innervated spine; EM, electron microscopy; ePSD, excitatory postsynaptic density; GFP-GPHN, GFP-tagged gephyrin; iPSD, inhibitory PSD; LM, light microscopy; L2/3, layer 2/3; PN, pyramidal neuron; PSD, postsynaptic density; 3D-EM, three-dimensional electron microscopy. https://doi.org/10.1371/journal.pbio.3001375.g004

  Fig). DiSs represented 10% ± 3% of all spines (Fig 5A). They had larger heads than SiSs (Fig 5B), in line with previous reports [15,103], and 86% ± 13% of them contained an SA (Fig 5C). DiSs also differed in terms of neck morphology. They had longer necks than SiSs of comparable head volume (V head > 0.05 μm 3 ), although neck length distribution was similar in the whole populations of SiSs and DiSs (Fig 5D). DiSs also had lower D neck /V head ratio than SiSs (Fig 5E), although D neck distribution was similar between SiSs and DiSs (S5 Fig), suggesting that excitatory signals generated in DiSs are more compartmentalized than signals of similar amplitude generated in SiSs. Accordingly, DiSs had a higher W neck than SiSs of comparable head size (52% larger in average) (Fig 5F). In spine heads, ePSDs on DiSs were larger than ePSDs on SiSs (174% ± 113% of ePSD area) (Fig 5G), consistent with the larger head size of DiSs. By contrast, iPSDs on DiSs were smaller than shaft iPSDs (53% ± 15% of shaft iPSD area) (Fig 5H). The area of iPSDs on DiSs did not correlate with spine head volume (S6 Fig). In 95% of DiSs, iPSDs were smaller than ePSDs (half the area, in average) (Fig 5I). Together, these results indicate that DiSs represent a specific population of dendritic spines with distinctive ultrastructural features that could impact their functional properties.

Fig 5 .

 5 Fig 5. DiSs have unique anatomical properties. (A) Proportion of spines harboring 0, 1, or 2 synaptic contacts, quantified with CLEM. Histograms represent mean ± SD, from 390 spines in N = 8 dendrites. (B) Quantification of mean spine head diameter for SiSs (blue) and DiSs (red) (p < 10 -4 ). (C) Proportion of SiSs and DiSs harboring an SA (p < 10 -10 using Pearson χ 2 test). (D-F) Quantification of neck length (D), the ratio between mean neck diameter and head volume (E), and the diffusional neck resistance (W neck ) (F) between SiSs and DiSs (solid lines, N = 349 and 37, respectively) and between DiSs with SiSs of similar head volume (spines with V head > 0.05 μm 3 , dashed lines, N = 186 and 34, respectively). (G) Quantification of ePSD area in SiSs or DiSs (p < 10 -5 ). (H) Quantification of iPSD area in DiSs and

Fig 6 .

 6 Fig 6. Morphologically constrained modeling of synaptic signaling. (A) Schematic of the circuit model (A1) and representative time course of excitatory (magenta) and inhibitory (green) conductance based on the kinetics of AMPA, NMDA, and GABA A receptors (A2). All compartments include passive RC circuits to model cell membrane properties and optionally include an active conductance that models VDC. All modeled spines feature an excitatory synapse with glutamatergic AMPA and NMDA currents. Spines and dendritic compartments can also feature an inhibitory synapse with GABAergic currents. All conductances were scaled to PSD area (see Materials and methods). (B) Simulation of the time courses of membrane depolarization following an EPSP, taking into account spine diversity (i.e., R neck , ePSD area, and distance to soma, as measured in CLEM) in the spine head (blue), in the dendritic shaft in front of the spine (orange), and in the soma (green). (C) Amplitude of evoked depolarization (ΔV max ) as a function of ePSD area at 3 distinct locations: head of SiSs (blue) or DiSs (magenta) where the EPSP was elicited, dendritic shaft 1 μm from the spine (orange) or soma (green). (D) Attenuation of the amplitude of depolarization between the spine head and the dendrite as a function of the resistance of the neck (R neck ). The attenuation was calculated as: α = 1 -ΔV max, shaft / ΔV max, spine . Red cross: mean value of α. (E) Estimated amplitude of intracellular calcium concentration transients Δ[Ca 2+ ] max , following activation of NMDA receptors and VDCCs as a function of ePSD area. Three spiking outliers are not represented. The data underlying this figure can be found in https://www.opendata.bio.ens.psl.eu/3DCLEM-Spines/data/Data_ related_to_Fig6.xlsx (login: guest; password: EnsData0811). AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CLEM, correlative light-electron microscopy; DiSs, dually innervated spines; ePSD, excitatory postsynaptic density; EPSP, excitatory postsynaptic potential; NMDA, N-Methyl-D-aspartate; PSD, postsynaptic density; RC, resistor-capacitor; SiSs, singly innervated spines; VDC, voltage-dependent current; VDCC, voltage-dependent calcium channel.

