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Introduction

Les NMDA récepteurs (NMDAR) sont un sous-type de canaux ioniques induits par le glutamate (iGluR), perméables au sodium et au calcium (influx) et au potassium (efflux), qui jouent un rôle essentiel dans la neurotransmission excitatoire dans le système nerveux central.

L'augmentation des taux de calcium postsynaptique à la suite de l'activation de NMDAR entraîne des modifications de l'efficacité synaptique et de la morphologie neuronale. Les NMDAR sont impliqués dans plusieurs processus physiologiques et pathologiques tels que la plasticité synaptique, l'excotoxicité et de multiples troubles du système nerveux central, par exemple la schizophrénie, l'encéphalite anti-NMDAR, les troubles du spectre autistique, la maladie d'Alzheimer, la maladie de Huntington et la maladie de Parkinson.

Les NMDAR forment des tétramères à la membrane plasmique, constitués de deux sous-unités obligatoires GluN1 et deux sous-unités variables GluN2 (GluN2A-D) ou GluN3.

Dans le prosencéphale, les récepteurs comportant les sous-unités GluN2A (GluN2A-NMDAR) et GluN2B (GluN2B-NMDAR) sont les plus abondants. Au cours du développement ils présentent des profils d'expression différents, les GluN2B-NMDAR étant fortement exprimés aux stades précoces tandis que l'expression des GluN2A-NMDAR augmente progressivement au cours du développement postnatal. Cette expression, ainsi que leur localisation précise dans la synapse, est contrôlée par diverses interactions protéineprotéine, par exemple, des protéines d'échafaudage contenant un domaine PDZ (protéine de densité postsynaptique 95, PSD95) et la protéine kinase II dépendante de Ca2 + / calmoduline (CaMKII). Des contributions relatives de GluN2A-NMDAR and GluN2B-NMDAR aux propriétés de signalisation distinctes dépendent directement les phénomènes de plasticité neuronale, tels que l'adaptation des synapses glutamatergiques et des circuits neuronaux excitateurs.

Bien que la régulation moléculaire des NMDAR ait fait l'objet d'intenses recherches ces dernières décennies, la localisation précise de ces deux sous-types de récepteurs dans la membrane postsynaptique demeurait méconnue. Pour répondre à cette question, nous avons étudié la distribution des NMDAR à la surface de neurones d'hippocampe de rats en combinant deux techniques de microscopie de super-résolution -la microscopie de reconstruction optique stochastique directe (dSTORM) et la déplétion d'émission stimulée (STED) -permettant de dépasser la limite de résolution inhérente à la diffraction de la lumière. Ces techniques nous ont permis de mettre en évidence que les sous-types de récepteurs GluN2A-et GluN2B-NMDAR présentent une nano-organisation différente à la surface neuronale.

Les méthodes

Le concept principal de la microscopie STED consiste à améliorer la résolution spatiale en désactivant l'émission de fluorescence à la périphérie de la fonction d'étalement de points (PSF), de sorte que l'émission ne puisse se produire qu'à partir d'un point limité par diffraction à l'intérieur de la PSF. Ceci est réalisé par un laser spécial appelé laser STED qui, grâce à sa forme unique en forme de beignet, désexcite les molécules fluorescentes externes à l'état fondamental (S0) par une émission stimulée à une longueur d'onde plus longue que celle utilisée pour l'excitation de fluorescence. Par conséquent, l'émission de fluorescence ne se produit qu'à partir du centre de la PSF qui est détecté par un photodétecteur. En revanche, dSTORM est fondamentalement différent de STED en ce sens qu'il présente des molécules uniques. Le principe de base de dSTORM est que la position d'une seule molécule peut être identifiée avec une précision d'environ 1 nm si suffisamment de photons sont collectés et qu'il n'existe aucun autre émetteur similaire à moins de 200 nm. Le dSTORM (ou l'appauvrissement de l'état fondamental suivi du retour d'une molécule individuelle, GSDIM) utilise la commutation réversible des fluorophores classiques pour obtenir une émission aussi rare. Les fluorophores passent en état triplet (T1) ou en un autre état sombre métastable en utilisant une puissance laser à forte excitation, tandis que les fluorophores restant ou revenant à l'état fondamental (S0) peuvent être excités et détectés. La commutation des fluorophores est contrôlée par un 'tampon de commutation' contenant des désoxygénants et des agents réducteurs. L'image super résolue est reconstruite à partir d'un grand nombre d'images conventionnelles à grand champ, chacune contenant les informations de position haute précision d'un sous-ensemble de molécules fluorescentes dispersées.

Objectifs

Le but de ce projet est de répondre à plusieurs questions fondamentales sur la localisation précise et l'organisation à l'échelle nanométrique de deux sous-types importants de NMDAR, en tirant parti des techniques de super-résolution telles que la microscopie dSTORM et STED. Le projet est divisé en sections suivantes:

1. Visualisation de la distribution nanoscopique de GluN2A-et de GluN2B-NMDAR de surface à l'aide de dSTORM dans des cultures d'hippocampe primaires matures (17 jours in vitro).

2. Détermination du nanocluster de GluN2A-et de GluN2B-NMDAR.

3. Caractérisation de l'organisation nanométrique à l'échelle nanométrique de GluN2A-et de GluN2B-NMDAR dans des structures synaptiques utilisant le PSD-95 comme marqueur postsynaptique. 4. Examen des modifications de la nano-organisation de GluN2A-et de GluN2B-NMDAR au cours du développement. 5. Étude de la régulation de l'organisation nanométrique du NMDAR avec un accent particulier sur les interactions avec les échafaudages PDZ et l'activité CaMKII.

Résultats

En effet, GluN2A-et GluN2B-NMDAR sont organisés en structures nanoscopiques (nanodomaines) qui diffèrent en nombre, en surface et en morphologie, notamment au niveau des synapses. Au cours du développement, l'organisation membranaire des deux sous-types de NMDAR évolue, avec en particulier de profonds changements de distribution des GluN2A-NMDAR. De plus, cette organisation nanoscopique est impactée différemment par des modulations de l'interaction avec les protéines d'échafaudage à domaine PDZ ou de l'activité de la kinase CaMKII suivant le sous-type de NMDAR considéré. En effet, la réorganisation des GluN2A-NMDAR implique principalement des changements de nombre de récepteurs dans les nanodomaines sans modification de leur localisation, tandis que la réorganisation des GluN2B-NMDAR passe essentiellement par des modifications de localisation des nanodomaines sans changements du nombre de récepteurs qu'ils contiennent.

Ainsi, les GluN2A-et GluN2B-NMDAR présentent des nano-organisations différentes dans la membrane postsynaptique, reposant vraisemblablement sur des voies de régulation et des complexes de signalisation distincts.

Super-resolution imaging reveals differential organization and regulation of NMDA receptor subtypes

Summary

NMDA-type glutamate receptors (NMDARs) are a type of ion permeable channels playing critical roles in excitatory neurotransmission in the central nervous system by mediating different forms of synaptic plasticity, a mechanism thought to be the molecular basis of neuronal development, learning and memory formation. NMDARs form tetramers in the postsynaptic membrane, most generally associating two obligatory GluN1 subunits and two modulatory GluN2 (GluN2A-D) or GluN3 (GluN3A-B) subunits. In the hippocampus, the dominant GluN2 subunits are GluN2A and GluN2B, displaying different expression patterns, with GluN2B being highly expressed in early development while GluN2A levels increase gradually during postnatal development. In the forebrain, the plastic processes mediated by NMDARs, such as the adaptation of glutamate synapses and excitatory neuronal networks, mostly rely on the relative implication of GluN2A-and GluN2B-containing NMDARs that have different signaling properties. Although the molecular regulation of synaptic NMDARs has been under intense investigation over the last decades, the exact topology of these two subtypes within the postsynaptic membrane has remained elusive. Here we used a combination of super-resolution microscopy techniques such as direct stochastic optical reconstruction microscopy (dSTORM) and stimulated emission depletion (STED) microscopy to characterize the surface distribution of GluN2A-or GluN2B-containing NMDARs. Both dSTORM and STED microscopy, based on different principles, enable to overcome the resolution barrier due to the diffraction limit of light. Using these techniques, we here unveil a differential nanoscale organization of native GluN2A-and GluN2B-NMDARs in rat hippocampal neurons. Both NMDAR subtypes are organized in nanoscale structures (termed nanodomains) that differ in their number, area, and shape. These observed differences are also maintained in synaptic structures. During development of hippocampal cultures, the membrane organization of both NMDAR subtypes evolves, with marked changes for the topology of GluN2A-NMDARs. Furthermore, GluN2A-and GluN2B-NMDAR nanoscale organizations are differentially affected by alterations of either interactions with PDZ scaffold proteins or CaMKII activity.

The regulation of GluN2A-NMDARs mostly implicates changes in the number of receptors in fixed nanodomains, whereas the regulation of GluN2B-NMDARs mostly implicates changes in the nanodomain topography with fixed numbers of receptors. Thus, GluN2A-and GluN2B-NMDARs have distinct organizations in the postsynaptic membrane, likely implicating different regulatory pathways and signaling complexes.

Organisation et régulation différentielles des sous-types de Récepteurs

NMDA révélées par imagerie de super résolution

Résumé court

Les récepteurs du glutamate de type NMDA (NMDAR) sont des canaux ioniques impliqués dans les phénomènes de plasticité de la transmission synaptique dans le système nerveux central, des mécanismes supposés être à la base du développement neuronal, de l'apprentissage et de la formation de la mémoire. Les NMDAR forment des tétramères à la membrane plasmique, constitués de deux sous-unités obligatoires GluN1 et deux sous-unités variables GluN2 (GluN2A-D) ou GluN3. Dans le prosencéphale, les récepteurs comportant les sous-unités GluN2A (GluN2A-NMDAR) et GluN2B (GluN2B-NMDAR) sont les plus abondants et présentent des profils d'expression différents au cours du développement, les GluN2B-NMDAR étant fortement exprimés aux stades précoces tandis que l'expression des GluN2A-NMDAR augmente progressivement au cours du développement postnatal. Des contributions relatives de ces deux sous-types majoritaires de NMDAR aux propriétés de signalisation distinctes dépendent directement les phénomènes de plasticité neuronale, tels que l'adaptation des synapses glutamatergiques et des circuits neuronaux excitateurs. Bien que la régulation moléculaire des NMDAR ait fait l'objet d'intenses recherches ces dernières décennies, la localisation précise de ces deux sous-types de récepteurs dans la membrane postsynaptique demeurait méconnue. Pour répondre à cette question, nous avons étudié la distribution des NMDAR à la surface de neurones d'hippocampe de rats en combinant deux techniques de microscopie de super-résolution -la microscopie de reconstruction optique stochastique directe (dSTORM) et la déplétion d'émission stimulée (STED) -permettant de dépasser la limite de résolution inhérente à la diffraction de la lumière. Ces techniques nous ont permis de mettre en évidence que les sous-types de récepteurs GluN2A-et GluN2B-NMDAR présentent une nano-organisation différente à la surface neuronale. En effet, ils sont organisés en structures nanoscopiques (nanodomaines) qui diffèrent en nombre, en surface et en morphologie, notamment au niveau des synapses. Au cours du développement, l'organisation membranaire des deux sous-types de NMDAR évolue, avec en particulier de profonds changements de distribution des GluN2A-NMDAR. De plus, cette organisation nanoscopique est impactée différemment par des modulations de l'interaction avec les protéines d'échafaudage à domaine PDZ ou de l'activité de la kinase CaMKII suivant le sous-type de NMDAR considéré. En effet, la réorganisation des GluN2A-NMDAR implique principalement des changements de nombre de récepteurs dans les nanodomaines sans modification de leur localisation, tandis que la réorganisation des GluN2B-NMDAR passe essentiellement par des modifications de localisation des nanodomaines sans changements du nombre de récepteurs qu'ils contiennent. Ainsi, les GluN2A-et GluN2B-NMDAR présentent des nano-organisations différentes dans la membrane postsynaptique, reposant vraisemblablement sur des voies de régulation et des complexes de signalisation distincts.

Microscopia de alta-resolução revela diferente organização e regulação de subtipos de receptores NMDA

Resumo

Os recetores do glutamato do tipo NMDA são canais iónicos que desempenham um papel de especial relevância na neurotransmissão excitatória no sistema nervoso central, e são responsáveis por mediar diferentes formas de plasticidade sináptica, o mecanismo considerado na base do desenvolvimento neuronal, aprendizagem e formação da memória. Os recetores NMDA dispõem-se em tetrâmeros na membrana pós-sináptica e são normalmente constituídos por duas subunidades obrigatórias GluN1 e duas subunidades modeladoras GluN2 (GluN2A-D) ou GluN3 (GluN3A-B). No hipocampo as duas subunidades GluN2 mais expressas são as subunidades GluN2A e GluN2B, que se caracterizam por padrões de expressão diferentes; enquanto a subunidade GluN2B é expressa cedo no desenvolvimento em níveis elevados, os níveis de expressão da subunidade GluN2A vão aumentando gradualmente durante o desenvolvimento pós-natal. Na região do prosencéfalo, os mecanismos de plasticidade mediados pelos recetores NMDA, tais como a adaptação de sinapses glutamatérgicas e das redes neuronais excitatórias, são altamente dependentes da diferente contribuição dos recetores que contêm a subunidade GluN2A (recetores GluN2A-NMDA) ou a subunidade GluN2B (recetores GluN2B-NMDA), os quais apresentam diferentes propriedades de sinalização. Embora a regulação molecular sináptica dos recetores NMDA tenha sido intensamente estudada durante as últimas décadas, a topografia exacta destes dois tipos de recetores, GluN2A-NMDA e GluN2B-NMDA, na membrana pós-sináptica continua a ser largamente desconhecida. Neste trabalho, foi utilizado uma combinação de duas técnicas de microspocia de alta-resolução, dSTORM (direct stochastic optical reconstruction microscopy) e STED (stimulated emission depletion microscopy), para caracterizar a distribuição dos recetores GluN2A-NMDA e GluN2B-NMDA à superfície da membrana póssináptica. As duas técnicas de microscopia, dSTORM e STED, baseiam-se em diferentes princípios físicos, mas ambas permitem ultrapassar o limite de resolução devido à difração da luz. A utilização destas técnicas permitiu definir a diferente organização à escala nanométrica dos recetores nativos GluN2A-NMDA e GluN2B-NMDA, em neurónios de hipocampo de rato. Os dois subtipos de recetores organizam-se em estruturas com o tamanho de alguns nanómetros (definidas como "nanodomínio") mas que diferem em número, área ou forma.

Estas diferenças são mantidas se avaliadas especificamente dentro das estruturas sinápticas.

Durante o desenvolvimento das culturas de hipocampo, a organização membranar de ambos os subtipos de recetores NMDA vai-se modificando, particularmente a topologia dos recetores GluN2A-NMDA. A organização à escala nanométrica dos recetores GluN2A-NMDA ou GluN2B-NMDA é afetada de forma diferente pela alteração da interação dos recetores com as proteínas âncora que contêm o domínio PDZ, ou pela modificação da atividade da proteína CaMKII. A regulação dos recetores GluN2A-NMDA baseia-se sobretudo na alteração do número de recetores dentro de determinados nanodomínios, enquanto a regulação dos recetores GluN2B-NMDA se baseia principalmente nas alterações da topografia dos nanodomínios, sem alterar o número de recetores. Em conclusão, os recetores GluN2A-NMDA ou GluN2B-NMDA apresentam uma organização distinta na membrana póssináptica, o que sugere que poderá estar associada a diferentes vias de regulação e complexos de sinalização.

Abbreviations

ABD

Agonist-Binding Domain AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid AMPAR(s) α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor(s) 
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Comparing permeation and gating properties of different GluN2B subunits 

. The chemical synapse

Chemical synapses are specialized junctions that make up the main form of contact and communication between neuronal cells of the brain [START_REF] Sheng | The postsynaptic architecture of excitatory synapses: a more quantitative view[END_REF]. They are composed of a highly specialized pre-and postsynaptic compartment with a 20 to 30 nm gap between the two called the synaptic cleft (Gray, 1959a;[START_REF] Palay | Synapses in the central nervous system[END_REF]reviewed in: Klemann &[START_REF] Klemann | The gray area between synapse structure and function-Gray's synapse types I and II revisited[END_REF][START_REF] Mcallister | Dynamic Aspects of Synapse Formation[END_REF], and the communication between the two cells is mediated by neurotransmitters [START_REF] O'rourke | Deep molecular diversity of mammalian synapses: why it matters and how to measure it[END_REF]. Depending on the effect of the neurotransmitter on the postsynaptic cell, synapses can be classified into two major groups:

excitatory and inhibitory synapses [START_REF] O'rourke | Deep molecular diversity of mammalian synapses: why it matters and how to measure it[END_REF]. Excitatory neurotransmitters cause the depolarization of the postsynaptic cellan event termed as excitatory postsynaptic potential (EPSP)due to the influx of positive ions. In contrast, inhibitory synapses hyperpolarize the postsynaptic membrane (inhibitory postsynaptic potential, IPSP) due to the influx of negative or the efflux of positive ions. The concerted and balanced operation of these synapses allows our brains to function properly and respond to environmental changes.

Based on differences in their morphology and size, the excitatory and inhibitory synapses were first identified by E. G. Gray (Gray, 1959a) as asymmetric or symmetric synapses, respectively. The term "asymmetric" originates from the characteristic specialization and thickening of the postsynaptic membrane called the postsynaptic density (PSD) [START_REF] Sheng | The postsynaptic organization of synapses[END_REF]. Excitatory synapses are mainly found along the dendrites in small, mushroomlike membrane protrusions called dendritic spines (Figure 1A) [START_REF] Bosch | Structural plasticity of dendritic spines[END_REF]Gray, 1959b;[START_REF] Harris | Ultrastructure of synapses in the mammalian brain[END_REF], whereas inhibitory synapses are present at the cell soma and the axonal initial segment as well as the proximal and distal dendrites [START_REF] Moss | Constructing the inhibitory synapse[END_REF][START_REF] Sheng | The postsynaptic organization of synapses[END_REF]. Dendritic spines are 0.5-2 µm in length [START_REF] Hering | Dendritic spines: structure, dynamics and regulation[END_REF] and contain specialized subdomains like the PSD, the machinery for endo-and exocytosis [START_REF] Newpher | Spine microdomains for postsynaptic signaling and plasticity[END_REF] and intracellular membranous structures (spine apparatus, polyribosomes, mitochondria) [START_REF] Bosch | Structural plasticity of dendritic spines[END_REF]. Neuronal maturation and changes in synaptic plasticity affect the size and morphology of the spine [START_REF] Hlushchenko | Dendritic spine actin dynamics in neuronal maturation and synaptic plasticity[END_REF].

Typically, a single excitatory synapse is located in a mature spine head [START_REF] Hering | Dendritic spines: structure, dynamics and regulation[END_REF][START_REF] Bosch | Structural plasticity of dendritic spines[END_REF].

The glutamatergic synapse

Excitatory neurotransmission is predominantly mediated by the neurotransmitter glutamate which is released into the synaptic cleft from the ~40-50 nm diameter synaptic vesicles of the presynaptic terminal (active zone) [START_REF] Mcallister | Dynamic Aspects of Synapse Formation[END_REF][START_REF] Sheng | The postsynaptic architecture of excitatory synapses: a more quantitative view[END_REF]. Glutamate diffuses from the release site across the synaptic cleft and acts on glutamate receptors present in the postsynaptic membrane. Two classes of glutamate receptors are distinguished: ion channel formingionotropic -(iGluRs) and G-protein coupledmetabotropicglutamate receptors (mGluRs) which modulate synaptic transmission and neural excitability throughout the central nervous system (CNS) (reviewed in [START_REF] Niswender | Metabotropic Glutamate Receptors: Physiology, Pharmacology, and Disease[END_REF]. iGluRs are highly expressed in the PSD [START_REF] Petralia | Ontogeny of postsynaptic density proteins at glutamatergic synapses[END_REF]. [START_REF] Sheng | The postsynaptic architecture of excitatory synapses: a more quantitative view[END_REF]. B. Schematic representation of the PSD of excitatory neurons. Adapted from [START_REF] Kim | PDZ domain proteins of synapses[END_REF].