Fig 7 .

 7 Fig 7. Input timing determines EPSP and IPSP integration and decoupling of voltage and calcium signals in DiSs. (A) Schematic: excitatory AMPA and NMDA conductances were activated at t = 0. The inhibitory GABAergic conductance was activated at an interval Δt before or after the onset of excitation. (B) Examples of the time course of depolarization in the spine head for Δt = +5 ms (B1) and Δt = -5 ms (B2) (purple curves) compared to no inhibition (magenta curves). Arrows represent the onset of excitatory and inhibitory inputs (magenta and green arrows, respectively). (C) Schematics: inhibition (┬ symbol) of an EPSP (arrow) by an IPSP elicited either in the shaft next to the spine (C1, blue) or directly in the spine head (C2, orange). (D) Voltage inhibition in the spine head, inh V , induced by dendritic (blue) or spinous (orange) IPSPs as a function of Δt. (E) Inhibition of the calcium influx in the spine head, inh [Ca 2+ ] , induced by dendritic (blue) or spinous (orange) IPSPs as a function of Δt. The data underlying this figure can be found in https://www.opendata.bio.ens.psl.eu/3DCLEM-Spines/data/Data_related_to_Fig 7.xlsx (login: guest; password: EnsData0811). AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; DiSs, dually innervated spines; EPSP, excitatory postsynaptic potential; IPSP, inhibitory postsynaptic potential; NMDA, N-Methyl-D-aspartate. https://doi.org/10.1371/journal.pbio.3001375.g007

  Fig). Remarkably, SRGAP2C expression slightly increased the impact of inhibition on ΔV max in spine heads, while it strongly reduced the inhibition of Δ[Ca 2+ ] (see panel D in S10 Fig), suggesting distinct voltage/calcium dynamics imposed by spine ultrastructure. These results highlight the critical need of morphologically constrained models to understand synaptic integration.
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Figure S1

FIGURE S 1 Validation of the shRNA targeting CTNND2. Related to (A) Validation of shRNAs against ctnnd2 (shCtnnd2) and rescue construct (CTNND2*) in HEK cells. Cells harvested 48 hours after transfection with the indicated cDNAs. shControl: control shRNA. mVenus was expressed under a CAG promoter in the same vector as shRNAs. (B) Validation of shRNAs against endogenous ctnnd2 in cortical neurons. Neurons were infected with lentiviral vectors driving the expression of shRNAs and EGFP after 4 days in vitro (DIV) and collected at DIV 21. The level of endogenous CTNND2 was assessed in western blot using an antibody directed against the N-terminus (left) or the C-terminus (right) of CTNND2 to ensure the depletion of CTNND2. Full length CTNND2 is indicated with dark orange arrowheads. Its molecular weight is 132 kDa. Shorter C-term isoforms (https://gtexportal.org/home/gene/CTNND2) were also detected (light orange) and sufficiently depleted with our shRNA. No other isoform was detected with the N-term antibody.

1 2 1 

SUMMARY

Fine orchestration of excitatory and inhibitory synaptic development is required for normal brain function, and alterations may cause neurodevelopmental disorders. Using sparse molecular manipulations in intact brain circuits, we show that the glutamate receptor delta-1 (GluD1), a member of ionotropic glutamate receptors (iGluRs), is a postsynaptic organizer of inhibitory synapses in cortical pyramidal neurons. GluD1 is selectively required for the formation of inhibitory synapses and regulates GABAergic synaptic transmission accordingly. At inhibitory synapses, GluD1 interacts with cerebellin-4, an extracellular scaffolding protein secreted by somatostatin-expressing interneurons, which bridges postsynaptic GluD1 and presynaptic neurexins. When binding to its agonist glycine or D-serine, GluD1 elicits non-ionotropic postsynaptic signaling involving the guanine nucleotide exchange factor ARHGEF12 and the regulatory subunit of protein phosphatase 1 PPP1R12A. Thus, GluD1 defines a trans-synaptic interaction regulating postsynaptic signaling pathways for the proper establishment of cortical inhibitory connectivity and challenges the dichotomy between iGluRs and inhibitory synaptic molecules.

Detailed methods are provided in the online version of this paper and include the following: 
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The authors declare no competing interests. (A) HEK cells were transfected for 24 hours with GluD1 mutants and their cell surface expression was probed with cell surface biotinylation followed by western blot. GAPDH expression level was used as a loading control. All GluD1 mutants were trafficked to the plasma membrane and their relative expression levels at the cell surface were quantified as surface/total ratio and normalized to HA-GluD1* mutant (HA-GluD1: 0.78; HA-GluD1 ΔNTD: 5.3; HA-GluD1 R341A/W343A: 1.4; HA-GluD1 R526K: 0.8; HA-GluD1 V617R: 1.7; HA-GluD1 ΔCTD: 1.6). Note that all mutants are delivered to the cell surface at least as efficiently as HA-GluD1, demonstrating that the phenotypes observed in Figure 4 cannot be ascribed to a defect in protein transport. Also, note that the overexpression of GluD1 increased the density of gephyrin clusters (Figure 1), further highlighting the importance of the NTD of GluD1 in the regulation of inhibitory synapse formation. (B) Coimmunoprecipitation (coIP) of HA-GluD1 or HA-GluD1 R341A/W343A mutant with Myc-Cbln1 in HEK cells. Lysates of cells transfected with HA-GluD1 or HA-GluD1 R341A/W343A and lysates derived from cells overexpressing Myc-Cbln1 were mixed together and subjected to immunoprecipitation and western blot analysis (see methods for details). Note the absence of interaction between Cbln1 and the HA-GluD1 R341A/W343A mutant. Lentiviral constructs were previously described in (Fossati et al., 2016). (B,C) Quantification of gephyrin cluster density (B) and proportion of gephyrin clusters in spines (C). Data were acquired and analyzed as in our previous work [START_REF] Fossati | SRGAP2 and Its Human-Specific Paralog Co-Regulate the Development of Excitatory and Inhibitory Synapses[END_REF]. Gephyrin cluster distribution was similar in adult (data in main text) and juvenile mice (density: 3.5 ± 1.1 clusters per 10 μm of dendrite in adults and 4.5 ± 1.0 clusters per 10 μm of dendrite in juveniles; proportion of gephyrin clusters in spines: 38% and 36% in adults and juveniles, respectively). However, both the density of gephyrin clusters and their proportion in spines was lower in younger (P10) mice, suggesting that DiSs represent mature spines (see also [START_REF] Lu | Genetic alterations of δ-catenin/NPRAP/Neurojungin (CTNND2): functional implications in complex human diseases[END_REF]). The proportion of gephyrin clusters in spines was also lower in L5 PNs than in L2/3 neurons. N L2/3 Juvenile = 18, N L2/3 Young = 28, N L5 Juvenile = 19. N represents the number of cells. Cells come from at least 3 animals per conditions. ��� p < 0.001, � p < 0.05, ANOVA test followed by Tukey multiple comparisons test. The data underlying this figure can be found in https://www.opendata.bio.ens.psl.eu/3DCLEM-Spines/data/Data_related_to_FigS4.xlsx (login: guest; password: EnsData0811). DiSs, dually innervated spines; GFP-GPHN, GFPtagged gephyrin; L2/3, layer 2/3; L5, layer 5; PN, pyramidal neuron. ) upon either chemical fixation with aldehydes (A1) or physical fixation with HPF (A2). Spine head section areas (indicated in red in A1 and in light blue in A2) and lengths of PSDs were segmented for quantification. Scale bars: 1 μm. (B) Normalized histograms of spine head cross-section areas for chemically fixed (Chem) samples (N = 194 for mouse "s1" and 178 for mouse "s2"; p = 0.13) or HPF samples (N = 128 for s1 and 150 for s2; p = 0.052) in B1 and B2, respectively. Data from mice s1 and s2 displayed no statistical difference and were pooled together in B3 to compare area distribution between HPF (blue) and chemically fixed tissue (orange). Head cross-section areas were 34% ± 5% smaller in chemically fixed samples (orange) than in HPF samples (blue), implying approximately 45% head volume shrinkage (p < 10 -8 ). (C) Normalized histograms of PSD section lengths for chemically fixed (p = 0.44) and HPF samples (p = 0.17 
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ABSTRACT