The PSD (Figure 1B), localized at the distal tip of the spine head opposing the presynaptic active zone, is an electron-dense structure of ~100-500 nm diameter, ~30-60 nm thickness and an average mass of 1 GDa [START_REF] Carlin | Isolation and characterization of postsynaptic densities from various brain regions: Enrichment of different types of postsynaptic densities[END_REF][START_REF] Cotman | Isolation of postsynaptic densities from rat brain[END_REF][START_REF] Palay | The fine structure of neurons[END_REF]. The PSD is considered to be the organizer of postsynaptic functions by coordinating and supporting neurotransmitter receptors of the synaptic membrane and by coupling receptor activation to cytoplasmic signaling proteins crucial for synaptic transmission [START_REF] Sheng | The postsynaptic organization of synapses[END_REF]. Proteomic analyses have identified ~1000 highly conserved proteins within the PSD including neurotransmitter receptors, cell-adhesion proteins, signaling molecules (kinases and phosphatases), cytoskeletal proteins and scaffolding and adaptor proteins [START_REF] Baucum | Proteomic Analysis of Postsynaptic Protein Complexes Underlying Neuronal Plasticity[END_REF][START_REF] Bayés | Characterization of the proteome, diseases and evolution of the human postsynaptic density[END_REF][START_REF] Bayés | Comparative Study of Human and Mouse Postsynaptic Proteomes Finds High Compositional Conservation and Abundance Differences for Key Synaptic Proteins Dunaevsky A[END_REF][START_REF] Collins | Proteomic Analysis of in Vivo Phosphorylated Synaptic Proteins[END_REF][START_REF] Collins | Molecular characterization and comparison of the components and multiprotein complexes in the postsynaptic proteome[END_REF][START_REF] Dosemeci | Preparation of postsynaptic density fraction from hippocampal slices and proteomic analysis[END_REF][START_REF] Peng | Semiquantitative Proteomic Analysis of Rat Forebrain Postsynaptic Density Fractions by Mass Spectrometry[END_REF][START_REF] Yoshimura | Molecular constituents of the postsynaptic density fraction revealed by proteomic analysis using multidimensional liquid chromatography-tandem mass spectrometry[END_REF].

Electron microscopy (EM) [START_REF] Chen | Organization of the core structure of the postsynaptic density[END_REF] and super-resolution light microscopy [START_REF] Dani | Superresolution Imaging of Chemical Synapses in the Brain[END_REF][START_REF] Macgillavry | The internal architecture of dendritic spines revealed by super-resolution imaging: What did we learn so far?[END_REF][START_REF] Maglione | Seeing the forest tree by tree: super-resolution light microscopy meets the neurosciences[END_REF][START_REF] O'rourke | Deep molecular diversity of mammalian synapses: why it matters and how to measure it[END_REF][START_REF] Sigrist | Optical super-resolution microscopy in neurobiology[END_REF] studies demonstrate that proteins within the PSD form distinct layers along the axo-dendritic axis of synapses with a sequential order of membrane-spanning glutamate receptors and cell adhesion molecules, PSD scaffolds, and the actin cytoskeleton contacting the interior face of PSDs (Figure 1B). Among the most abundant proteins of the PSD are Ca 2+ /calmodulin-dependent protein kinase II (CaMKII), membrane-associated guanylate kinases (MAGUKs) and subunits of two major iGluR families, the α-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and the N-methyl-Daspartic acid receptors (NMDARs). The activation of iGluRs results in the influx of sodium ions leading to the depolarization of the postsynaptic cell and, ultimately, an increase in intracellular calcium levels, triggering a cascade of signaling events that induce changes in synaptic plasticity [START_REF] Sheng | Postsynaptic Signaling and Plasticity Mechanisms[END_REF].

AMPA-type glutamate receptors

AMPARs are a type of iGluRs permeable to sodium (influx) and potassium (efflux), but impermeable for calcium (however, a group of calcium-permeable AMPARs have been identified [START_REF] Wenthold | Evidence for multiple AMPA receptor complexes in hippocampal CA1/CA2 neurons[END_REF]), mediating the majority of fast excitatory neurotransmission in the CNS (reviewed in [START_REF] Gereau | The Glutamate Receptors[END_REF][START_REF] Chater | The role of AMPA receptors in postsynaptic mechanisms of synaptic plasticity[END_REF][START_REF] Henley | Synaptic AMPA receptor composition in development, plasticity and disease[END_REF]. AMPARs are tetrameric receptors composed of different combinations of four AMPAR subunits (GluA1-4) [START_REF] Hollmann | Cloned Glutamate Receptors[END_REF]. They

are enriched in the PSD, moreover, they are highly dynamic, moving in and out of the synaptic area in an activity-dependent manner [START_REF] Choquet | The dynamic synapse[END_REF]. AMPARs are required for adaptive changes in the brain by mediating different forms of synaptic plasticity.

Synaptic plasticity is the strengthening or weakening of synaptic transmission in response to specific patterns of activity. The two main forms of synaptic plasticity are long-term potentiation (LTP) and long-term depression (LTD). In LTP, the long-lasting strengthening of synaptic transmission depends on an increase in the number of synaptic AMPARs [START_REF] Kennedy | Synaptic Signaling in Learning and Memory[END_REF]. This process is related to memory formation and learning [START_REF] Keifer | AMPA receptor trafficking and learning[END_REF]. In contrast, the persistent reduction in synaptic strength observed in LTD is mainly due to a decrease in the number of synaptic AMPARs. Changes in AMPAR subunit composition, phosphorylation state and different accessory proteins regulate AMPARs and therefore impact synaptic strength [START_REF] Chater | The role of AMPA receptors in postsynaptic mechanisms of synaptic plasticity[END_REF].

NMDA-type glutamate receptors

NMDARs are a subtype of glutamate-gated ion channels (iGluRs), permeable to sodium and calcium (influx) and potassium (efflux), which play critical roles in excitatory neurotransmission in the CNS. The increase in postsynaptic calcium levels following NMDAR activation leads to changes in synaptic efficacy and neuronal morphology [START_REF] Malenka | Review LTP and LTD: An Embarrassment of Riches useful to conceptualize LTP and LTD as a general class of cellular/synaptic phenomena. Just as different neu-rons express different complements of ion channels to[END_REF]. NMDARs are implicated in several physiological and pathological processes such as synaptic plasticity, excitotoxicity and several CNS disorders, e.g. schizophrenia [START_REF] Law | Asymmetrical reductions of hippocampal NMDAR1 glutamate receptor mRNA in the psychoses[END_REF], anti-NMDAR encephalitis [START_REF] Dalmau | Anti-NMDA-receptor encephalitis: case series and analysis of the effects of antibodies[END_REF][START_REF] Hughes | Cellular and synaptic mechanisms of anti-NMDA receptor encephalitis[END_REF][START_REF] Mikasova | Disrupted surface cross-talk between NMDA and Ephrin-B2 receptors in anti-NMDA encephalitis[END_REF], autism spectrum disorders [START_REF] Won | Autistic-like social behaviour in Shank2-mutant mice improved by restoring NMDA receptor function[END_REF]), Alzheimer's disease [START_REF] Snyder | Regulation of NMDA receptor trafficking by amyloid-β[END_REF][START_REF] Hoover | Tau Mislocalization to Dendritic Spines Mediates Synaptic Dysfunction Independently of Neurodegeneration[END_REF]), Huntington's disease [START_REF] Heng | In Vivo Evidence for NMDA Receptor-Mediated Excitotoxicity in a Murine Genetic Model of Huntington Disease[END_REF][START_REF] Milnerwood | Early Increase in Extrasynaptic NMDA Receptor Signaling and Expression Contributes to Phenotype Onset in Huntington's Disease Mice[END_REF]) and Parkinson's disease [START_REF] Sgambato-Faure | Glutamatergic mechanisms in the dyskinesias induced by pharmacological dopamine replacement and deep brain stimulation for the treatment of Parkinson's disease[END_REF].

NMDARs form tetramers in the postsynaptic membrane, most generally, associating two obligatory GluN1 subunits and two modulatory GluN2 subunits [START_REF] Yasuda | Enrichment of N-methyl-D-aspartate NR1 splice variants and synaptic proteins in rat postsynaptic densities[END_REF]. The versatility of NMDAR functions may be attributed to its subunit content and organization at the synapse.

NMDAR structure and expression

NMDAR genes and spatial expression pattern

To date, seven different NMDAR subunits have been identified (Figure 2). Based on their sequence homology, the subunits are grouped into 3 subfamilies: the GluN1 [START_REF] Moriyoshi | Molecular cloning and characterization of the rat NMDA receptor[END_REF], the GluN2 (GluN2A, GluN2B, GluN2C, GluN2D) [START_REF] Monyer | Heteromeric NMDA receptors: molecular and functional distinction of subtypes[END_REF] and the GluN3 (GluN3A and GluN3B) [START_REF] Ciabarra | Cloning and characterization of chi-1: a developmentally regulated member of a novel class of the ionotropic glutamate receptor family[END_REF][START_REF] Sucher | Developmental and regional expression pattern of a novel NMDA receptor-like subunit (NMDAR-L) in the rodent brain[END_REF] NMDAR subunits.

The length of the subunits ranges between ~900 and ~1480 amino acids [START_REF] Gereau | The Glutamate Receptors[END_REF][START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF] which is mainly due to differences in the length of the carboxyl (C-)-terminal domain (CTD) [START_REF] Ryan | Evolution of NMDA receptor cytoplasmic interaction domains: implications for organisation of synaptic signalling complexes[END_REF].

The obligatory GluN1 subunit is encoded by a single gene but has eight distinct isoforms (GluN1-1a to 4a and GluN1-1b to 4b) due to alternative splicing [START_REF] Moriyoshi | Molecular cloning and characterization of the rat NMDA receptor[END_REF] that can take place at exon 5 encoding the N1 cassette of the amino (N-)-terminal domain, or exons 21 or 22 encoding the C1 or C2 cassette of the CTD, respectively. The GluN1 subunit is ubiquitously expressed in the CNS throughout embryonic development and adulthood (Figure 2) [START_REF] Watanabe | Developmental changes in distribution of NMDA receptor channel subunit mRNAs[END_REF][START_REF] Akazawa | Differential expression of five N-methyl-D-aspartate receptor subunit mRNAs in the cerebellum of developing and adult rats[END_REF][START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF], although there are specific differences in isoform expression. Overall, GluN1-2 isoforms are the most extensively distributed throughout the CNS whereas GluN1-1 (mostly concentrated in the hippocampus and cortex) and GluN1-4 (predominantly found in the thalamus and cerebellum) share complementary distribution patterns and, finally, GluN1-3 is the least abundant [START_REF] Laurie | Regional and developmental heterogeneity in splicing of the rat brain NMDAR1 mRNA[END_REF][START_REF] Ferreira | Activity and protein kinase C regulate synaptic accumulation of N-methyl-D-aspartate (NMDA) receptors independently of GluN1 splice variant[END_REF].

The four GluN2 subunits, encoded by four different genes, have distinct spatiotemporal expression patterns (Figure 2) with GluN2A and GluN2B being the most abundant in the adult forebrain [START_REF] Watanabe | Developmental changes in distribution of NMDA receptor channel subunit mRNAs[END_REF][START_REF] Akazawa | Differential expression of five N-methyl-D-aspartate receptor subunit mRNAs in the cerebellum of developing and adult rats[END_REF][START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF]. During embryonic and early postnatal development, only GluN2B and GluN2D are expressed, the latter is mainly found in the diencephalon and the brainstem. During the first two postnatal weeks in rodents the expression level of GluN2A gradually increases and becomes abundantly expressed in the entire adult CNS. Meanwhile, the expression of GluN2B peaks between postnatal days (P) 7-10 followed by a restriction to the cortex, hippocampus, striatum and olfactory bulb. The GluN2C subunit is abundant in adult cerebellar granule cells and the olfactory bulb.

The two GluN3 subunits arise from two separate genes and have unique expression patterns (reviewed in [START_REF] Henson | Influence of the NR3A subunit on NMDA receptor functions[END_REF] with widespread GluN3A expression during early postnatal life (~P8) followed by a decline and low expression in adulthood (Figure 2).

GluN3B demonstrates the opposite expression profile compared to that of GluN3A, meaning a low expression in early stages of postnatal development and a progressive increase later on, reaching a full maximum in adulthood (Figure 2). GluN3B is ubiquitously expressed in the adult CNS, such as GluN1, suggesting a role for GluN3B in adult NMDAR function [START_REF] Wee | Immunolocalization of NMDA receptor subunit NR3B in selected structures in the rat forebrain, cerebellum, and lumbar spinal cord[END_REF]. In situ hybridization data from [START_REF] Akazawa | Differential expression of five N-methyl-D-aspartate receptor subunit mRNAs in the cerebellum of developing and adult rats[END_REF]. B. Expression of the GluN1-1a and GluN1-1b splice variants (containing the extracellular N1 cassette) in horizontal sections at P12. In situ hybridization data from [START_REF] Laurie | Regional and developmental heterogeneity in splicing of the rat brain NMDAR1 mRNA[END_REF]. C. Schematic representation of the differential expression of NMDAR subunits. The green scale gradient shows the level of expression relative to maximum, with the darkest regions reflecting the highest expression. Adapted from [START_REF] Henson | Influence of the NR3A subunit on NMDA receptor functions[END_REF]. P: postnatal day.

NMDAR subunit membrane topology and organization

Similarly to other iGluRs, all NMDAR subunits share a common membrane topology consisting of four distinct modules, further confirmed by its crystal structure [START_REF] Lee | NMDA receptor structures reveal subunit arrangement and pore architecture[END_REF] (Figure 3):

1) The first ~380 amino acids comprise the extracellular amino (N-)-terminal domain (NTD) folding into a clamshell-like domain [START_REF] Karakas | Structure of the zinc-bound amino-terminal domain of the NMDA receptor NR2B subunit[END_REF] which is responsible for subunit assembly and allosteric regulation [START_REF] Meddows | Identification of Molecular Determinants That Are Important in the Assembly of N-Methyl-D-aspartate Receptors[END_REF]. This domain has a regulatory role in modulating receptor open probability, deactivation and desensitization [START_REF] Yuan | Control of NMDA Receptor Function by the NR2 Subunit Amino-Terminal Domain[END_REF]. The NTD may also contain binding domains for extracellular proteins [START_REF] Dalva | EphB Receptors Interact with NMDA Receptors and Regulate Excitatory Synapse Formation[END_REF][START_REF] Wang | A novel family of adhesion-like molecules that interacts with the NMDA receptor[END_REF]. [START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF]. C. X-ray crystal structure of GluN1-GluN2B NMDAR reveals a mushroom-like shape with a height of 120Å and width of 150Å. Data from [START_REF] Lee | NMDA receptor structures reveal subunit arrangement and pore architecture[END_REF].

2) The extracellular agonist-binding domain (ABD, ~300 amino acids) is formed by two discontinuous segments S1 and S2 adopting a clamshell-like conformation [START_REF] Stern-Bach | Agonist selectivity of glutamate receptors is specified by two domains structurally related to bacterial amino acid-binding proteins[END_REF]. The ABD is responsible for binding glycine or D-serine in case of the GluN1 and GluN3 subunits and glutamate in GluN2 subunits [START_REF] Furukawa | Subunit arrangement and function in NMDA receptors[END_REF][START_REF] Yao | Characterization of a Soluble Ligand Binding Domain of the NMDA Receptor Regulatory Subunit NR3A[END_REF].

3) The transmembrane domain (TMD) is composed of three transmembrane helices (M1, M3 and M4) and the M2 pore loop that together form the ion channel pore and define receptor conductance, ion selectivity and affinity for the Mg 2+ block (reviewed in [START_REF] Paoletti | Molecular basis of NMDA receptor functional diversity[END_REF].

4) The intracellular CTD, which is highly variable in length depending on the subunit, provides multiple sites of posttranslational modifications and interaction with intracellular proteins implicated in receptor trafficking, anchoring and signaling [START_REF] Sheng | Molecular organization of the postsynaptic specialization[END_REF].

NMDAR assembly and trafficking

Processing of NMDARs in the endoplasmic reticulum

Similarly to other membrane proteins, NMDAR subunits go through a quality check in the endoplasmic reticulum (ER) that ensures proper protein folding. In the case of multimeric NMDARs the monomeric subunits are retained in the ER, due to different ER retention signals/mechanisms, until assembly of the complete and functionally active NMDAR (reviewed in [START_REF] Gereau | The Glutamate Receptors[END_REF][START_REF] Horak | ER to synapse trafficking of NMDA receptors[END_REF]Prybylowski & Wenthold, 2004a;[START_REF] Traynelis | Glutamate Receptor Ion Channels: Structure, Regulation, and Function[END_REF]. These retention signals can be suppressed by conformational changes or overridden by export signals once the subunits form a proper combination ready to exit the ER (reviewed in [START_REF] Horak | ER to synapse trafficking of NMDA receptors[END_REF][START_REF] Prybylowski | N-Methyl-D-aspartate Receptors: Subunit Assembly and Trafficking to the Synapse[END_REF][START_REF] Wenthold | Trafficking of NMDA receptors[END_REF].

In neurons, the GluN1 subunit is produced in excess in the ER compared to the GluN2 subunits, allowing for sufficient amounts of GluN1 subunits available for newly synthesized GluN2 and GluN3 subunits (Chazot & Stephenson, 1997;[START_REF] Huh | Turnover analysis of glutamate receptors identifies a rapidly degraded pool of the N-methyl-D-aspartate receptor subunit, NR1, in cultured cerebellar granule cells[END_REF]. The pool of GluN1 monomers is rapidly degraded (half-life: ~2 hours) if no assembly occurs [START_REF] Huh | Turnover analysis of glutamate receptors identifies a rapidly degraded pool of the N-methyl-D-aspartate receptor subunit, NR1, in cultured cerebellar granule cells[END_REF], suggesting a rate limiting role of the availability of GluN2 subunits in the generation of new functional receptors.

Several models exist for the assembly of NMDARs (reviewed in [START_REF] Horak | ER to synapse trafficking of NMDA receptors[END_REF][START_REF] Traynelis | Glutamate Receptor Ion Channels: Structure, Regulation, and Function[END_REF]. The first model proposes that a GluN1-GluN1 homodimer forms a functional heterotetramer with a pre-formed GluN2-GluN2 homodimer [START_REF] Hansen | Control of assembly and function of glutamate receptors by the amino-terminal domain[END_REF][START_REF] Meddows | Identification of Molecular Determinants That Are Important in the Assembly of N-Methyl-D-aspartate Receptors[END_REF][START_REF] Papadakis | Appropriate NR1-NR1 disulfide-linked homodimer formation is requisite for efficient expression of functional, cell surface N-methyl-Daspartate NR1/NR2 receptors[END_REF][START_REF] Qiu | Subunit assembly of N-methyl-d-aspartate receptors analyzed by fluorescence resonance energy transfer[END_REF][START_REF] Schorge | Studies of NMDA receptor function and stoichiometry with truncated and tandem subunits[END_REF].

The second model suggests that two GluN1-GluN2 heterodimers form the heterotetrameric receptor [START_REF] Schüler | Formation of NR1/NR2 and NR1/NR3 heterodimers constitutes the initial step in N-methyl-D-aspartate receptor assembly[END_REF] while the third model proposes the sequential addition of two GluN2 monomers to an already existing GluN1-GluN1 homodimer [START_REF] Atlason | N-Methyl-D-aspartate (NMDA) receptor subunit NR1 forms the substrate for oligomeric assembly of the NMDA receptor[END_REF].

NMDAR trafficking to the synapse

Once a heterotetrameric NMDAR is released from the ER, it is transported to the Golgi apparatus for further modifications and then sorted in the trans-Golgi network (TGN) into mobile packets or endosomes that reach the plasma membrane via kinesin and myosin motor proteins (Figure 4) [START_REF] Guillaud | KIF17 dynamics and regulation of NR2B trafficking in hippocampal neurons[END_REF][START_REF] Setou | Kinesin superfamily motor protein KIF17 and mLin-10 in NMDA receptor-containing vesicle transport[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]. In young cortical neurons, prior to synapse formation, NMDARs are continuously recycled from the cell surface to intracellular organelles [START_REF] Washbourne | Cycling of NMDA Receptors during Trafficking in Neurons before Synapse Formation[END_REF]. [START_REF] Bard | Glutamate receptor dynamics and protein interaction: Lessons from the NMDA receptor[END_REF].