Vulnerability to neurodevelopmental disorders increased during human evolution. Yet little is known about the molecular pathways that link evolution and brain diseases. Here we identified catenin delta-2 (CTNND2) as a binding partner of SRGAP2C, a human-specific protein that slows down synaptic maturation and increases cortical connectivity. CTNND2 is a cadherin-binding protein whose mutations cause intellectual disability in the Cri-du-Chat syndrome and severe autism. Using sparse in utero manipulations of layer 2/3 cortical pyramidal neurons, we demonstrate that CTNND2 deficiency disrupts excitation/inhibition coordination and increases neuronal excitability in juvenile mice, and then leads to precocious synapse loss during adulthood. Proteomic analysis highlighted a core postsynaptic complex that constrains excitatory activity during the period of synaptic maturation. Thus, CTNND2 is a multifunctional protein at the crossroads of neurodevelopmental disorders and human evolution, whose loss of function causes a failure of neuronal homeostasis and whose interaction with SRGAP2C might contribute to human synaptic neoteny and long-term persistence.

MOTS CLÉS

Synapse ; Neurone ; Développement RÉSUMÉ La vulnérabilité aux troubles du neuro-développement a augmenté au cours de l'évolution humaine. Pourtant, les voies moléculaires qui relient l'évolution et les maladies du cerveau restent largement inconnues. Nous avons identifié ici la caténine delta-2 (CTNND2) comme partenaire de liaison de SRGAP2C, une protéine spécifique à l'homme qui ralentit la maturation synaptique et augmente la connectivité corticale. CTNND2 est une protéine de liaison à la cadhérine dont les mutations provoquent une déficience intellectuelle dans le syndrome de Cri-du-Chat et un autisme sévère. En utilisant des manipulations in utero de neurones pyramidaux corticaux de couche 2/3, nous démontrons que la déficience de CTNND2 perturbe la coordination excitation/inhibition et augmente l'excitabilité neuronale chez les souris juvéniles, puis conduit à une perte précoce de synapses à l'âge adulte. L'analyse protéomique a mis en évidence un complexe postsynaptique central qui contraint l'activité excitatrice pendant la période de maturation synaptique. Ainsi, CTNND2 est une protéine multifonction au carrefour des troubles du développement neurologique et de l'évolution humaine, dont la perte de fonction entraîne une défaillance de l'homéostasie neuronale et dont l'interaction avec SRGAP2C pourrait contribuer à la néoténie synaptique humaine et à la persistance à long terme.