Cycling of NMDARs to and from the synapse depends highly on synaptic activity and is regulated by different factors (reviewed in [START_REF] Nong | NMDA receptors are movin' in[END_REF][START_REF] Pérez-Otaño | Learning from NMDA receptor trafficking: clues to the development and maturation of glutamatergic synapses[END_REF].

The site for exocytosis of NMDARs is not clear but it may occur at extrasynaptic sites (Rao et al., 1998) followed by receptor diffusion to the synaptic site [START_REF] Groc | Differential activity-dependent regulation of the lateral mobilities of AMPA and NMDA receptors[END_REF][START_REF] Tovar | Mobile NMDA receptors at hippocampal synapses[END_REF][START_REF] Triller | Surface trafficking of receptors between synaptic and extrasynaptic membranes: and yet they do move![END_REF], or NMDARs may be directly inserted into the synapses via actin/myosin transport [START_REF] Guillaud | KIF17 dynamics and regulation of NR2B trafficking in hippocampal neurons[END_REF].

It has been proposed that PDZ (PSD95/Discs-large/ZO-1) domain containing proteins, such as the membrane-associated guanylate kinase (MAGUK) family (e.g. PSD95, PSD93, SAP102 and SAP97)apart from their anchoring role (discussed in detail in chapter 4.3.1.)are important for NMDAR trafficking to and from the synapse (reviewed in [START_REF] Elias | Synaptic trafficking of glutamate receptors by MAGUK scaffolding proteins[END_REF][START_REF] Kneussel | Postsynaptic scaffold proteins at non-synaptic sites[END_REF][START_REF] Wenthold | Trafficking of NMDA receptors[END_REF]. NMDARs associate with PSD95 and SAP102 along the secretory pathway which promotes their insertion into the postsynaptic membrane [START_REF] Lin | Postsynaptic Density Protein-95 Regulates NMDA Channel Gating and Surface Expression[END_REF][START_REF] Sans | NMDA receptor trafficking through an interaction between PDZ proteins and the exocyst complex[END_REF][START_REF] Standley | Trafficking of the NMDAR2B receptor subunit distal cytoplasmic tail from endoplasmic reticulum to the synapse[END_REF][START_REF] Standley | PDZ domain suppression of an ER retention signal in NMDA receptor NR1 splice variants[END_REF].

The rate of NMDAR exocytosis may also be regulated by posttranslational modifications such as phosphorylation by protein kinase C (PKC) [START_REF] Lan | Protein kinase C modulates NMDA receptor trafficking and gating[END_REF][START_REF] Scott | An NMDA receptor ER retention signal regulated by phosphorylation and alternative splicing[END_REF] or palmitoylation [START_REF] Mattison | Palmitoylation at Two Cysteine Clusters on the C-Terminus of GluN2A and GluN2B Differentially Control Synaptic Targeting of NMDA Receptors[END_REF]. The activation of dopamine receptors [START_REF] Dunah | Dopamine D1 receptor-dependent trafficking of striatal NMDA glutamate receptors to the postsynaptic membrane[END_REF][START_REF] Hu | Dopamine D1 receptor-mediated NMDA receptor insertion depends on Fyn but not Src kinase pathway in prefrontal cortical neurons[END_REF] and TNFα [START_REF] Wheeler | Tumor necrosis factor-alpha-induced neutral sphingomyelinase-2 modulates synaptic plasticity by controlling the membrane insertion of NMDA receptors[END_REF]) also promotes the insertion of NMDARs into the cell membrane.

While most NMDARs are processed and assembled in the cell body and then transported to the synapse (termed canonical trafficking), NMDAR subunit mRNAs have been found in dendrites [START_REF] Benson | Dendritic compartmentation of NMDA receptor mRNA in cultured hippocampal neurons[END_REF][START_REF] Steward | Compartmentalized synthesis and degradation of proteins in neurons[END_REF], suggesting a role of synaptic NMDAR synthesis. In this case, the proteins are thought to be assembled and transported within the ER to dendritic Golgi outposts (termed non-canonical trafficking) [START_REF] Mauceri | Dual role of CaMKII-dependent SAP97 phosphorylation in mediating trafficking and insertion of NMDA receptor subunit NR2A[END_REF][START_REF] Pierce | Evidence for a satellite secretory pathway in neuronal dendritic spines[END_REF][START_REF] Ramírez | The endoplasmic reticulum and protein trafficking in dendrites and axons[END_REF]. Interestingly, dendritic GluN2A synthesis is followed by insertion of this subunit into the membrane [START_REF] Swanger | Dendritic GluN2A Synthesis Mediates Activity-Induced NMDA Receptor Insertion[END_REF].

NMDAR recycling

NMDARs undergo rapid and constitutive endocytosis as observed in young cortical neurons [START_REF] Roche | Molecular determinants of NMDA receptor internalization[END_REF]. This process is mediated by clathrin-coated vesicles with a rate of internalization that depends on the association of the receptors with the AP-2 adaptor protein that links cargo proteins to clathrin-coated pits [START_REF] Roche | Molecular determinants of NMDA receptor internalization[END_REF]. NMDAR internalization may also occur via clathrin-independent endocytosis [START_REF] Kato | Activity-dependent NMDA receptor degradation mediated by retrotranslocation and ubiquitination[END_REF][START_REF] Swanwick | NMDA receptors interact with flotillin-1 and -2, lipid raft-associated proteins[END_REF].

The rate of NMDAR internalization depends also on synaptic activity (agonist binding), the type of NMDAR subunit expressed [START_REF] Lavezzari | Subunit-specific regulation of NMDA receptor endocytosis[END_REF] as well as binding to scaffold proteins (reviewed in [START_REF] Gereau | The Glutamate Receptors[END_REF][START_REF] Nong | NMDA receptors are movin' in[END_REF]. NMDAR autoantibodies present in various diseases also induce the internalization of the receptors (reviewed in [START_REF] Masdeu | NMDA Receptor Internalization by Autoantibodies: A Reversible Mechanism Underlying Psychosis?[END_REF]. The presence of specialized endocytic zones at the edge of the synaptic active zone [START_REF] Blanpied | Dynamics and Regulation of Clathrin Coats at Specialized Endocytic Zones of Dendrites and Spines[END_REF][START_REF] Petralia | Internalization at glutamatergic synapses during development[END_REF] suggests that NMDAR might be required to move laterally away from the PSD for internalization.

NMDAR lateral mobility

Similarly to other neurotransmitter receptors (reviewed in [START_REF] Choquet | The dynamic synapse[END_REF], NMDARs are highly mobile and may be exchanged between synaptic and extrasynaptic sites [START_REF] Groc | Differential activity-dependent regulation of the lateral mobilities of AMPA and NMDA receptors[END_REF] as observed primarily by rapid recovery in the synaptic NMDAR current following selective blocking of synaptic NMDAR channels [START_REF] Tovar | Mobile NMDA receptors at hippocampal synapses[END_REF].

NMDAR surface mobility depends mainly on the subunit composition, with GluN2A-NMDARs being less mobile and spending more time in the PSD area compared to GluN2B-NMDARs [START_REF] Groc | NMDA receptor surface mobility depends on NR2A-2B subunits[END_REF]. However, other regulators of NMDAR mobility have also been described. A decrease in the synaptic residency time of GluN2B-NMDARs is observed during development, accompanied by stronger synaptic stabilization of GluN2A-NMDARs in later stages of development [START_REF] Groc | NMDA receptor surface mobility depends on NR2A-2B subunits[END_REF]. Extracellular regulators, such as NMDAR coagonists and extracellular matrix proteins, also affect receptor mobility [START_REF] Groc | NMDA Receptor Surface Trafficking and Synaptic Subunit Composition Are Developmentally Regulated by the Extracellular Matrix Protein Reelin[END_REF][START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by different endogenous coagonists[END_REF][START_REF] Ferreira | Co-agonists differentially tune GluN2B-NMDA receptor trafficking at hippocampal synapses[END_REF]. D-serine and glycine have been shown to differentially modulate the surface behavior of GluN2 subunits with a preferential negative effect of glycine on GluN2A-NMDARs while D-serine decreases GluN2B-NMDAR surface diffusion [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by different endogenous coagonists[END_REF][START_REF] Ferreira | Co-agonists differentially tune GluN2B-NMDA receptor trafficking at hippocampal synapses[END_REF]. The extracellular matrix protein reelin specifically reduces GluN2B-NMDAR mobility while increasing its time spent within the synaptic area [START_REF] Groc | NMDA Receptor Surface Trafficking and Synaptic Subunit Composition Are Developmentally Regulated by the Extracellular Matrix Protein Reelin[END_REF]. Additionally, protein kinase activity [START_REF] Groc | Differential activity-dependent regulation of the lateral mobilities of AMPA and NMDA receptors[END_REF][START_REF] Dupuis | Surface dynamics of GluN2B-NMDA receptors controls plasticity of maturing glutamate synapses[END_REF] and interactions with other membrane receptors [START_REF] Ladepeche | Single-molecule imaging of the functional crosstalk between surface NMDA and dopamine D1 receptors[END_REF][START_REF] Dupuis | Surface dynamics of GluN2B-NMDA receptors controls plasticity of maturing glutamate synapses[END_REF] or intracellular scaffolds [START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF]) also control the surface dynamics of NMDARs.

NMDAR localization

NMDARs are primarily localized at postsynaptic sites; however, they can also be found in perisynaptic [START_REF] Zhang | Subunit-and Pathway-Specific Localization of NMDA Receptors and Scaffolding Proteins at Ganglion Cell Synapses in Rat Retina[END_REF], extrasynaptic [START_REF] Brickley | NR2B and NR2D Subunits Coassemble in Cerebellar Golgi Cells to Form a Distinct NMDA Receptor Subtype Restricted to Extrasynaptic Sites[END_REF][START_REF] Thomas | Synaptic and Extrasynaptic NMDA Receptor NR2 Subunits in Cultured Hippocampal Neurons[END_REF][START_REF] Harris | Extrasynaptic and synaptic NMDA receptors form stable and uniform pools in rat hippocampal slices[END_REF][START_REF] Petralia | Organization of NMDA receptors at extrasynaptic locations[END_REF] and presynaptic locations [START_REF] Bidoret | Presynaptic NR2A-containing NMDA receptors implement a high-pass filter synaptic plasticity rule[END_REF] regulating neurotransmitter releaseand peripheral (non CNS)

NMDARs have also been found [START_REF] Moroni | The presence of N-methyl-D-aspartate-type receptors for glutamic acid in the guinea pig myenteric plexus[END_REF][START_REF] Nishikawa | Stimulation of catecholamine release from isolated adrenal glands by some amino acids[END_REF].

NMDAR expression throughout the body

NMDARs have been identified in a number of different non-neuronal cell types and tissues throughout the body such as keratinocytes, lymphocytes, arteries, bone cells, heart, lung, thymus, stomach, ovaries, spleen, skeletal muscle, pancreas, lower urogenital tract, renal pelvis and kidney (reviewed in [START_REF] Bozic | The potential of targeting NMDA receptors outside the CNS[END_REF][START_REF] Genever | Non-neuronal glutamate signalling pathways[END_REF][START_REF] Genever | Non-neuronal glutamate signalling pathways[END_REF][START_REF] Hogan-Cann | Physiological Roles of Non-Neuronal NMDA Receptors[END_REF][START_REF] Hogan-Cann | Physiological Roles of Non-Neuronal NMDA Receptors[END_REF]. Emerging data suggest that peripheral NMDARs maybe involved in a wide range of physiological and pathophysiological processes including but not limited to bone deposition, wound healing, insulin secretion, blood-brain barrier integrity, inflammation, pain sensitivity, and myelination. NMDARs expressed in bone, kidney, pancreas, and other tissues are promising therapeutic targets for disorders such as osteoporosis, acute renal injury, diabetes, and cancer (Hogan-Cann and Anderson, 2016).

Presynaptic NMDARs

In the CNS, NMDARs are predominantly postsynaptic, but there is increasing anatomical and physiological evidence that they are also present in the pre-synapse (reviewed in [START_REF] Banerjee | Roles of presynaptic NMDA receptors in neurotransmission and plasticity[END_REF][START_REF] Bouvier | Presynaptic NMDA receptors: Roles and rules[END_REF]. Presynaptic NMDARs (preNMDARs) are thought to modulate neurotransmitter release [START_REF] Berretta | Tonic facilitation of glutamate release by presynaptic N-methyl-Daspartate autoreceptors in the entorhinal cortex[END_REF][START_REF] Sjöström | Neocortical LTD via coincident activation of presynaptic NMDA and cannabinoid receptors[END_REF][START_REF] Brasier | Synapse-specific expression of functional presynaptic NMDA receptors in rat somatosensory cortex[END_REF]. Subunit composition of preNMDARs varies similarly to postsynaptic NMDARs (reviewed in [START_REF] Bouvier | Presynaptic NMDA receptors: Roles and rules[END_REF] and they are expressed at both excitatory and inhibitory [START_REF] Duguid | Retrograde activation of presynaptic NMDA receptors enhances GABA release at cerebellar interneuron-Purkinje cell synapses[END_REF][START_REF] Xu | Presynaptic ionotropic glutamate receptors modulate GABA release in the mouse dorsal motor nucleus of the vagus[END_REF] synapses. Their expression is most abundant during early developmental stages suggesting a role in maturation of synapses and the neural network (reviewed in [START_REF] Bouvier | Presynaptic NMDA receptors: Roles and rules[END_REF].

PreNMDARs have also been linked to CNS disorders, such as epilepsy [START_REF] Yang | Tonic Facilitation of Glutamate Release by Presynaptic NR2B-Containing NMDA Receptors Is Increased in the Entorhinal Cortex of Chronically Epileptic Rats[END_REF].

Extrasynaptic NMDARs

The subcellular localization of NMDARs was first assessed using classical immunohistochemical techniques, revealing a wide distribution of NMDARs throughout the dendritic arborization, both at synaptic and extrasynaptic sites [START_REF] Aoki | Cellular and Subcellular localization of NMDA-R1 subunit immunoreactivity in the visual cortex of adult and neonatal rats[END_REF][START_REF] Siegel | Regional, cellular, and ultrastructural distribution of N-methyl-D-aspartate receptor subunit 1 in monkey hippocampus[END_REF]. The extrasynaptic zone refers to all parts of the neuron outside the synaptic active zone, therefore these receptors can be found in the dendritic spine neck, the dendritic shaft or even the soma (reviewed in Newpher &[START_REF] Newpher | Glutamate Receptor Dynamics in Dendritic Microdomains[END_REF][START_REF] Petralia | Distribution of Extrasynaptic NMDA Receptors on Neurons[END_REF].

Young developing neurons show a high expression of extrasynaptic NMDARs which are thought to have a role in synaptogenesis and neuronal development [START_REF] Georgiev | A critical importance of polyamine site in NMDA receptors for neurite outgrowth and fasciculation at early stages of P19 neuronal differentiation[END_REF][START_REF] Sin | Dendrite growth increased by visual activity requires NMDA receptor and Rho GTPases[END_REF][START_REF] Wang | Functional NMDA receptors at axonal growth cones of young hippocampal neurons[END_REF]. In developing hippocampal neurons in vivo, extrasynaptic NMDARs can be found in distinctive densities [START_REF] Sans | A developmental change in NMDA receptor-associated proteins at hippocampal synapses[END_REF][START_REF] Petralia | Internalization at glutamatergic synapses during development[END_REF][START_REF] Petralia | Ontogeny of postsynaptic density proteins at glutamatergic synapses[END_REF][START_REF] Petralia | Organization of NMDA receptors at extrasynaptic locations[END_REF] proposed to be either sites of new synapse formation or remnants of former synapses containing NMDAR partners such as PSD95 or SAP102 [START_REF] Petralia | Distribution of Extrasynaptic NMDA Receptors on Neurons[END_REF]. Based on physiological studies performed on neuronal cultures at early developmental stages (~1 week in vitro, WIV), approximately 75% of NMDARs are extrasynaptic [START_REF] Tovar | The incorporation of NMDA receptors with a distinct subunit composition at nascent hippocampal synapses in vitro[END_REF] with a decrease observed at 2 WIV to 20-50% [START_REF] Ivanov | Opposing role of synaptic and extrasynaptic NMDA receptors in regulation of the extracellular signal-regulated kinases (ERK) activity in cultured rat hippocampal neurons[END_REF]. Based on work by Groc and colleagues, the levels of extrasynaptic GluN2B-containing NMDARs remain high throughout this developmental window while GluN2A-containing NMDARs preferentially move to synaptic areas [START_REF] Groc | Differential activity-dependent regulation of the lateral mobilities of AMPA and NMDA receptors[END_REF][START_REF] Groc | NMDA receptor surface mobility depends on NR2A-2B subunits[END_REF][START_REF] Groc | Surface trafficking of N-methyl-D-aspartate receptors: physiological and pathological perspectives[END_REF]. Therefore, the best-characterized extrasynaptic NMDARs are mainly composed of GluN1 and GluN2B or GluN2D subunits, however, GluN2D may be exclusively extrasynaptic [START_REF] Brickley | NR2B and NR2D Subunits Coassemble in Cerebellar Golgi Cells to Form a Distinct NMDA Receptor Subtype Restricted to Extrasynaptic Sites[END_REF][START_REF] Harney | Extrasynaptic NR2D-Containing NMDARs Are Recruited to the Synapse during LTP of NMDAR-EPSCs[END_REF].

Extrasynaptic NMDARs may be activated by glutamate spillover [START_REF] Chen | Synaptically released glutamate activates extrasynaptic NMDA receptors on cells in the ganglion cell layer of rat retina[END_REF][START_REF] Higgs | Glutamate uptake limits synaptic excitation of retinal ganglion cells[END_REF] or by ectopic glutamate released from glial cells [START_REF] Jourdain | Glutamate exocytosis from astrocytes controls synaptic strength[END_REF][START_REF] Meur | Tonic activation of NMDA receptors by ambient glutamate of non-synaptic origin in the rat hippocampus[END_REF][START_REF] Matsui | High-Concentration Rapid Transients of Glutamate Mediate Neural-Glial Communication via Ectopic Release[END_REF]. Their activation is generally related to pathological conditions leading to cell damage and cell death or even diseases (reviewed in [START_REF] Hardingham | Synaptic versus extrasynaptic NMDA receptor signalling: implications for neurodegenerative disorders[END_REF], however, extrasynaptic NMDARs may also be activated under physiological conditions [START_REF] Harris | Extrasynaptic and synaptic NMDA receptors form stable and uniform pools in rat hippocampal slices[END_REF]. Uniquely among iGluRs, NMDARs require the simultaneous binding of two coagonists, glycine (or D-serine, [START_REF] Mothet | D-serine is an endogenous ligand for the glycine site of the N-methyl-D-aspartate receptor[END_REF][START_REF] Schell | D-serine, an endogenous synaptic modulator: localization to astrocytes and glutamate-stimulated release[END_REF] and glutamate [START_REF] Johnson | Glycine potentiates the NMDA response in cultured mouse brain neurons[END_REF][START_REF] Kleckner | Requirement for glycine in activation of NMDA-receptors expressed in Xenopus oocytes[END_REF]) (Figure 5). Glycine (or D-serine) binds to the GluN1 [START_REF] Furukawa | Mechanisms of activation, inhibition and specificity: Crystal structures of the NMDA receptor NR1 ligand-binding core[END_REF] and GluN3 [START_REF] Yao | Molecular mechanism of ligand recognition by NR3 subtype glutamate receptors[END_REF] subunits while glutamate binds to GluN2 subunits [START_REF] Furukawa | Subunit arrangement and function in NMDA receptors[END_REF]. At resting membrane potential, the NMDAR channel pore is blocked by extracellular Mg 2+ in a voltage-dependent manner [START_REF] Mayer | Voltage-dependent block by Mg2+ of NMDA responses in spinal cord neurones[END_REF]. This defines the unique role of NMDARs as molecular coincidence detectors since ion influx only occurs when both postsynaptic depolarization (to relieve the Mg 2+ block) and presynaptic release of glutamate occur simultaneously. In other words, the simultaneous stimulation of both the pre-and postsynaptic neuron is required for NMDAR activation, as well as a third element, which is the binding of the co-agonist glycine or D-serine (Sanz-Clemente et al., 2013b). Following binding of the agonists, the cleft formed by the ABD dimer closes, triggering rearrangement of the channel pore-forming TMDs, thus promoting channel pore opening [START_REF] Mayer | Glutamate receptors at atomic resolution[END_REF]. This activation sequence seems to be conserved in NMDARs even though differences exist between receptor subclasses [START_REF] Furukawa | Subunit arrangement and function in NMDA receptors[END_REF][START_REF] Mayer | Glutamate receptors at atomic resolution[END_REF][START_REF] Paoletti | NMDA receptor subunits: function and pharmacology[END_REF]. NMDAR activity can also be modulated by extracellular compounds such as ions (H + or Zn 2+ ) or polyamines (e.g. spermine) (reviewed in [START_REF] Traynelis | Glutamate Receptor Ion Channels: Structure, Regulation, and Function[END_REF].

NMDAR activation

NMDARs in synaptic plasticity

Long-lasting experience-dependent changes in the efficacy of synaptic transmission are believed to represent the cellular basis of learning and memory. These adaptive processes often require the activation of postsynaptic NMDARs and NMDAR-dependent Ca 2+ influx.

As detailed above, the activation of NMDARs not only requires the binding of glutamate and co-agonists, but also depends upon membrane depolarization to remove the voltage-dependent Mg 2+ block. This combined requirement for agonists and postsynaptic depolarization enables NMDARs to function as molecular coincidence detectors of pre-and postsynaptic activity, a prerequisite for the induction of synaptic plasticity such as LTP or LTD (reviewed in [START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF][START_REF] Collingridge | Long-term depression in the CNS[END_REF][START_REF] Volianskis | Long-term potentiation and the role of N-methyl-D-aspartate receptors[END_REF]. Most generally, LTP is induced by high frequency tetanic stimulation, leading to Na + -influx via AMPARs which depolarizes the postsynaptic compartment, and induces NMDAR activation. The NMDARmediated rise in postsynaptic Ca 2+ levels results in the activation of CaMKIIamong other kinases and phosphataseswhich phosphorylates AMPARs and thus promotes an increase in the number of synaptic AMPARs [START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF][START_REF] Chater | The role of AMPA receptors in postsynaptic mechanisms of synaptic plasticity[END_REF]. In contrast, LTD involves the de-phosphorylation of AMPARs and a decrease in synaptic AMPAR number [START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF].

NMDAR subtypes and functional properties

Functional NMDARs are tetramers composed of different subunits. Generally, NMDARs are diheteromers containing two GluN1 subunits and two identical GluN2 or GluN3 subunits, assembling as a dimer of dimers. One neuron can simultaneously express different GluN1 isoforms and GluN2 subunits (Cull-Candy and Leszkiewicz, 2004) giving rise to various NMDAR subtypes. Examples of receptors with two different GluN1 isoforms have been reported [START_REF] Sheng | Changing subunit composition of heteromeric NMDA receptors during development of rat cortex[END_REF]. Besides the diheteromeric NMDARs, receptors containing two different types of GluN2 subunitstermed triheteromerichave been described [START_REF] Sheng | Changing subunit composition of heteromeric NMDA receptors during development of rat cortex[END_REF]. Triheteromeric GluN1/GluN2A/GluN2B receptors are abundant in the hippocampus and the cortex (Chazot & Stephenson, 1997) while GluN1/GluN2B/GluN2D receptors are expressed in the diencephalon [START_REF] Brickley | NR2B and NR2D Subunits Coassemble in Cerebellar Golgi Cells to Form a Distinct NMDA Receptor Subtype Restricted to Extrasynaptic Sites[END_REF][START_REF] Dunah | Subunit Composition ofN-Methyl-daspartate Receptors in the Central Nervous System that Contain the NR2D Subunit[END_REF] and GluN1/GluN2A/GluN2C receptors in the cerebellum [START_REF] Cathala | Developmental profile of the changing properties of NMDA receptors at cerebellar mossy fiber-granule cell synapses[END_REF]. The subunit composition defines the expression, biophysical, pharmacological and signaling properties of NMDARs. GluN2A-containing receptors deactivate the fastest compared to all other receptor subtypes. Adapted from [START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF].

Compared to other iGluRs, NMDARs exhibit unique activation characteristics, as described above (chapter 3.4.) (voltage-dependent Mg 2+ block and binding of two agonists).

Moreover, NMDARs are highly permeable to Ca 2+ and they possess unusually slow activation and deactivation kinetics due to the slow release of glutamate (Figure 6A). These unique features are influenced by the subunit composition (Table 1, Figure 6B). Diheteromeric GluN1/GluN2A or GluN1/GluN2B receptors generally display large conductance [START_REF] Stern | Single-channel conductances of NMDA receptors expressed from cloned cDNAs: comparison with native receptors[END_REF], high sensitivity to the Mg 2+ block [START_REF] Kuner | Multiple structural elements determine subunit specificity of Mg2+ block in NMDA receptor channels[END_REF] and high Ca 2+ permeability [START_REF] Burnashev | Fractional calcium currents through recombinant GluR channels of the NMDA, AMPA and kainate receptor subtypes[END_REF][START_REF] Schneggenburger | Simultaneous measurement of Ca2+ influx and reversal potentials in recombinant N-methyl-D-aspartate receptor channels[END_REF] compared to GluN2C-or GluN2D-containing receptors (reviewed in [START_REF] Dingledine | The glutamate receptor ion channels[END_REF][START_REF] Farrant | NMDA-receptor channel diversity in the developing cerebellum[END_REF].

Incorporation of a GluN3 subunit results in an even more dramatic decrease in the Mg 2+ blockade [START_REF] Matsuda | Cloning and characterization of a novel NMDA receptor subunit NR3B: a dominant subunit that reduces calcium permeability[END_REF]. GluN3 subunits bind glycine and not glutamate, thus NMDARs containing exclusively GluN1/GluN3 subunits can act as excitatory glycine receptors, which are impermeable to Ca 2+ [START_REF] Pérez-Otaño | Emerging roles of GluN3-containing NMDA receptors in the CNS[END_REF]. The subunit composition also determines NMDAR agonist sensitivity, activation and deactivation kinetics, as well as open channel probability and duration (reviewed in [START_REF] Paoletti | Molecular basis of NMDA receptor functional diversity[END_REF][START_REF] Traynelis | Glutamate Receptor Ion Channels: Structure, Regulation, and Function[END_REF].

GluN1/GluN2A receptors have the shortest deactivation constant [START_REF] Vicini | Functional and pharmacological differences between recombinant N-methyl-D-aspartate receptors[END_REF] and a higher open probability compared to GluN2B-, GluN2C-or GluN2D-containing receptors [START_REF] Chen | Subtype-dependence of NMDA receptor channel open probability[END_REF]; however, they have the lowest sensitivity to both glutamate and glycine [START_REF] Yuan | Control of NMDA Receptor Function by the NR2 Subunit Amino-Terminal Domain[END_REF]. Many pharmacological compounds can also discriminate between NMDAR subtypes. Ifenprodil, a potent non-competitive NMDAR antagonist, and its derivatives (e.g. Ro 25-6981) selectively inhibit GluN1/GluN2B receptors by stabilizing the GluN2B NTD in a closed conformation [START_REF] Karakas | Subunit arrangement and phenylethanolamine binding in GluN1/GluN2B NMDA receptors[END_REF].

Implication of NMDARs in CNS disorders

NMDARs are indispensable for proper neuronal development and synaptic plasticity.

Therefore, NMDAR dysfunction, expressed as altered subunit expression, trafficking, localization or activity, has been reported in several brain disorders (Table 2) (reviewed in [START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF]Sanz-Clemente et al., 2013;[START_REF] Sun | The Functional and Molecular Properties, Physiological Functions, and Pathophysiological Roles of GluN2A in the Central Nervous System[END_REF]. Both NMDAR hyperactivity and hypofunction can be extremely harmful; increased NMDAR signaling (leading to neuronal cell death) has been implicated in various neurodegenerative diseases, such as Alzheimer's [START_REF] Snyder | Regulation of NMDA receptor trafficking by amyloid-β[END_REF][START_REF] Hoover | Tau Mislocalization to Dendritic Spines Mediates Synaptic Dysfunction Independently of Neurodegeneration[END_REF]), Parkinson's (Sgambato-Faure and Cenci, 2012) or Huntington's [START_REF] Heng | In Vivo Evidence for NMDA Receptor-Mediated Excitotoxicity in a Murine Genetic Model of Huntington Disease[END_REF][START_REF] Milnerwood | Early Increase in Extrasynaptic NMDA Receptor Signaling and Expression Contributes to Phenotype Onset in Huntington's Disease Mice[END_REF] diseases, whereas reduced NMDAR signaling has been shown in patients with schizophrenia [START_REF] Law | Asymmetrical reductions of hippocampal NMDAR1 glutamate receptor mRNA in the psychoses[END_REF]. NMDAR antagonists or NMDAR potentiators have been successfully usedor are currently being testedin therapy; however, as not all NMDAR subtypes contribute equally to CNS diseases (Table 2), subunit-selective modulators can be effective in targeting certain diseases (reviewed in [START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF]. 

GluN2A-and GluN2B-NMDARs

In the past few decades, the GluN2A and GluN2B subunits have been most

extensively studied and are the best characterized NMDAR subunits. Both are highly expressed in the cortex and hippocampus playing central roles in synaptic plasticity and they are also involved in learning and memory. Additionally, both GluN2A and GluN2B have been implicated in several neurological disorders. Nonetheless, despite their intense investigation, many open questions remain about their precise subcellular localization and contribution to NMDAR-mediated signaling.

Comparison of GluN2A-and GluN2B-NMDARs

The GluN2A and GluN2B NMDAR subunits are encoded by two separate genes, Grin2a and Grin2b, respectively. They are closely related in amino acid sequence (68%); however, the sequence homology is differentially distributed according to the structural domains: homology is especially high in the TMD (92.3%), yet modest in the NTD (80.3%) and very low in the large intracellular CTD (48.6%) (Figure 7) [START_REF] Ishii | Molecular characterization of the family of the N-methyl-D-aspartate receptor subunits[END_REF] important for subunit-specific interactions and posttranslational modifications [START_REF] Salter | Src kinases: a hub for NMDA receptor regulation[END_REF][START_REF] Sheng | Molecular organization of the postsynaptic specialization[END_REF].

Mice lacking the GluN2A subunit are viable; however, they show impairment in synaptic plasticity mechanisms translating into deficiency in spatial learning [START_REF] Sakimura | Reduced hippocampal LTP and spatial learning in mice lacking NMDA receptor epsilon 1 subunit[END_REF]. In contrast, mice lacking the GluN2B subunit die shortly after birth due to the absence of the suckling response, indicating an essential role for GluN2B in neuronal development [START_REF] Kutsuwada | Impairment of suckling response, trigeminal neuronal pattern formation, and hippocampal LTD in NMDA receptor epsilon 2 subunit mutant mice[END_REF]. Interestingly, overexpression of GluN2B enhances memory and learning abilities [START_REF] Tang | Genetic enhancement of learning and memory in mice[END_REF].

Depending on the GluN2 subunit expressed, NMDARs have different characteristics (Table 3). Briefly, GluN2A-NMDARs have higher open probability and peak current, faster deactivation, rise and decay times compared to GluN2B-NMDARs; however, they have a lower permeability to Ca 2+ than GluN2B-NMDARs. The GluN2B subunit is important in maintaining normal spine density and regular numbers of NMDARs at the synapse [START_REF] Abe | NMDA Receptor GluR /NR2 Subunits Are Essential for Postsynaptic Localization and Protein Stability of GluR 1/NR1 Subunit[END_REF][START_REF] Akashi | NMDA Receptor GluN2B (GluR 2/NR2B) Subunit Is Crucial for Channel Function, Postsynaptic Macromolecular Organization, and Actin Cytoskeleton at Hippocampal CA3 Synapses[END_REF][START_REF] Brigman | Loss of GluN2B-Containing NMDA Receptors in CA1 Hippocampus and Cortex Impairs Long-Term Depression, Reduces Dendritic Spine Density, and Disrupts Learning[END_REF][START_REF] Kim | Differential Roles of NR2A-and NR2B-Containing NMDA Receptors in Ras-ERK Signaling and AMPA Receptor Trafficking[END_REF]. Interestingly, overexpression of GluN2B does not affect synapse number and growth; however, it does increase spine motility, adding and retracting spines at a higher rate [START_REF] Gambrill | NMDA receptor subunit composition controls synaptogenesis and synapse stabilization[END_REF]. In contrast, early expression of GluN2A reduces the number of synapses, as well as the spine volume and dynamics [START_REF] Gambrill | NMDA receptor subunit composition controls synaptogenesis and synapse stabilization[END_REF]. GluN2B-NMDARs have also been shown to restrict the synaptic insertion of AMPARs [START_REF] Hall | NR2B Signaling Regulates the Development of Synaptic AMPA Receptor Current[END_REF][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] Ferreira | GluN2B-Containing NMDA Receptors Regulate AMPA Receptor Traffic through Anchoring of the Synaptic Proteasome[END_REF].

The GluN2A and GluN2B subunits are also thought to regulate the synaptic localization of NMDARs via different interaction partners which define their coupling to independent signaling cascades and, thus, differentially impact synaptic plasticity (detailed in chapter 4.4.) (reviewed in [START_REF] Shipton | GluN2A and GluN2B subunit-containing NMDA receptors in hippocampal plasticity[END_REF]. 

The GluN2B-to-GluN2A developmental switch

The expression of GluN2A and GluN2B is relatively broad throughout the CNS and both are developmentally regulated with a concurrent decrease in GluN2B and increase in GluN2A subunits [START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF][START_REF] Sans | A developmental change in NMDA receptor-associated proteins at hippocampal synapses[END_REF][START_REF] Sheng | Changing subunit composition of heteromeric NMDA receptors during development of rat cortex[END_REF].

In early developmental stages, GluN1/GluN2B diheteromers represent the majority of synaptic NMDARs, indicated by the high sensitivity of excitatory post-synaptic currents (EPSCs) to selective GluN2B inhibitor ifenprodil [START_REF] Bellone | Rapid Bidirectional Switching of Synaptic NMDA Receptors[END_REF]. The expression of GluN2A increases during development and in mature synapses this subunit forms the primary type of NMDARs expressed at the synapse, as suggested from the reduced sensitivity to ifenprodil [START_REF] Bellone | Rapid Bidirectional Switching of Synaptic NMDA Receptors[END_REF]. These changes occur both at the mRNA [START_REF] Liu | Switching of NMDA Receptor 2A and 2B Subunits at Thalamic and Cortical Synapses during Early Postnatal Development[END_REF][START_REF] Nase | Genetic and epigenetic regulation of NMDA receptor expression in the rat visual cortex[END_REF] and protein level [START_REF] Chen | Developmental changes in the expression of NMDA receptor subunits (NR1, NR2A, NR2B) in the cat visual cortex and the effects of dark rearing[END_REF][START_REF] Quinlan | Bidirectional, experience-dependent regulation of Nmethyl-D-aspartate receptor subunit composition in the rat visual cortex during postnatal development[END_REF][START_REF] Roberts | Enhanced NR2A subunit expression and decreased NMDA receptor decay time at the onset of ocular dominance plasticity in the ferret[END_REF][START_REF] Siu | Development of Glutamatergic Proteins in Human Visual Cortex across the Lifespan[END_REF] and are evolutionarily conserved, from amphibians to mammals (Sanz-Clemente et al., 2013b). Surprisingly, Frank and colleagues recently demonstrated a four-fold molar excess of GluN2B compared to GluN2A in the adult mouse forebrain [START_REF] Frank | NMDA receptors are selectively partitioned into complexes and supercomplexes during synapse maturation[END_REF]).

An extensive study using human postmortem visual cortex samples demonstrated high expression of GluN2B in childhood (peak at 1.2±0.7 years) with a relatively constant expression through teens, young adults, and older adults [START_REF] Siu | Development of Glutamatergic Proteins in Human Visual Cortex across the Lifespan[END_REF]. Interestingly, they observed an increase in GluN2A expression until ~40 years followed by a dramatic decrease during aging (Figure 8) [START_REF] Siu | Development of Glutamatergic Proteins in Human Visual Cortex across the Lifespan[END_REF]. [START_REF] Siu | Development of Glutamatergic Proteins in Human Visual Cortex across the Lifespan[END_REF].

The shift from GluN2B to GluN2A has been observed in several brain areas, such as cortex [START_REF] Flint | NR2A subunit expression shortens NMDA receptor synaptic currents in developing neocortex[END_REF][START_REF] Sheng | Changing subunit composition of heteromeric NMDA receptors during development of rat cortex[END_REF][START_REF] Williams | Developmental Switch in the Expression of NMDA Receptors Occurs In Vivo and In Vitro[END_REF], hippocampus [START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF], and cerebellum [START_REF] Akazawa | Differential expression of five N-methyl-D-aspartate receptor subunit mRNAs in the cerebellum of developing and adult rats[END_REF]reviewed in Dumas, 2005). In the neocortex, it occurs during the critical period of visual development, and the switch is influenced by sensory experience [START_REF] Philpot | Visual Experience and Deprivation Bidirectionally Modify the Composition and Function of NMDA Receptors in Visual Cortex[END_REF]. The developmental switch is important in many aspects since GluN2B expression can inhibit the synaptic incorporation of AMPARs [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] and reduce the threshold for LTP and increase its magnitude (Lee, 2010;[START_REF] Xu | Metaplastic Regulation of Long-Term Potentiation/Long-Term Depression Threshold by Activity-Dependent Changes of NR2A/NR2B Ratio[END_REF][START_REF] Yashiro | Regulation of NMDA receptor subunit expression and its implications for LTD, LTP, and metaplasticity[END_REF]. Moreover, GluN2B-NMDARs promote plasticity-induced spine growth [START_REF] Lee | Metaplasticity at Single Glutamatergic Synapses[END_REF], dendritic patterning critical for information processing [START_REF] Espinosa | Uncoupling Dendrite Growth and Patterning: Single-Cell Knockout Analysis of NMDA Receptor 2B[END_REF] and hippocampus-dependent learning [START_REF] Von Engelhardt | Contribution of Hippocampal and Extra-Hippocampal NR2B-Containing NMDA Receptors to Performance on Spatial Learning Tasks[END_REF]. The change in subunit composition affects the kinetics of EPSCs [START_REF] Monyer | Heteromeric NMDA receptors: molecular and functional distinction of subtypes[END_REF][START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF][START_REF] Flint | NR2A subunit expression shortens NMDA receptor synaptic currents in developing neocortex[END_REF] and the Ca 2+ current per unit charge [START_REF] Sobczyk | NMDA Receptor Subunit-Dependent [Ca2+] Signaling in Individual Hippocampal Dendritic Spines[END_REF]. Interestingly, experimental elimination of GluN2B in adult animals or adult neuronal cultures increased the number of functional synapses and the absence of GluN2A increased the strength of unitary connections [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].

Groc and colleagues demonstrated that the developmental change in the synaptic content of GluN2A and GluN2B subunits is correlated with changes in the time spent within the synapse [START_REF] Groc | NMDA receptor surface mobility depends on NR2A-2B subunits[END_REF]. The synaptic residency time of GluN2B-NMDARs decreased by three-fold from 8 to 15 days in vitro (DIV), indicating an increased surface stabilization of the GluN2B subunit in young synapses. Consistently, GluN2A-NMDARs displayed a symmetric evolution with stronger stabilization in mature synapses [START_REF] Groc | NMDA receptor surface mobility depends on NR2A-2B subunits[END_REF].

Although the expression of GluN2A and GluN2B are crucial in many developmental and pathological processes, the regulation of their expression is poorly understood. Thus far, two regulatory mechanisms have been identified: 1) the transcriptional repressor REST has been shown to repress Grin2b signaling via epigenetic remodeling [START_REF] Rodenas-Ruano | REST-dependent epigenetic remodeling promotes the developmental switch in synaptic NMDA receptors[END_REF], 2) two miRNAs miR-19a and miR-539in collaboration with RESTcan influence the levels of GluN2A and GluN2B, respectively [START_REF] Corbel | Developmental attenuation of N-methyl-D-aspartate receptor subunit expression by microRNAs[END_REF].

Regulation of GluN2A-and GluN2B-NMDARs

The cytoplasmic CTDs are the least conserved regions among GluN2A and GluN2B (48.6% sequence homology), and thus they provide sites of subunit-specific regulations with implications in receptor trafficking, localization and signaling (discussed in detail below).

MAGUKs

The regulation of NMDARs by the MAGUK family has been extensively studied over the past 20 years. MAGUKs are a family of scaffold proteins highly enriched in the PSD which are the best characterized interaction partners of NMDARs (reviewed in [START_REF] Elias | Synaptic trafficking of glutamate receptors by MAGUK scaffolding proteins[END_REF][START_REF] Gardoni | Postsynaptic density-membrane associated guanylate kinase proteins (PSD-MAGUKs) and their role in CNS disorders[END_REF][START_REF] Won | MAGUKs: multifaceted synaptic organizers[END_REF][START_REF] Zhu | Mechanistic basis of MAGUK-organized complexes in synaptic development and signalling[END_REF]. They have a central role in organizing the numerous protein complexes required for synaptic development and plasticity. One subfamily of MAGUKs is the Discs large homologue-(DLG-) or PSD-MAGUK subfamily, consisting of PSD95 (the most abundant protein in the PSD with its ~100µM concentration [START_REF] Cheng | Relative and Absolute Quantification of Postsynaptic Density Proteome Isolated from Rat Forebrain and Cerebellum[END_REF]), PSD93, SAP97 and SAP102, all of which interact with the GluN2 NMDAR subunits [START_REF] Brenman | Cloning and characterization of postsynaptic density 93, a nitric oxide synthase interacting protein[END_REF][START_REF] Kim | Heteromultimerization and NMDA receptorclustering activity of Chapsyn-110, a member of the PSD-95 family of proteins[END_REF][START_REF] Kornau | Domain interaction between NMDA receptor subunits and the postsynaptic density protein PSD-95[END_REF][START_REF] Lau | Interaction of the N-methyl-D-aspartate receptor complex with a novel synapse-associated protein, SAP102[END_REF][START_REF] Müller | SAP102, a novel postsynaptic protein that interacts with NMDA receptor complexes in vivo[END_REF][START_REF] Niethammer | Interaction between the C Terminus of NMDA Receptor Subunits and Multiple Members of the PSD-95 Family of Membrane-Associated Guanylate Kinases[END_REF]. All PSD-MAGUKs contain three PSD95/Discs large/Zona occludens 1 (PDZ) domains, an src-homology 3 (SH3) domain and a C-terminal guanylate kinase (GK) domain (Figure 9). Members of the PSD-MAGUK family show differential subcellular localization, influenced by their posttranslational modifications [START_REF] Colledge | Ubiquitination regulates PSD-95 degradation and AMPA receptor surface expression[END_REF]El-Husseini et al., 2000a;[START_REF] Kim | Synaptic Accumulation of PSD-95 and Synaptic Function Regulated by Phosphorylation of Serine-295 of PSD-95[END_REF], with PSD95 and PSD93 predominantly expressed at the PSD, while SAP97 and SAP102 are found both in dendrites and axons and are also abundant in the cytoplasm (El-Husseini et al., 2000b;[START_REF] Gardoni | Postsynaptic density-membrane associated guanylate kinase proteins (PSD-MAGUKs) and their role in CNS disorders[END_REF][START_REF] Van Zundert | Receptor compartmentalization and trafficking at glutamate synapses: a developmental proposal[END_REF].

Additionally, PSD-MAGUKs have different temporal expression patterns (Kim & Sheng, 2004;[START_REF] Sans | A developmental change in NMDA receptor-associated proteins at hippocampal synapses[END_REF] with high SAP102 expression in early postnatal developmentwhich has a dominant role in trafficking and anchoring NMDARs at immature synapses [START_REF] Sans | NMDA receptor trafficking through an interaction between PDZ proteins and the exocyst complex[END_REF][START_REF] Washbourne | Cycling of NMDA Receptors during Trafficking in Neurons before Synapse Formation[END_REF])and predominant PSD95 and PSD93 expression in later stagesinvolved in maturation and stabilization of excitatory synapses (El-Husseini et al., 2000).

Both GluN2A and GluN2B interact with all members of the PSD-MAGUK subfamily (Al-Hallaq et al., 2007;[START_REF] Howard | The role of SAP97 in synaptic glutamate receptor dynamics[END_REF][START_REF] Lau | Interaction of the N-methyl-D-aspartate receptor complex with a novel synapse-associated protein, SAP102[END_REF][START_REF] Müller | SAP102, a novel postsynaptic protein that interacts with NMDA receptor complexes in vivo[END_REF][START_REF] Sans | A developmental change in NMDA receptor-associated proteins at hippocampal synapses[END_REF]. This direct interaction mainly occurs between the first and second PDZ domains of the PSD-MAGUK and the ES(E/D)V PDZ-binding motif (PBM) in the CTD of the GluN2 subunit [START_REF] Chung | Regulation of the NMDA Receptor Complex and Trafficking by Activity-Dependent Phosphorylation of the NR2B Subunit PDZ Ligand[END_REF][START_REF] Kornau | Domain interaction between NMDA receptor subunits and the postsynaptic density protein PSD-95[END_REF]. However, other non-ESDV regions have been identified in both GluN2A and GluN2B: GluN2A subunits directly interact with PSD95 via an SH3 domain-binding motif that associates with the SH3 domain of PSD95, while the additional PSD95-binding site in the GluN2B subunit mapped to the region 1149-1157 [START_REF] Cousins | Delineation of additional PSD-95 binding domains within NMDA receptor NR2 subunits reveals differences between NR2A/PSD-95 and NR2B/PSD-95 association[END_REF][START_REF] Cousins | Identification of N-Methyl-d-aspartic Acid (NMDA) Receptor Subtype-specific Binding Sites That Mediate Direct Interactions with Scaffold Protein PSD-95[END_REF]. A non-PDZ interaction has also been reported between GluN2B and SAP102 involving two critical residues in the GluN2B CTD and the unique NTD of SAP102 [START_REF] Chen | NMDA receptor-dependent regulation of dendritic spine morphology by SAP102 splice variants[END_REF][START_REF] Chen | SAP102 Mediates Synaptic Clearance of NMDA Receptors[END_REF].

Several studies suggest a preferential binding of GluN2A to PSD95 and GluN2B to SAP102 which is related to the developmental regulation of PSD-MAGUK expression as well as the differential localization of GluN2A and GluN2B at synaptic or extrasynaptic sites [START_REF] Sans | A developmental change in NMDA receptor-associated proteins at hippocampal synapses[END_REF][START_REF] Petralia | Ontogeny of postsynaptic density proteins at glutamatergic synapses[END_REF][START_REF] Zhang | Subunit-and Pathway-Specific Localization of NMDA Receptors and Scaffolding Proteins at Ganglion Cell Synapses in Rat Retina[END_REF].

The interaction of GluN2A-or GluN2B-NMDARs with PSD-MAGUKs is important in many aspects:

1) Promoting NMDAR clustering and anchoring at the synapse Binding of GluN2A or GluN2B to PSD95 promotes NMDAR clustering (El-Husseini et al., 2000) and surface expression while decreases their internalization [START_REF] Cousins | Differential interaction of NMDA receptor subtypes with the post-synaptic density-95 family of membrane associated guanylate kinase proteins[END_REF][START_REF] Lin | Postsynaptic Density Protein-95 Regulates NMDA Channel Gating and Surface Expression[END_REF][START_REF] Lin | PSD-95 and PKC converge in regulating NMDA receptor trafficking and gating[END_REF][START_REF] Losi | PSD-95 regulates NMDA receptors in developing cerebellar granule neurons of the rat[END_REF]. Disruption of the GluN2/PSD-MAGUK interaction has been shown to decrease the expression of GluN2 subunits at the synaptic membrane (Gardoni et al., 2006a[START_REF] Gardoni | Targeting NR2A-containing NMDA receptors reduces L-DOPA-induced dyskinesias[END_REF]. SAP102-PDZ mutants show decreased synaptic clustering of both GluN2A and GluN2B without effecting their trafficking [START_REF] Minatohara | Ligand binding of PDZ domains has various roles in the synaptic clustering of SAP102 and PSD-95[END_REF]. The interaction via the CTD of GluN2 subunits and the PDZ domain of PSD-MAGUKs seems to have a vital role in the clustering of surface NMDARs. Disruption of the GluN2A/PDZ interactions, in the presence of a GluN2A CTD-specific competing peptide, leads to a ~50% decrease in the synaptic content of GluN2A-NMDARs [START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF]. Interestingly, swapping the CTD of GluN2A and GluN2B in 7 DIV cultured rat hippocampal neurons completely blocked the surface clustering of GluN2A-NMDARs; however, GluN2B clustering was significantly increased [START_REF] Yan | Clustering of surface NMDA receptors is mainly mediated by the C-terminus of GluN2A in cultured rat hippocampal neurons[END_REF]. An interesting indirect GluN2B-NMDAR stabilization role of PSD95 has been observed by promoting synaptic exclusion and degradation of the negative regulator STEP 61 [START_REF] Won | PSD-95 stabilizes NMDA receptors by inducing the degradation of STEP 61[END_REF]. Although PSD-MAGUKs are generally thought to stabilize synaptic NMDARs, Chen and colleagues demonstrate a surprising role of SAP102 in clearing GluN2B-NMDARs from synaptic sites [START_REF] Chen | SAP102 Mediates Synaptic Clearance of NMDA Receptors[END_REF].

2) Coupling of NMDARs to other proteins PSD-MAGUKs also have a role in coupling NMDAR subunits to adhesion molecules such as neuroligin-1 [START_REF] Irie | Binding of neuroligins to PSD-95[END_REF][START_REF] Levinson | Neuroligins mediate excitatory and inhibitory synapse formation: involvement of PSD-95 and neurexin-1beta in neuroligin-induced synaptic specificity[END_REF][START_REF] Song | Neuroligin 1 is a postsynaptic cell-adhesion molecule of excitatory synapses[END_REF] and other signaling proteins, such as neuronal nitric oxide synthase (nNOS) [START_REF] Sattler | Specific coupling of NMDA receptor activation to nitric oxide neurotoxicity by PSD-95 protein[END_REF], SynGAP [START_REF] Chen | A synaptic Ras-GTPase activating protein (p135 SynGAP) inhibited by CaM kinase II[END_REF][START_REF] Kim | SynGAP: a synaptic RasGAP that associates with the PSD-95/SAP90 protein family[END_REF] and GKAP [START_REF] Hirao | A novel multiple PDZ domain-containing molecule interacting with N-methyl-Daspartate receptors and neuronal cell adhesion proteins[END_REF][START_REF] Kim | GKAP, a novel synaptic protein that interacts with the guanylate kinase-like domain of the PSD-95/SAP90 family of channel clustering molecules[END_REF].

3) Regulating functional properties of NMDARs PSD95 promotes NMDAR channel opening [START_REF] Lin | Postsynaptic Density Protein-95 Regulates NMDA Channel Gating and Surface Expression[END_REF] while inhibiting desensitization [START_REF] Li | Developmental decrease in NMDA receptor desensitization associated with shift to synapse and interaction with postsynaptic density-95[END_REF][START_REF] Sornarajah | NMDA Receptor Desensitization Regulated by Direct Binding to PDZ1-2 Domains of PSD-95[END_REF], potentiating NMDAR currents [START_REF] Iwamoto | Differential modulation of NR1-NR2A and NR1-NR2B subtypes of NMDA receptor by PDZ domain-containing proteins[END_REF][START_REF] Yamada | Activation of channel activity of the NMDA receptor-PSD-95 complex by guanylate kinase-associated protein (GKAP)[END_REF]. Interestingly, PSD95 and PSD93 seem to exert compensatory mechanisms in the synaptic stabilization of NMDARs, since only the PSD95/PSD93 double knockout (KO) showed reduction in NMDAR transmission [START_REF] Elias | Synapse-Specific and Developmentally Regulated Targeting of AMPA Receptors by a Family of MAGUK Scaffolding Proteins[END_REF], whereas single KO of PSD95 or PSD93 have no effect on NMDAR currents [START_REF] Béïque | Synapse-specific regulation of AMPA receptor function by PSD-95[END_REF][START_REF] Elias | Synapse-Specific and Developmentally Regulated Targeting of AMPA Receptors by a Family of MAGUK Scaffolding Proteins[END_REF]. However, when knocking down or overexpressing PSD95, the decay time of NMDAR currents is increased or decreased, respectively [START_REF] Elias | Differential trafficking of AMPA and NMDA receptors by SAP102 and PSD-95 underlies synapse development[END_REF].

4) Modulating posttranslational modifications of NMDARs

PSD95 and PSD93 can couple both GluN2A and GluN2B to members (Src, Fyn) of the Src Family Kinases (SFKs) and promote SFK-mediated tyrosine phosphorylation of both subunits [START_REF] Liao | The postsynaptic density protein PSD-95 differentially regulates insulin-and Src-mediated current modulation of mouse NMDA receptors expressed in Xenopus oocytes[END_REF][START_REF] Sun | The role of non-receptor protein tyrosine kinases in the excitotoxicity induced by the overactivation of NMDA receptors[END_REF][START_REF] Tezuka | PSD-95 promotes Fyn-mediated tyrosine phosphorylation of the N-methyl-D-aspartate receptor subunit NR2A[END_REF]. PSD93 also mediates the synaptic localization of Fyn [START_REF] Sato | Post-synaptic density-93 mediates tyrosine-phosphorylation of the N-methyl-d-aspartate receptors[END_REF]. In contrast to these findings, PSD95 has also been reported to negatively regulate Src and, subsequently, Src-induced GluN2A-NMDAR potentiation [START_REF] Kalia | PSD-95 is a negative regulator of the tyrosine kinase Src in the NMDA receptor complex[END_REF][START_REF] Yamada | PSD-95 eliminates Src-induced potentiation of NR1/NR2A-subtype NMDA receptor channels and reduces high-affinity zinc inhibition[END_REF]. Posttranslational modifications (discussed in chapter 4.3.3.) can alter the binding characteristics of GluN2A and GluN2B to their PSD-MAGUK partners which can, in turn, influence the synaptic localization of GluN2A-and GluN2B-NMDARs [START_REF] Shipton | GluN2A and GluN2B subunit-containing NMDA receptors in hippocampal plasticity[END_REF].

PSD-MAGUKs themselves may undergo posttranslational modifications which affects their function (reviewed in [START_REF] Vallejo | Posttranslational Modifications Regulate the Postsynaptic Localization of PSD-95[END_REF]; PSD95 can be phosphorylated by the cyclindependent kinase 5 (CDK5), disrupting its ability to oligomerize [START_REF] Morabito | Cyclin-Dependent Kinase 5 Phosphorylates the N-Terminal Domain of the Postsynaptic Density Protein PSD-95 in Neurons[END_REF], or by CaMKII, which regulates the signal transduction pathways downstream of NMDARs and disrupts the PSD95/GluN2A interaction (Gardoni et al., 2006;[START_REF] Tsui | Substrate localization creates specificity in calcium/calmodulin-dependent protein kinase II signaling at synapses[END_REF]. CK2dependent phosphorylation regulates PSD95/NMDAR interaction and modulates synaptic function and plasticity [START_REF] Chung | Regulation of the NMDA Receptor Complex and Trafficking by Activity-Dependent Phosphorylation of the NR2B Subunit PDZ Ligand[END_REF]. Palmitoylation of PSD95 promotes its oligomerization, synaptic targeting, clustering of associated receptors and stabilization of spines [START_REF] Christopherson | Lipid-and protein-mediated multimerization of PSD-95: implications for receptor clustering and assembly of synaptic protein networks[END_REF]El-Husseini et al., 2000[START_REF]membrane receptors (dopamine D1 receptor[END_REF] but does not affect NMDAR levels [START_REF] Jeyifous | Palmitoylation regulates glutamate receptor distributions in postsynaptic densities through control of PSD95 conformation and orientation[END_REF]. In addition, PSD95 may also be ubiquitinated by Mdm2 and subsequently degraded following NMDAR activation [START_REF] Colledge | Ubiquitination regulates PSD-95 degradation and AMPA receptor surface expression[END_REF]. Neddylation of occurs at two cysteine residues in their CTDs regulating their retention in the Golgi apparatus and, therefore, their surface expression (Hayashi et al., 2012;[START_REF] Mattison | Palmitoylation at Two Cysteine Clusters on the C-Terminus of GluN2A and GluN2B Differentially Control Synaptic Targeting of NMDA Receptors[END_REF]. Two putative N-glycosylation sites were identified in GluN2B, although whether these are important in GluN2B surface trafficking is yet unknown [START_REF] Lichnerova | Two N -glycosylation Sites in the GluN1 Subunit Are Essential for Releasing N -methyld-aspartate (NMDA) Receptors from the Endoplasmic Reticulum[END_REF][START_REF] Storey | Molecular determinants controlling NMDA receptor synaptic incorporation[END_REF]. NMDAR ubiquitination has also been described [START_REF] Na | Synaptic protein ubiquitination in rat brain revealed by antibody-based ubiquitome analysis[END_REF][START_REF] Wagner | Proteomic analyses reveal divergent ubiquitylation site patterns in murine tissues[END_REF]; members of the ubiquitin-proteasome system (UPS) have been shown to directly interact with GluN2B in a Fyn phosphorylation-dependent manner [START_REF] Jurd | Mind bomb-2 is an E3 ligase that ubiquitinates the N-methyl-D-aspartate receptor NR2B subunit in a phosphorylation-dependent manner[END_REF].

GluN2B has been shown to have a role in maintaining the proteasome at synapses as PSDs from GluN2B KO animals show decreased levels of proteasome subunits [START_REF] Ferreira | GluN2B-Containing NMDA Receptors Regulate AMPA Receptor Traffic through Anchoring of the Synaptic Proteasome[END_REF].

In addition to different regulatory pathways in controlling the levels of synaptic GluN2A-and GluN2B-NMDARs, the unique association between CaMKII and GluN2B also contributes to the subcellular localization of NMDARs and has a role in synaptic plasticity [START_REF] Strack | Autophosphorylation-dependent targeting of calcium/ calmodulindependent protein kinase II by the NR2B subunit of the N-methyl-D-aspartate receptor[END_REF].

Figure 10. Phosphorylation sites of GluN2A and GluN2B CTDs

The particularly large CTDs of both GluN2A (627 amino acids) and GluN2B (644 amino acids) contain many phosphorylation sites, particularly in the distal segments. Adapted from [START_REF] Wang | Roles of subunit phosphorylation in regulating glutamate receptor function[END_REF].

CaMKII

CaMKII plays a crucial role in the regulation of synaptic strength during synaptic plasticity. It is an abundant protein of the PSD, estimated to represent 2-6% of the total mass of the PSD [START_REF] Chen | Mass of the postsynaptic density and enumeration of three key molecules[END_REF][START_REF] Kennedy | Biochemical and immunochemical evidence that the "major postsynaptic density protein" is a subunit of a calmodulin-dependent protein kinase[END_REF]. CaMKII is a holoenzyme composed of 12 catalytically active subunits forming two stacked rings of 6 subunits each [START_REF] Gaertner | Comparative Analyses of the Three-dimensional Structures and Enzymatic Properties of α, β, γ, and δ Isoforms of Ca 2+ -Calmodulin-dependent Protein Kinase II[END_REF][START_REF] Kolodziej | Three-dimensional reconstructions of calcium/calmodulin-dependent (CaM) kinase IIalpha and truncated CaM kinase IIalpha reveal a unique organization for its structural core and functional domains[END_REF]. CaMKIIα and CaMKIIβ, encoded by two separate genes, are the two main isoforms present in the brain [START_REF] Chen | Mass of the postsynaptic density and enumeration of three key molecules[END_REF]. CaMKII is essential in structurally organizing the PSD [START_REF] Lin | Neuronal CaMKII acts as a structural kinase[END_REF] and in NMDAR-mediated LTP [START_REF] Fink | Molecular mechanisms of CaMKII activation in neuronal plasticity[END_REF][START_REF] Lisman | The molecular basis of CaMKII function in synaptic and behavioural memory[END_REF][START_REF] Malenka | An essential role for postsynaptic calmodulin and protein kinase activity in long-term potentiation[END_REF]. There is a basal level of CaMKII bound to NMDARs in the PSD [START_REF] Gardoni | Calcium/calmodulindependent protein kinase II is associated with NR2A/B subunits of NMDA receptor in postsynaptic densities[END_REF][START_REF] Leonard | Calcium/calmodulin-dependent protein kinase II is associated with the N-methyl-D-aspartate receptor[END_REF]; however, in response to NMDAR activation, CaMKII is activated by the Ca 2+ influx, autophosphorylates at Thr286 and translocates to the synapse [START_REF] Shen | Dynamic Control of CaMKII Translocation and Localization in Hippocampal Neurons by NMDA Receptor Stimulation[END_REF][START_REF] Strack | Translocation of autophosphorylated calcium/calmodulin-dependent protein kinase II to the postsynaptic density[END_REF]. Once autophosphorylated, CaMKII remains active even in the absence of Ca 2+ [START_REF] Yang | Structural examination of autoregulation of multifunctional calcium/calmodulin-dependent protein kinase II[END_REF]. CaMKII directly interacts with GluN2B which anchors CaMKII at the synapse in an active conformation [START_REF] Bayer | Interaction with the NMDA receptor locks CaMKII in an active conformation[END_REF]. Targeting CaMKII to the PSD via its interaction with GluN2B is critical for the phosphorylation of GluA1 subunits of the AMPA receptor among many other PSD proteins [START_REF] Lisman | The molecular basis of CaMKII function in synaptic and behavioural memory[END_REF][START_REF] Barria | NMDA receptor subunit composition controls synaptic plasticity by regulating binding to CaMKII[END_REF][START_REF] Zhou | Interactions between the NR2B Receptor and CaMKII Modulate Synaptic Plasticity and Spatial Learning[END_REF].

CaMKII directly binds both GluN2A and GluN2B subunits via binding sites located in the CTDs of the subunits [START_REF] Bayer | Interaction with the NMDA receptor locks CaMKII in an active conformation[END_REF][START_REF] Bayer | Transition from reversible to persistent binding of CaMKII to postsynaptic sites and NR2B[END_REF][START_REF] Gardoni | αCaMKII binding to the C-terminal tail of NMDA receptor subunit NR2A and its modulation by autophosphorylation[END_REF][START_REF] Leonard | Calcium/calmodulin-dependent protein kinase II is associated with the N-methyl-D-aspartate receptor[END_REF][START_REF] Strack | Mechanism and regulation of calcium/calmodulindependent protein kinase II targeting to the NR2B subunit of the N-methyl-D-aspartate receptor[END_REF]; however, it has a greater affinity for GluN2B [START_REF] Strack | Autophosphorylation-dependent targeting of calcium/ calmodulindependent protein kinase II by the NR2B subunit of the N-methyl-D-aspartate receptor[END_REF].

CaMKII binds GluN2A at residues 1412-1419 (Gardoni et al., 2001a(Gardoni et al., , 2001b) and this interaction is enhanced by enzyme activation [START_REF] Gardoni | αCaMKII binding to the C-terminal tail of NMDA receptor subunit NR2A and its modulation by autophosphorylation[END_REF]. CaMKII has been shown to phosphorylate GluN2A in vitro [START_REF] Gardoni | αCaMKII binding to the C-terminal tail of NMDA receptor subunit NR2A and its modulation by autophosphorylation[END_REF], competes with PSD95 for the binding of GluN2A (Gardoni et al., 2001b) and regulates binding of the SAP97 via Ser232phosphorylation of SAP97 [START_REF] Gardoni | CaMKIIdependent Phosphorylation Regulates SAP97/NR2A Interaction[END_REF]. Two CaMKII-binding sites have been identified in the GluN2B subunit at residues 839-1120 and 1290-1310 [START_REF] Strack | Autophosphorylation-dependent targeting of calcium/ calmodulindependent protein kinase II by the NR2B subunit of the N-methyl-D-aspartate receptor[END_REF][START_REF] Leonard | Calcium/calmodulin-dependent protein kinase II is associated with the N-methyl-D-aspartate receptor[END_REF][START_REF] Strack | Mechanism and regulation of calcium/calmodulindependent protein kinase II targeting to the NR2B subunit of the N-methyl-D-aspartate receptor[END_REF][START_REF] Bayer | Interaction with the NMDA receptor locks CaMKII in an active conformation[END_REF]. Transient CaMKII activity evokes an initial reversible, Ca 2+ /calmodulin-dependent binding of GluN2B to the substrate-binding site within the catalytic domain of CaMKII, whereas prolonged enzymatic activity leads to a persistent interaction between GluN2B and the Thr286-binding site of CaMKII, locking CaMKII in an active conformation, as mentioned above [START_REF] Strack | Mechanism and regulation of calcium/calmodulindependent protein kinase II targeting to the NR2B subunit of the N-methyl-D-aspartate receptor[END_REF][START_REF] Bayer | Interaction with the NMDA receptor locks CaMKII in an active conformation[END_REF][START_REF] Bayer | Transition from reversible to persistent binding of CaMKII to postsynaptic sites and NR2B[END_REF]. Not only does CaMKII bind to GluN2B, it also phosphorylates the subunit at site S1303 [START_REF] Omkumar | Identification of a phosphorylation site for calcium/calmodulindependent protein kinase II in the NR2B subunit of the N-methyl-D-aspartate receptor[END_REF] which destabilizes CaMKII binding [START_REF] Raveendran | Phosphorylation status of the NR2B subunit of NMDA receptor regulates its interaction with calcium/calmodulin-dependent protein kinase II[END_REF]. CaMKII controls the binding of SAP102 and PSD95 to GluN2B [START_REF] Chung | Regulation of the NMDA Receptor Complex and Trafficking by Activity-Dependent Phosphorylation of the NR2B Subunit PDZ Ligand[END_REF]. In addition, CaMKII regulates CK2-dependent GluN2B phosphorylation by coupling GluN2B and CK2 to form a tri-molecular complex and increase CK2-mediated phosphorylation of GluN2B at S1480 via physical interaction [START_REF] Chung | Regulation of the NMDA Receptor Complex and Trafficking by Activity-Dependent Phosphorylation of the NR2B Subunit PDZ Ligand[END_REF]Sanz-Clemente et al., 2013a).

Interestingly, CaMKII also has a role in regulating NMDAR surface expression and dynamics (Sanz-Clemente et al., 2013a;[START_REF] Dupuis | Surface dynamics of GluN2B-NMDA receptors controls plasticity of maturing glutamate synapses[END_REF]. Disrupting the interaction between CaMKII and GluN2B reduces the number of synaptic connections, but increases the synaptic content of GluN2B (Sanz-Clemente et al., 2013a), while inhibiting CaMKII activity greatly decreases synaptic GluN2B dynamics with no effect on GluN2A [START_REF] Dupuis | Surface dynamics of GluN2B-NMDA receptors controls plasticity of maturing glutamate synapses[END_REF].

Subcellular localization of GluN2A-and GluN2B-NMDARs and its regulation

Based on electrophysiological findings, in mature neurons, synaptic sites are thought to be predominantly occupied by GluN2A-NMDARs while GluN2B-NMDARs are enriched at extrasynaptic locations. The GluN2B-selective inhibitor ifenprodil blocks only 30% of NMDAR currents [START_REF] Tovar | The incorporation of NMDA receptors with a distinct subunit composition at nascent hippocampal synapses in vitro[END_REF], while the NMDAR open channel blocker MK-801 revealed a pool of ifenprodil-sensitive extrasynaptic NMDARs that can still be activated [START_REF] Kew | Developmental changes in NMDA receptor glycine affinity and ifenprodil sensitivity reveal three distinct populations of NMDA receptors in individual rat cortical neurons[END_REF]. Additionally, excessive glutamate, originating from astrocytes or neighboring neurons, activates primarily ifenprodil-sensitive NMDARs [START_REF] Scimemi | NR2B-Containing Receptors Mediate Cross Talk among Hippocampal Synapses[END_REF]. Nonetheless, GluN2A has also been found at extrasynaptic locations, while GluN2B is present in the PSD [START_REF] Thomas | Synaptic and Extrasynaptic NMDA Receptor NR2 Subunits in Cultured Hippocampal Neurons[END_REF][START_REF] Harris | Extrasynaptic and synaptic NMDA receptors form stable and uniform pools in rat hippocampal slices[END_REF][START_REF] Petralia | Organization of NMDA receptors at extrasynaptic locations[END_REF].

Interestingly, an asymmetry in the synaptic content of GluN2A-and GluN2B-NMDARs has been found between the left and right hemisphere CA3 inputs onto CA1 pyramidal cells of the adult hippocampus [START_REF] Shinohara | Left-right asymmetry of the hippocampal synapses with differential subunit allocation of glutamate receptors[END_REF]. Using freeze-fracture EM the authors demonstrate that different synaptic spine shapes have distinct receptor signatures with a relatively homogenous distribution of GluN2A, increasing with the spine size, whereas GluN2B is predominantly expressed in the synapse periphery at similar levels, independent of the spine size [START_REF] Shinohara | Left-right asymmetry of the hippocampal synapses with differential subunit allocation of glutamate receptors[END_REF].

NMDAR clusters vary in size with extrasynaptic clusters generally thought to be smaller than synaptic clusters [START_REF] Petralia | Distribution of Extrasynaptic NMDA Receptors on Neurons[END_REF]. Extrasynaptic NMDARs as small as 30-50 nm clusters have been observed using EM and super-resolution microscopy (Figure 11) [START_REF] Petralia | Organization of NMDA receptors at extrasynaptic locations[END_REF]. The authors suggest that these clusters potentially correspond to a single NMDAR molecule, although this cannot be conclusively determined due to technical limitations.

The subcellular localization of GluN2A-and GluN2B-NMDARs is most likely regulated by protein-protein interactions such as their binding to different PSD-MAGUKs. As mentioned earlier, PSD-MAGUKs present a controlled subcellular and temporal expression with SAP102 being evenly distributed throughout the neuronal membrane in early development, while PSD95 is predominantly located at the PSD in mature neurons (Sans et al., 2000). This expression pattern mirrors the changes observed in GluN2A/GluN2B expression, thus a preferential binding of GluN2A/PSD95 and GluN2B/SAP102 has been suggested [START_REF] Sans | A developmental change in NMDA receptor-associated proteins at hippocampal synapses[END_REF]; however, biochemical studies have not confirmed this (Al-Hallaq et al., 2007). In support of this idea, mice lacking the C-terminus of GluN2A display accepted that NMDARs diffuse in and out of the PSD [START_REF] Tovar | Mobile NMDA receptors at hippocampal synapses[END_REF], GluN2B-NMDARs with a higher rate compared to GluN2A-NMDARs which are more retained within the synapse [START_REF] Groc | NMDA receptor surface mobility depends on NR2A-2B subunits[END_REF]. NMDAR mobility is regulated by neuronal development [START_REF] Groc | NMDA receptor surface mobility depends on NR2A-2B subunits[END_REF], protein kinase activity [START_REF] Groc | Differential activity-dependent regulation of the lateral mobilities of AMPA and NMDA receptors[END_REF], and NMDAR protein interactions [START_REF] Groc | NMDA Receptor Surface Trafficking and Synaptic Subunit Composition Are Developmentally Regulated by the Extracellular Matrix Protein Reelin[END_REF][START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF].

Synaptic versus extrasynaptic NMDAR controversy

Depending on the subcellular localization, NMDAR activation can lead to very different outcomes. Activation of synaptic NMDARs is associated with cell survival via activation of CREB (cyclic-AMP response element binding protein). In contrast, activation of extrasynaptic NMDARs most commonly leads to cell death via mitochondrial dysfunction, termed excitotoxicity [START_REF] Hardingham | Synaptic versus extrasynaptic NMDA receptor signalling: implications for neurodegenerative disorders[END_REF], although some positive effects of extracellular NMDAR activation have been suggested, mainly during early development (reviewed in [START_REF] Petralia | Distribution of Extrasynaptic NMDA Receptors on Neurons[END_REF]). An increase in extrasynaptic NMDAR activation has been implicated in several neurodegenerative diseases (reviewed in [START_REF] Hardingham | Synaptic versus extrasynaptic NMDA receptor signalling: implications for neurodegenerative disorders[END_REF][START_REF] Petralia | Distribution of Extrasynaptic NMDA Receptors on Neurons[END_REF], although it is not known whether the GluN2 subunit expressed in extrasynaptic NMDARs defines the intracellular cascade triggered by activation of these receptors (Sanz-Clemente et al., 2013b).

GluN1/GluN2A/GluN2B triheteromers

Diheteromeric NMDARs containing either two GluN2A or two GluN2B subunits have been extensively studied regarding their physiology, pharmacology, structure and expression. However, little is known about the GluN1/GluN2A/GluN2B triheteromers while there is increasing evidence that they represent a substantial NMDAR population of the adult brain [START_REF] Sheng | Changing subunit composition of heteromeric NMDA receptors during development of rat cortex[END_REF][START_REF] Luo | The majority of N-methyl-D-aspartate receptor complexes in adult rat cerebral cortex contain at least three different subunits (NR1/NR2A/NR2B)[END_REF]Al-Hallaq et al., 2007;[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] Rauner | Triheteromeric NR1/NR2A/NR2B Receptors Constitute the Major N -Methyl-d-aspartate Receptor Population in Adult Hippocampal Synapses[END_REF][START_REF] Tovar | Triheteromeric NMDA Receptors at Hippocampal Synapses[END_REF]. GluN1/GluN2A/GluN2B receptors are uniquely modulated by specific allosteric modulators of GluN2A (Zn 2+ ) and GluN2B (ifenprodil or Ro 25-6981) and exhibit gating kinetics distinct from either GluN2A-or GluN2B-NMDARs [START_REF] Hansen | Distinct Functional and Pharmacological Properties of Triheteromeric GluN1/GluN2A/GluN2B NMDA Receptors[END_REF][START_REF] Stroebel | Controlling NMDA Receptor Subunit Composition Using Ectopic Retention Signals[END_REF][START_REF] Cheriyan | Pharmacology of triheteromeric N -Methyld -Aspartate Receptors[END_REF] but cannot be fully inhibited [START_REF] Hatton | Modulation of triheteromeric NMDA receptors by N-terminal domain ligands[END_REF]. Surprisingly, GluN2A-specific antagonists inhibit recombinant GluN1/GluN2A/GluN2B receptors more efficiently compared to GluN2B inhibitors, neuroscience due to the small size of synapses (e.g. synaptic active zone = 300 ± 150 nm, synaptic vesicles = 30-40 nm, synaptic cleft = 20-30 nm [reviewed in [START_REF] Sauer | Single-Molecule Localization Microscopy in Eukaryotes[END_REF]). 'The diffraction limit' of optical microscopes was first overcome by EM that uses electrons instead of light to observe subdiffraction structures and organelles. EM allows very high resolution (few nanometers); however, it requires complicated sample processing that entails severe damage. The recent development of super-resolution light microscopy techniques provides information of structural assemblies in a biological context. These approaches utilize different concepts (discussed below) to break the diffraction barrier and allow a resolution of up to tens of nanometers.

The current super-resolution techniques can be divided into two groups: 1) techniques that image an ensemble of fluorophores such as stimulated emission depletion (STED) [START_REF] Hell | Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-depletion fluorescence microscopy[END_REF][START_REF] Klar | Fluorescence microscopy with diffraction resolution barrier broken by stimulated emission[END_REF] or structured illumination microscopy (SIM) [START_REF] Gustafsson | Nonlinear structured-illumination microscopy: Wide-field fluorescence imaging with theoretically unlimited resolution[END_REF] and 2) techniques that image single molecules referred to as singlemolecule localization microscopy (SMLM) such as stochastic optical reconstruction microscopy (STORM) [START_REF] Rust | Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM)[END_REF][START_REF] Bates | Multicolor Super-Resolution Imaging with Photo-Switchable Fluorescent Probes[END_REF], dSTORM [START_REF] Heilemann | Subdiffraction-Resolution Fluorescence Imaging with Conventional Fluorescent Probes[END_REF] or photoactivated localization microscopy (PALM) [START_REF] Betzig | Imaging Intracellular Fluorescent Proteins at Nanometer Resolution[END_REF][START_REF] Hess | Ultra-High Resolution Imaging by Fluorescence Photoactivation Localization Microscopy[END_REF]. Introducing all super-resolution imaging techniques is beyond the scope of this thesis, so further on I will focus on the techniques I used to study NMDAR localization (Table 4, Figure 12).

Stimulated emission depletion (STED) microscopy

The first technique to overcome the diffraction limit of light was STED microscopy, developed by Stefan W. Hell in 1994 [START_REF] Hell | Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-depletion fluorescence microscopy[END_REF]. The main concept of this method is to improve the spatial resolution by quenching fluorescence emission on the periphery of the point spread function (PSF), so that emission can only occur from a diffraction limited spot inside the PSF (Figure 12). This is achieved by a special laser called the STED laser which, thanks to its unique doughnut-like shape, de-excites the outer fluorescent molecules to the ground state (S 0 ) by stimulated emission at a wavelength longer than that used for fluorescence excitation. Therefore, fluorescence emission only occurs from the center of the PSF which is detected by a photodetector. The image is generated by the spatial distribution of fluorescence signals detected at each position of the sample. Until now, the maximal resolution achieved was ~6 nm using diamond crystals [START_REF] Rittweger | STED microscopy reveals crystal colour centres with nanometric resolution[END_REF] but the typical spatial resolution in biological samples varies between 30 and 70 nm [START_REF] Chéreau | STED microscopy for nanoscale imaging in living brain slices[END_REF]. Higher resolution image is generated by scanning the sample (right panel). Scale bar = 2 µm. Adapted from [START_REF] Stender | Single Cell Optical Imaging and Spectroscopy[END_REF].

Direct stochastic optical reconstruction microscopy (dSTORM)

SMLM techniques are fundamentally different from STED in the sense that they image single molecules. The basic principle of these techniques is that the position of a single molecule can be identified with ~1 nm accuracy if sufficient photons are collected and there are no other similar emitters within ~200 nm [START_REF] Bobroff | Position measurement with a resolution and noise-limited instrument[END_REF]. dSTORM (or ground state depletion followed by individual molecule return, GSDIM [START_REF] Fölling | Fluorescence nanoscopy by ground-state depletion and single-molecule return[END_REF]) utilizes the reversible switching of conventional fluorophores to achieve such sparse emission [START_REF] Heilemann | Subdiffraction-Resolution Fluorescence Imaging with Conventional Fluorescent Probes[END_REF][START_REF] Van De Linde | Subdiffraction-resolution fluorescence imaging of proteins in the mitochondrial inner membrane with photoswitchable fluorophores[END_REF][START_REF] Van De Linde | Direct stochastic optical reconstruction microscopy with standard fluorescent probes[END_REF]. The fluorophores are switched to triplet state (T 1 ) or another metastable dark state using a high excitation laser power while the fluorophores remaining or returning to the ground state (S 0 ) can be excited and detected (Figure 13) [START_REF] Fölling | Fluorescence nanoscopy by ground-state depletion and single-molecule return[END_REF][START_REF] Heilemann | Subdiffraction-Resolution Fluorescence Imaging with Conventional Fluorescent Probes[END_REF]. The switching of the fluorophores is controlled by a 'switching buffer' containing oxygen scavengers and reducing agents [START_REF] Heilemann | Subdiffraction-Resolution Fluorescence Imaging with Conventional Fluorescent Probes[END_REF][START_REF] Van De Linde | Subdiffraction-resolution fluorescence imaging of proteins in the mitochondrial inner membrane with photoswitchable fluorophores[END_REF]. The super-resolved image is reconstructed from a large number of conventional wide-field images (Figure 13), each containing the highaccuracy positional information of a subset of dispersed fluorescent molecules. [START_REF] Yamanaka | Introduction to super-resolution microscopy[END_REF][START_REF] Sydor | Super-Resolution Microscopy: From Single Molecules to Supramolecular Assemblies[END_REF]. dSTORM is a powerful tool to study distribution and clustering patterns of endogenous cytoplasmic or membrane proteins; however, due to the high concentration of reducing agents (e.g. β-mercaptoethanol) of the 'switching buffer' its use in live cell imaging is quite limited [START_REF] Heilemann | Subdiffraction-Resolution Fluorescence Imaging with Conventional Fluorescent Probes[END_REF]. An additional limitation of dSTORM is the limited availability of fluorophores with good switching properties and high quantum yield [START_REF] Fernández-Suárez | Fluorescent probes for super-resolution imaging in living cells[END_REF][START_REF] Ni | Fluorescent probes for nanoscopy: four categories and multiple possibilities[END_REF], therefore, performing multicolor dSTORM can be challenging. In a comparative study, the best performing fluorophore was found to be Alexa Fluor 647 [START_REF] Dempsey | Evaluation of fluorophores for optimal performance in localization-based super-resolution imaging[END_REF][START_REF] Ni | Fluorescent probes for nanoscopy: four categories and multiple possibilities[END_REF] with its following properties: λ excitation = 650 nm, λ emission = 665 nm, exctinction coeffient (ε Abs ) = 240 000 M -1 cm - 

dSTORM

Use of super-resolution microscopy in neurobiology

STED microscopy has proven immensely useful in neurobiological studies due to its potential in imaging live cell dendritic spines [START_REF] Nagerl | Live-cell imaging of dendritic spines by STED microscopy[END_REF][START_REF] Urban | STED Nanoscopy of Actin Dynamics in Synapses Deep Inside Living Brain Slices[END_REF] and synaptic vesicles [START_REF] Westphal | Video-Rate Far-Field Optical Nanoscopy Dissects Synaptic Vesicle Movement[END_REF] at high depth penetration, optical sectioning and imaging speed, with a wide range of fluorophores available for sample labelling (reviewed in Tønnesen and[START_REF] Tønnesen | Superresolution imaging for neuroscience[END_REF][START_REF] Chéreau | STED microscopy for nanoscale imaging in living brain slices[END_REF], while dSTORM is a powerful tool to study distribution and clustering patterns of endogenous synaptic proteins in a quantitative manner (reviewed in [START_REF] Sigrist | Optical super-resolution microscopy in neurobiology[END_REF][START_REF] Willig | Recent applications of superresolution microscopy in neurobiology[END_REF][START_REF] Macgillavry | The internal architecture of dendritic spines revealed by super-resolution imaging: What did we learn so far?[END_REF][START_REF] Sauer | Single-Molecule Localization Microscopy in Eukaryotes[END_REF]. Such techniques have been successfully applied to unveil the synaptic organization of important structural players in neurons as well as neurotransmitter receptors and other PSD proteins. An extensive study using three color 3D STORM characterized the organization of several pre-and postsynaptic proteins [START_REF] Dani | Superresolution Imaging of Chemical Synapses in the Brain[END_REF]. They reported a sequential alignment of proteins along the longitudinal axis of the synapse, with neurotransmitter receptors being localized at the postsynaptic membrane, followed by PSD scaffold proteins [START_REF] Dani | Superresolution Imaging of Chemical Synapses in the Brain[END_REF]. Super-resolution imaging revealed nano-sized clusters of both pre-and postsynaptic proteins. For example, proteins necessary for neuronal exocytosis, such as syntaxin 1, SNAP-25 or tomosyn were found in ~90 nm size nanoclusters [START_REF] Bar-On | Super-resolution Imaging Reveals the Internal Architecture of Nano-sized Syntaxin Clusters[END_REF][START_REF] Bielopolski | Differential Interaction of Tomosyn with Syntaxin and SNAP25 Depends on Domains in the WD40 β-Propeller Core and Determines Its Inhibitory Activity[END_REF]. Quantitative dSTORM identified the unit-like organization of active zones with ~137 endogenous Bruchpilot molecules (a structural organizer of the presynapse) per unit, confirmed by electrophysiological data of neurotransmitter release, indicating the advantage of this method in revealing structurefunction relationships at the molecular level [START_REF] Ehmann | Quantitative super-resolution imaging of Bruchpilot distinguishes active zone states[END_REF]. In the postsynaptic compartment, ~70-80 nm size domains (termed 'nanodomains') were found for both PSD95 and AMPARs in three parallel studies using complementary super-resolution techniques [START_REF] Fukata | Local palmitoylation cycles define activity-regulated postsynaptic subdomains[END_REF][START_REF] Macgillavry | Nanoscale Scaffolding Domains within the Postsynaptic Density Concentrate Synaptic AMPA Receptors[END_REF][START_REF] Nair | Superresolution imaging reveals that AMPA receptors inside synapses are dynamically organized in nanodomains regulated by PSD95[END_REF]. A similar organization of the scaffold gephyrin and inhibitory GABAergic receptors was found in inhibitory synapses [START_REF] Specht | Quantitative Nanoscopy of Inhibitory Synapses: Counting Gephyrin Molecules and Receptor Binding Sites[END_REF][START_REF] Pennacchietti | Nanoscale Molecular Reorganization of the Inhibitory Postsynaptic Density Is a Determinant of GABAergic Synaptic Potentiation[END_REF]. These 'nanodomains' are dynamically regulated and have been proposed to play important roles in synaptic transmission through the alignment of pre-and postsynaptic processes [START_REF] Tang | A trans-synaptic nanocolumn aligns neurotransmitter release to receptors[END_REF].

Chapter 2: Aims

In this context, my main working hypothesis is that GluN2A-and GluN2B-NMDARs are differentially organized into nano-sized clusters in both synaptic and extrasynaptic sites and these nano-sized clusters, similarly to GluN2A and GluN2B expression, go through 

Neuronal cultures

Primary hippocampal cultures were prepared from 18 day embryonic Sprague-Dawley rats according to the protocol of [START_REF] Kaech | Culturing hippocampal neurons[END_REF]. Briefly, hippocampi were dissected and collected in Hanks' Balanced Salt Solution (HBSS; Gibco #14025-050) containing Penicillin-Streptomycin (PS; Gibco #15140-122) and HEPES (Gibco #14025-056). The tissue was dissociated with Trypsin-EDTA (Gibco #25300-054)/PS/HEPES and neurons were plated in minimum essential medium (MEM; Gibco #21090-022) supplemented with 10% horse serum (PAN Dutscher #500135A) on coverslips coated with 1 mg/ml poly-L-lisine (PLL; Sigma-Aldrich #P2636-1G) in 60 mm Petri dishes at a density of either 150.000, for immunostaining, or 250.000, for transfection, cells per dish. Following neuronal attachment to the surface, the coverslips were flipped on top of a glial cell monolayer in Neurobasal medium (Gibco #12348-017) supplemented with L-glutamine (PAA #M11-004) and SM1 (Stem Cell #05711). Cells were maintained in a humidified incubator at 36.5°C with 5% CO 2 .

Transfection

Neurons were transfected at DIV 9-11 using the calcium-phosphate coprecipitation method [START_REF] Jiang | High Ca2+-phosphate transfection efficiency in low-density neuronal cultures[END_REF]. Precipitates containing 1-1.5 µg plasmidic DNA were prepared using the following solutions: TE (1 mM Tris-HCl pH 7.3, 1 mM EDTA), CaCl 2(2.5 M CaCl 2 in 10 mM HEPES, pH 7.2), 2× HEPES-buffered saline (HEBS; 12 mM dextrose, 50 mM HEPES, 10 mM KCl, 280 mM NaCl and 1.5 mM Na 2 HPO 4 •2H 2 O, pH 7.2).

Coverslips containing neurons were moved to 12 well multiwell plates containing 200 µl/well of conditioned culture medium. The 50 µl precipitate solution was added to each well, in the presence of 2mM kynurenic acid (Sigma-Aldrich #K3375) and incubated for 1 h at 37 °C.

Afterwards, cells were washed with unsupplemented Neurobasal medium containing 2 mM kynurenic acid and moved back to their original culture dish for 4 days of expression before use.

For STED imaging, cells were co-transfected with GluN1-GFP, GluN2A-HA and GluN2B-flag. 10 µM D-APV was added to the culture medium after transfection.

Antibodies and immunostaining

The following primary antibodies were used: anti-flag (Sigma-Aldrich #F1804, 2 µg/ml), anti-GluN2A (Agrobio, custom-made, epitope: GHSHDVTERELRN, 0.1 mg/ml, [START_REF] Ferreira | Co-agonists differentially tune GluN2B-NMDA receptor trafficking at hippocampal synapses[END_REF]), anti-GluN2B (Agrobio, custom-made, epitope: NTHEKRIYQSNMLNR, 0.1 mg/ml, [START_REF] Ferreira | Co-agonists differentially tune GluN2B-NMDA receptor trafficking at hippocampal synapses[END_REF]), anti-HA (Roche #11867423001, 0.5 µg/ml), anti-PSD95 (Thermo Scientific #7E3-1B8, 1 µg/ml), anti-SAP102 (Alomone labs #APZ-003, 4 µg/ml), anti-VGLUT (Merck #AB5905), anti-GFP (Thermo Scientific #A6455).

All secondary antibodies were used at 0.1 mg/ml concentration: anti-guinea pig Alexa 647 (Thermo Scientific #A21450), anti-mouse Alexa 488 (Thermo Scientific #A11001), antimouse Alexa 532 (Thermo Scientific #A11002), anti-mouse Atto 647N (Sigma-Aldrich #50185), anti-rabbit Alexa 488 (Thermo Scientific #A11008), anti-rabbit Alexa 568 (Thermo Scientific #A11011), anti-rabbit Alexa 647 (Thermo Scientific #A21244), anti-rat Alexa 594 (Thermo Scientific # A21471).

Live neurons were surface stained for endogenous or overexpressed (GluN2A-HA, GluN2B-flag) GluN2A and/or GluN2B for 15 min at 37°C using specific antibodies. After fixation (4% paraformaldehyde/4% sucrose in PBS, 15 min) at room temperature (RT), neurons were permeabilized with 0.4% Triton X-100 (Sigma-Aldrich #T9284, 5 min) and treated with a blocking solution containing 1.5% bovine serum albumin (Sigma-Aldrich #A3059)/0.1% fish skin gelatin (Sigma-Aldrich #G7765)/0.1% Triton X-100 for 40 min.

Cells were then successively incubated with the second primary antibody(ies), when indicated, for 45 min at RT. The secondary antibodies were used during 30 min incubation at RT and, after an additional wash, the cells were mounted in Mowiol. For dSTORM imaging, a second fixation was performed after incubation with the secondary antibodies and cells were kept in PBS at 4°C until imaging.

Peptides

For experiments using the NMDAR subunit-specific TAT peptides live cells were preincubated with 1 µM concentration of either [TAT-GluN2A] 2 , [TAT-GluN2B] 2 or [TAT-NS] 2 peptide for 45 min at 37°C. For CaMKII inhibition, AIP-2 or its respective control, TAT-NS was used at 5 µM concentration for 15 min at 37°C. Afterwards, the cells were stained for endogenous surface GluN2A or GluN2B as described above.

dSTORM imaging

All imaging sessions were performed using a commercial Leica SR GSD 3D microscope (Leica Microsystems, Wetzlar, Germany) equipped with a Leica HC PL APO 160x/1.43 NA oil immersion TIRF objective enabling detection of single fluorophores and an EMCCD iXon camera (ANDOR, Belfast, UK). Samples were illuminated in total internal reflection fluorescence (TIRF) mode and images were obtained with an exposure time of 10.85ms with up to 100,000 consecutive frames. Imaging was carried out at room temperature in a closed Ludin chamber (Life Imaging Services, Switzerland) using a pH-adjusted extracellular solution containing oxygen scavengers and reducing agents [START_REF] Heilemann | Subdiffraction-Resolution Fluorescence Imaging with Conventional Fluorescent Probes[END_REF][START_REF] Van De Linde | Subdiffraction-resolution fluorescence imaging of proteins in the mitochondrial inner membrane with photoswitchable fluorophores[END_REF]. When the field of interest was chosen for proximal dendrites, a snapshot was taken of the epifluorescence labeling of NMDAR and PSD95. Image acquisition was controlled by the Leica LAS software. First, the ensemble fluorescence of Alexa 647 was converted into dark state using 50% of full power of the 642 nm laser (500 mW). Once the desired number of single fluorophores per frame was reached, the intensity of the 642 nm laser was reduced to 15% of full laser power and kept at this level during acquisition. In order to keep an optimal number of stochastically activated molecules per frame the intensity of the 405 nm laser (30 mW) was continuously adjusted reaching a maximum of 10% of full laser power. The particle detection threshold was set to 15 in the Leica LAS software. Multicolor fluorescent microspheres (#T7279 TetraSpeck, Life Technologies) were used for lateral drift correction.

Co-localization study of synaptic proteins

Fluorescence images were acquired using an Electron Multiplying Charged Coupled Device (EMCCD) Photometrics Quantem 512 camera and MetaMorph imaging software (Molecular Devices), on an inverted confocal spinning-disk microscope (Leica DMI6000B, Leica), with a Leica HCX PL APO CS 63x/1.4 oil objective. For each experiment, images in each channel (SPI lasers 488/568/647, quad simple filters) were captured using the same laser intensity and exposure time across all fixed cells; images were acquired as grey scale from individual channels and pseudocolor overlays were prepared using ImageJ. To quantify the immunocytochemistry data, 19-22 cells were selected. From each neuron, two to three dendrites were chosen for analysis. The images were subjected to a user-defined intensity threshold, for cluster selection and background subtraction. Number of clusters was measured for all selected regions and normalized to the dendrite length. Synaptic clusters were determined as the postsynaptic clusters overlapping the thresholded image of PSD95 (postsynaptic) or VGLUT (presynaptic).

Calculation of localization precision

Theoretical localization precision was calculated from the integrated intensity of single PSFs using the methods of Thompson [START_REF] Thompson | Precise Nanometer Localization Analysis for Individual Fluorescent Probes[END_REF] and Mortensen [START_REF] Mortensen | Optimized localization analysis for single-molecule tracking and super-resolution microscopy[END_REF] implemented in the LAMA software (Malkusch and Heilemann, 2016a). Both of these methods utilize PSFs calculated based on a 'least-squares estimation' (LSE). Localization precision depends mainly on the number of detected photons (N) and the standard deviation of the PSF (σ), both of which depend on characteristics of the optical setup and the type of fluorescent labelling used. Additionally, localization precision depends also on the area imaged in one pixel of the camera chip (a) and the background signal (b). The Leica SR GSD 3D system, with AlexaFluor 647 labelling, had a σ value of 140 nm (σ) and a noise value of 8.4 (b).

dSTORM data analysis

Image-based analysis: Super-resolution images were reconstructed by the Leica LAS software using a fitting algorithm determining the centroid-coordinates of a single molecule and fitting the point-spread-function (PSF) of a distinct diffraction limited event to a Gaussian function. NMDAR or PSD95 clusters were identified on their respective epifluorescence images. GluN2A-or GluN2B-NMDAR nanodomain number, area and shape were quantified after segmentation of their respective dSTORM reconstructed images (MetaMorph software, Molecular Devices). Morphological features, such as surface area, length and shape of each segmented structure, were exported to calculate their respective distributions. The dimensions were computed by 2D anisotropic Gaussian fitting, from which the principal and the auxiliary axes were extracted as 2.3σ long and 2.3σ short, respectively. The shape factor was calculated as a ratio between the auxiliary and the principal axes. The epifluorescence image of PSD95 was superimposed on the NMDAR dSTORM image to identify the PSD95 positive (PSD95+)

versus PSD95 negative (PSD95-) nanodomains.

Density-based analysis: the previously described density-based spatial clustering of applications with noise (DBSCAN) [START_REF] Ester | A density-based algorithm for discovering clusters in large spacial databases with noise[END_REF] algorithm, implemented in the LAMA software (Malkusch and Heilemann, 2016a), was used to calculate the area and molecule number of NMDAR clusters. The DBSCAN algorithm identifies localizations that reside within the middle of a circle of the observation radius (ɛ) and enclose at least P min (minimal cluster size) localizations. An ɛ of 14 nm was chosen which roughly corresponds to the radius of an NMDAR (6 nm [START_REF] Lee | NMDA receptor structures reveal subunit arrangement and pore architecture[END_REF]) with the antibody complex (~8 nm [START_REF] Tan | A Nanoengineering Approach for Investigation and Regulation of Protein Immobilization[END_REF]) attached to it. The P min was chosen based on the density-distribution of the localizations within ɛ; in our case the value was 6 in order to separate the localizations from noise but not too large to find sparse clusters. The cluster localizations were corrected for fluorophore blinking (Figure 14) and normalized to the corresponding image background to identify molecules per clusters. 

Integrated morphometry analysis of PSD95 clusters

Epifluorescence images of PSD95 obtained by the Leica SR GSD 3D microscope were subjected to a user-defined threshold for cluster selection and background subtraction.

Next, MetaMorph integrated morphometry analysis was used to identify the number and area of PSD95 clusters.

STED imaging and analysis

All STED imaging sessions were carried out on a Leica DMI6000 TCS SP8 X system equipped with two continuous wave STED lasers for excitation at 592 nm and 660 nm and a pulsed 775 nm depletion laser. A 40X/1.3 NA oil immersion objective was used to identify transfected cells, while a 100X/1.4 NA oil immersion objective lens was used for STED imaging. Fluorescence signals were passed through a pinhole size of 1 Airy unit. Image frame size was adjusted per image and acquired sequentially in line-scan mode using a scan speed of 400 Hz with a pixel size of 20 nm.

For STED image analysis, five NMDAR clusters expressing both GluN2A-HA and GluN2B-flag were selected per single STED image for a total of 22 images from two separate experiments. The selected clusters were subjected to a user-defined intensity threshold being the same in both channels and cluster area was measured afterwards.

Statistics

The statistical analysis was performed with the help of GraphPad Prism 5 software (GraphPad Software, Inc). The use of non-parametric statistical tests was implemented because of the non-Gaussian distribution of the datasets. The different statistical tests used (t test or ANOVA, depending on the number of datasets) are indicated in the results section at each experiment.

and the minimal number of localizations within this radius (P min =6) (Figure 18; for details, refer to Chapter 3. Section 8: dSTORM data analysis). DBSCAN analysis revealed that GluN2A-NMDAR nanoscale cluster area is 1.5x larger than that of GluN2B-NMDARs (Figure 16C-D). (For exact values, refer to Table 5). 

Nanoclustering of GluN2A-and GluN2B-NMDAR clusters

The dSTORM images of GluN2A-and GluN2B-NMDARs also revealed a nonuniform distribution of the clusters, which contain several nanodomains (Figure 19A). In order to characterize these nanodomains, we implemented an additional analysis method to overcome the limitation of DBSCAN when analyzing structures in close proximity (Figure 20). The lower number of nanodomains identified in DBSCAN compared to multidimensional image analysis (MIA) is due to the high density of localizations which cannot be corrected for in DBSCAN. Thus the need for MIA analysis to analyze different parameters of nanodomains. MIA analyis provided the following morphometric parameters of the nanodomains: area, number per cluster and shape [START_REF] Nair | Superresolution imaging reveals that AMPA receptors inside synapses are dynamically organized in nanodomains regulated by PSD95[END_REF]. We report here that the area of GluN2A-and GluN2B-NMDAR nanodomains was similar (Figure 19B). However, their number was significantly different, as GluN2A-NMDAR nanodomain number was 2-fold higher than that of GluN2B-NMDARs (Figure 19C). Furthermore, GluN2B-NMDAR nanodomains tend to be more elongated than GluN2A-NMDAR ones (Figure 19D), as evaluated by the shape factor (value between 0 and 1; the closer to 1 the more circular the structure is) (for exact results, refer to Table 6). Thus, both GluN2A-and GluN2B-NMDAR clusters are formed by nanodomains exhibiting subunit-specific characteristics. 

GluN2A-and GluN2B-NMDAR nanoscale organization in synaptic structures

Although the surface density of GluN1-NMDAR (based on GluN1-SEP overexpression in 14 DIV neurons) clusters is similar to that of pre-(vGluT) and post-synapic markers (Figure 21), indicating that most surface GluN1-NMDAR clusters are embedded into the synapse, we investigated the nanoscale organization of GluN2A-and GluN2B-NMDAR in glutamate synapses labelled with the postsynaptic marker PSD95. Consistent with the literature, GluN2A-NMDAR were more co-localized with PSD95 when compared to GluN2B-NMDAR (Figure 22A-B). Most importantly, the above mentioned difference in surface NMDAR nanoscale organization was recapitualted in identified synapses (Figure 22C-G). In addition to differences in nanodomain number, the area of synaptic GluN2A-NMDAR nanodomains were also greater than that of GluN2B-NMDAR (Figure 22E-G) (for exact values, refer to Table 7). Thus, in identified glutamate synapses, the surface GluN2Aand GluN2B-NMDAR nanoscale organization is different. To further confirm these findings, we used another super-resolution imaging approach, i.e. STED microscopy, in neurons expressing tagged-GluN2A and GluN2B subunits.

Schematically, GluN2A-HA and GluN2B-flag were overexpressed at 10 DIV, surface-labeled at 14 DIV using specific anti-HA and anti-flag antibodies in live hippocampal neurons, and imaged using STED microscopy in order to achieve similar image quality and spatial resolution for both receptors. GluN1-GFP was co-transfected to delineate NMDAR clusters.

In confocal microscopy images GluN2A-HA and GluN2B-flag clusters overlapped without any discernable differences (Figure 23A). In contrast, STED images clearly resolved the protein distributions as only partially overlapping (Figure 23A-B). Similarly to the dSTORM data (Figure 16C-D), the area of GluN2A-NMDAR nanoscale clusters was larger than that of GluN2B-NMDARs (Figure 23C) (for exact values, refer to Table 7). More importantly, the vast majority, if not all, synapses contained both overexpressed GluN2A-and GluN2B-NMDAR to various relative amount (Figure 23B-C), indicating that mature synapses of hippocampal neurons contain a mixture of GluN2A-and GluN2B-NMDARs. Additionally, the STED images also suggest the existence of nanodomains (Figure 23B), alike dSTORM images (Figure 19A); however, the maximal achievable resolution in our STED setup does not allow the analysis of nanodomain parameters. 

Developmental changes in the nano-organization of GluN2A-and GluN2B-NMDARs

During brain development an evolution of NMDAR subunit composition can be observed. Schematically, GluN2B-NMDARs are highly expressed during early development and reach a peak around the second postnatal week in rodents, whereas GluN2A-NMDAR levels increase only after birth, exceeding GluN2B subunits by adulthood ( [START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF] for details, refer to Chapter 1. sections 3.1.1. and 4.2.). Whether this developmental subunit change results from a simple subunit swap in fixed nanodomains remains unknown.

Therefore, we investigated the nano-organization of GluN2A-and GluN2B-NMDARs throughout development. First, we confirmed the developmental profile of PSD95-positive glutamate synapses in our hippocampal network, with the peak of glutamate synapse number at DIV 17 (Figure 24, Table 8), and the concomitant developmental switch of the GluN2A/B subunit enrichment (Figure 15). Next, GluN2A-or GluN2B-NMDARs were surface-labeled at 10, 17 and 24 DIV and dSTORM images were acquired of each. Strikingly, GluN2A-NMDAR clusters undergo a major reorganization during this period (Figure 25). All cluster parameters were affected, i.e. changes of the cluster area, molecule number (calculated with DBSCAN analysis), nanodomain area and number (Figure 25), revealing a major restructuration peak at DIV 17. The GluN2A-NMDAR cluster area expanded between DIV 10 and 17, followed by a reduction at DIV 24 (Figure 25B). These changes were paralleled by similar changes in the molecule number per cluster (Figure 25C). For GluN2B-NMDAR clusters, similar, though more subtle, changes were observed (Figure 25). GluN2B-NMDAR cluster area increased between DIV 10 to 17, and then remained stable (Figure 25B). The molecule number per GluN2B-NMDAR cluster was not correlated with this profile as it was highest at immature states (DIV 10), decreasing then over maturation (Figure 25C). Thus, the developmental profile of GluN2A-and GluN2B-NMDAR nanoscale organization is different. When exploring the morphometric characteristics of GluN2A-and GluN2B-NMDAR clusters during this period, a similar trend was observed. The nanodomain area of both NMDAR subtypes increased from DIV 10 to 17, followed by a reduction at DIV 24 (Figure 25E). The number of nanodomains also increased from 10 to 17 DIV and was maintained in the case of GluN2A-NMDARs whereas the number did not change until 24 DIV for GluN2B-NMDARs (Figure 25F). At all developmental stages, GluN2A-NMDAR clusters contained more nanodomains compared to GluN2B-NMDAR (Figure 25F) (for exact values, refer to Table 9). Together, our data indicate that NMDAR nano-organization is highly regulated throughout brain cell network development, with clear differences between GluN2A-or GluN2B-NMDARs, suggesting distinct regulatory processes. 

Differential regulation of NMDAR nanoscale organization by PDZ scaffolds and

CaMKII activity

Although numerous molecules have been shown to regulate NMDAR trafficking, their synaptic anchoring mostly relies on the protein-protein interactions and phosphorylation state of their long intracellular CTDs [START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF]Sanz-Clemente et al., 2013b). The PDZ binding motif is critical for interaction with PSD-MAGUKs, and is also a site of regulation by protein kinases such as CaMKII. Thus, we challenged GluN2A-and GluN2B-NMDARs by altering their interactions with PDZ scaffold using well-described biomimetic competing peptides [START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF] and by blocking the activity of CaMKII. First, we used TAT-coupled divalent competitive peptides that interfere with the binding of the CTD of either GluN2A or GluN2B and their PDZ scaffold partners [START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF]. Both the cluster area and molecule number of GluN2A-NMDARs were significantly decreased in the presence of [TAT-GluN2A] 2 when compared to the control condition (i.e. [TAT-NS] 2 )

(Figure 26A-C), whereas GluN2A-NMDAR nanodomain area and number remained stable (Figure 26E,G). Together, this leads to a significant reduction of GluN2A-NMDAR density in nanodomains (Figure 26I), consistent with the former observation that this competing peptide rapidly displaced GluN2A-NMDARs from synapses [START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF]. Quite differently, disrupting the interaction between GluN2B-NMDARs and PDZ scaffolds ([TAT-GluN2B] 2 peptide) significantly increased the GluN2B-NMDAR nanodomain area (Figure 26F, H) without affecting cluster area or molecule number (Figure 26B,D). Thus, although this also leads to a significant reduction of GluN2B-NMDAR density in nanodomains (Figure 26J), consistent with the former observation [START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF], the topographical changes are dramatically different between GluN2A-and GluN2B-NMDARs (for exact values, refer to If different regulatory processes are involved in the nanoscale organization of these NMDAR subtypes, one may predict that altering the activity of CaMKII, a major regulator of GluN2-NMDAR synaptic content [START_REF] Hell | CaMKII: Claiming Center Stage in Postsynaptic Function and Organization[END_REF], will differentially impact GluN2A-and GluN2B-NMDAR nanoscale organization. To test this, we acutely blocked CaMKII activity using the autocamtide-2-related inhibitory peptide (AIP), a specific substrate competitive inhibitor of CaMKII, and examined its impact on NMDAR nanoscale distribution (Figure permitted to image beyond the diffraction limit of light, providing unprecedented insight into the subcellular organization of such complex structures (reviewed in [START_REF] Tønnesen | Superresolution imaging for neuroscience[END_REF][START_REF] Willig | Recent applications of superresolution microscopy in neurobiology[END_REF][START_REF] Macgillavry | The internal architecture of dendritic spines revealed by super-resolution imaging: What did we learn so far?[END_REF][START_REF] Zhong | Applying superresolution localization-based microscopy to neurons[END_REF]. These techniques have revealed that the nanoscale organization of such neurotransmitter receptors, PSD scaffolds and signaling molecules (e.g. AMPARs, PSD95, and CaMKII) is structured in the postsynaptic compartment [START_REF] Fukata | Local palmitoylation cycles define activity-regulated postsynaptic subdomains[END_REF][START_REF] Macgillavry | Nanoscale Scaffolding Domains within the Postsynaptic Density Concentrate Synaptic AMPA Receptors[END_REF][START_REF] Nair | Superresolution imaging reveals that AMPA receptors inside synapses are dynamically organized in nanodomains regulated by PSD95[END_REF][START_REF] Lu | Multiple Spatial and Kinetic Subpopulations of CaMKII in Spines and Dendrites as Resolved by Single-Molecule Tracking PALM[END_REF]. Both AMPARs and PSD95 are clustered in 1-4 nanodomains of ~50-80 nm size in hippocampal synapses. These nanodomains are plastic entities as spine size and neuronal activity can directly affect their structure demonstrated by their increased number after blockade of neuronal activity [START_REF] Macgillavry | Nanoscale Scaffolding Domains within the Postsynaptic Density Concentrate Synaptic AMPA Receptors[END_REF][START_REF] Nair | Superresolution imaging reveals that AMPA receptors inside synapses are dynamically organized in nanodomains regulated by PSD95[END_REF]. Differential nanoscale distributions of GluN2A-and GluN2B-NMDARs were previously suggested by the differential enrichment of these two subtypes in PSD95 clusters. Indeed, GluN2A-NMDARs were not, whereas GluN2B-NMDAR localizations were statistically enriched in PSD95 domains compared to the total PSD; however, this study did not distinguish between surface and intracellular receptors [START_REF] Macgillavry | Nanoscale Scaffolding Domains within the Postsynaptic Density Concentrate Synaptic AMPA Receptors[END_REF]. Here we provide the first surface mapping of GluN2A-and GluN2B-NMDARs at the nanoscale level, revealing the presence of 2 to 5 nanodomains per NMDAR cluster. The similarities between AMPARs, PSD95, and now NMDAR nanodomains in hippocampal synapses strengthen the view that the postsynaptic compartment is a highly compartmentalized structure. Interestingly, nano-sized clusters have also been identified for other, non-neuronal membrane proteins (reviewed in [START_REF] Garcia-Parajo | Nanoclustering as a dominant feature of plasma membrane organization[END_REF]; therefore, nanoclustering appears to be a dominant feature of protein organization which potentially represents a mode of spatiotemporal orchestration of biochemical reactions as suggested by liquid-liquid phase transitions [START_REF] Li | Phase transitions in the assembly of multivalent signalling proteins[END_REF][START_REF] Banjade | Phase transitions of multivalent proteins can promote clustering of membrane receptors[END_REF]. In eukaryotic cells, specific chemical reactions occur in multiple isolated compartments surrounded by membrane bilayers (e.g. nucleus, ER, mitochondria, etc.).

However, not all cellular compartments are wrapped in membranes, especially when rapid and dynamic reactions to the changing environment are required, where membranes could actually function as rate-limiting factors. Examples of well-recognized membrane-lacking cellular compartments include ribonucleoprotein enriched granules, Cajal bodies and PML (promyelocytic leukemia) nuclear bodies, centrosomes, and stress or germ granules in the cytoplasm [START_REF] Hyman | Liquid-Liquid Phase Separation in Biology[END_REF][START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF] which usually have irregular architecture and are enriched with specific sets of components with varying stoichiometry [START_REF] Hyman | Liquid-Liquid Phase Separation in Biology[END_REF][START_REF] Banani | Biomolecular condensates: organizers of cellular biochemistry[END_REF]. Compartmentalization is even more critical for the postsynaptic terminal, where concentrating components together can increase reaction kinetics for proper reception, interpretation, and storage of signals transmitted by the presynaptic neuron. PSD95

and SynGAP have been shown to spontaneously undergo phase transition, forming condensed, membrane-lacking compartments in vitro [START_REF] Zeng | Phase Transition in Postsynaptic Densities Underlies Formation of Synaptic Complexes and Synaptic Plasticity[END_REF]. The key requirements for phase transition (in vitro), are multivalent protein-protein interactions and high (submillimolar) local protein concentration [START_REF] Li | Phase transitions in the assembly of multivalent signalling proteins[END_REF] which can be accomplished within the PSD. Therefore the nanoscale structures observed in neurons likely serve as important neurotransmission units, as suggested by their alignment with the presynaptic machinery [START_REF] Tang | A trans-synaptic nanocolumn aligns neurotransmitter release to receptors[END_REF]. The differential nanoscale organization of GluN2A-and GluN2B-NMDARs suggests the presence of distinct transmission units. It is noteworthy, that GluN1/GluN2A/GluN2B triheteromers have been proposed to compose a variable fraction of synaptic NMDARs (Al-Hallaq et al., 2007;[START_REF] Rauner | Triheteromeric NR1/NR2A/NR2B Receptors Constitute the Major N -Methyl-d-aspartate Receptor Population in Adult Hippocampal Synapses[END_REF]. Our super-resolved surface mapping supports a model in which postsynaptic NMDAR clusters of mature neurons are composed of a heterogeneous mixture of diheteromeric GluN2A-and GluN2B-containing NMDARs (non-overlapping nanoscale areas) and, possibly, triheteromeric GluN1/GluN2A/GluN2B-NMDARs (overlapping nanoscale area).

Although both GluN2A and GluN2B display a relatively broad expression throughout the CNS, a developmental evolution of NMDAR subunit composition can be observed in many brain regions. GluN2B levels are high during embryonic and early postnatal development [START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF][START_REF] Sans | A developmental change in NMDA receptor-associated proteins at hippocampal synapses[END_REF][START_REF] Sheng | Changing subunit composition of heteromeric NMDA receptors during development of rat cortex[END_REF] which is required for spine growth, stabilization of synaptic connections and hippocampus-dependent learning [START_REF] Von Engelhardt | Contribution of Hippocampal and Extra-Hippocampal NR2B-Containing NMDA Receptors to Performance on Spatial Learning Tasks[END_REF][START_REF] Lee | Metaplasticity at Single Glutamatergic Synapses[END_REF]. However, GluN2B expression can inhibit the synaptic incorporation of AMPARs [START_REF] Hall | NR2B Signaling Regulates the Development of Synaptic AMPA Receptor Current[END_REF][START_REF] Ferreira | Activity and protein kinase C regulate synaptic accumulation of N-methyl-D-aspartate (NMDA) receptors independently of GluN1 splice variant[END_REF][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] and reduce the threshold for LTP (Lee, 2010;[START_REF] Xu | Metaplastic Regulation of Long-Term Potentiation/Long-Term Depression Threshold by Activity-Dependent Changes of NR2A/NR2B Ratio[END_REF][START_REF] Yashiro | Regulation of NMDA receptor subunit expression and its implications for LTD, LTP, and metaplasticity[END_REF] which is overcome by a developmental switch from synaptic GluN2B-containing NMDARs to synaptic GluN2A-containing NMDARs. GluN2A expression gradually increases after birth and becomes abundant in adulthood [START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF][START_REF] Sans | A developmental change in NMDA receptor-associated proteins at hippocampal synapses[END_REF][START_REF] Sheng | Changing subunit composition of heteromeric NMDA receptors during development of rat cortex[END_REF]. This raises the question whether the developmental switch is also observed at the nanoscopic level. If yes, are there differences in the nano-organization between GluN2A and GluN2B during development? Here we show that GluN2A-NMDAR clusters and nanodomains undergo a major reorganization during the evolution of hippocampal cultures with a major restructuration peak at 17 DIV, whereas similar, although more discrete changes occur in GluN2B-NMDAR nanodomains. This data, together with the observation that GluN2A-NMDAR clusters contained more nanodomains at all developmental stages compared to GluN2B-NMDARs indicates that NMDAR nano-organization is highly regulated throughout brain cell network development, with clear differences between GluN2A-and GluN2B-NMDARs.

In addition to the subdiffraction topological information given by super-resolution imaging, single-molecule imaging techniques taking advantage of fluorophore switching, such as dSTORM and PALM, also carry the potential of providing valuable quantitative information of the protein of interest. Single-molecule data is collected by temporally resolving individual fluorophores. The precise position of a single molecule is calculated with up to ~10 nm accuracy for the current available fluorophores [START_REF] Bobroff | Position measurement with a resolution and noise-limited instrument[END_REF][START_REF] Patrizio | Counting numbers of synaptic proteins: absolute quantification and single molecule imaging techniques[END_REF]. The coordinate information belonging to the imaged fluorophores is then combined to obtain a super-resolved pointillist image. Precise analysis of synaptic protein copies is of particular interest in studying neurotransmission, since the efficiency of this process is correlated to the availability of receptors as well as the rapid changes in receptor numbers. Such quantifications for AMPARs demonstrated a relationship between AMPAR nanodomain content and the amplitude of synaptic transmission [START_REF] Macgillavry | Nanoscale Scaffolding Domains within the Postsynaptic Density Concentrate Synaptic AMPA Receptors[END_REF][START_REF] Nair | Superresolution imaging reveals that AMPA receptors inside synapses are dynamically organized in nanodomains regulated by PSD95[END_REF]. However, the direct use of localization number as molecule number does not take into account fluorophore blinking properties. Therefore, we implemented a localization density-based analysis (DBSCAN [START_REF] Ester | A density-based algorithm for discovering clusters in large spacial databases with noise[END_REF]) to identify the number of molecules per NMDAR cluster with a fluorophore blinking correction included (Malkusch and Heilemann, 2016a). Both GluN2A and GluN2B were localized with ~25 nm precision.

The developmental changes in the molecule number per GluN2A-NMDAR cluster matched the changes observed in cluster organization. In contrast, an inverse correlation can be observed between GluN2B-NMDAR cluster area and molecule number, further supporting a differential hierarchical organization of these distinct NMDAR subtypes.

Over the past few decades, the mechanisms underlying the trafficking and synaptic anchoring of GluN2A-and GluN2B-NMDARs have been the subject of intense investigation [START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF]Sanz-Clemente et al., 2013b). A well-established working model proposes that the binding of GluN2A or GluN2B subunits to different PSD-MAGUK proteins, via the interaction between the C-terminus of GluN2A/GluN2B subunits and PDZ domains of MAGUKs, plays an important role in the localization of synaptic NMDARs. This functional interaction is further regulated by phosphorylation events mediated by various kinases such as CaMKII and CK2 (Sanz-Clemente et al., 2010). In this study, both surface endogenous GluN2A-and GluN2B-NMDARs were acutely challenged by alterations of either scaffold binding or CaMKII-dependent phosphorylation, and changes in their surface nanoorganization were monitored using super-resolution imaging. As expected, the nanoscale organization of both GluN2A-and GluN2B-NMDARs was altered by these molecular challenges, consistent with the role of PDZ scaffolds and CaMKII regulation of NMDARmediated transmission [START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF]Sanz-Clemente et al., 2013b). However, the nanoscale modifications were strikingly different for GluN2A-and GluN2B-NMDARs.

Preventing the interaction between GluN2A-NMDARs and PDZ scaffolds decreased the density of receptors within nanodomains by reducing the number of receptors within unaltered nanodomains (i.e. topology). In contrast, preventing the interaction between GluN2B-NMDARs and PDZ scaffolds decreased the density of receptors within nanodomains by altering their topology without changing the receptor number. These data support thus a model in which PDZ scaffolds control GluN2-NMDARs via two distinct mechanisms. The GluN2A-NMDARs are potentially anchored through their PDZ interactions in stable nanodomains, controlling most of their synaptic content. By contrast, GluN2B-NMDARs are possibly redistributed between different nanodomains, depending on the type of engaged interactions. Interestingly, it has been recently reported that in vivo NMDARs are partitioned into discrete populations of ~0.8 MDa complexes composed only of NMDAR subunits and ~1.5 MDa supercomplexes containing additional PSD scaffolds [START_REF] Frank | NMDA receptors are selectively partitioned into complexes and supercomplexes during synapse maturation[END_REF]. These complexes and supercomplexes could actually enclose multiple GluN2A-and GluN2B-NMDARs and it has been proposed that a neurotransmitter nanocluster can accommodate between 30 to 60 supercomplexes [START_REF] Frank | Supramolecular organization of NMDA receptors and the postsynaptic density[END_REF]. Interestingly, disrupting the interaction between PSD-MAGUK proteins and GluN2B-NMDARs, but not GluN2A-NMDARs, dismantles NMDAR supercomplexes (1.5 MDa). This is consistent with our findings, suggesting a specific role of GluN2B-NMDARs in structuring different nanoscale complexes in the postsynaptic density whereas GluN2A does not appear to be an organizer in this compartmentalization. The differential effect of CaMKII blockade on the nanoscale organization between NMDAR subtypes also fuels this model. The identified protein composition of supercomplexes further supports the idea that receptor nanoclustering serves to compartmentalize specific postsynaptic functions, through spatial localization, in order to increase regulation efficiency.

Based on the results we present here, the nano-organization of either GluN2A-or GluN2B-NMDARs is similar throughout the dendritic surface (synaptic and extrasynaptic regions). Therefore, the regulation of the subcellular localization of these two NMDAR subtypes still remains an open question. One could think that if other interacting partners participate in structuring the nanodomains, such as scaffold proteins, then these interacting partners are potentially different in synaptic and extrasynaptic compartments.

Differential changes in the surface expression of GluN2A-or GluN2B-NMDARs have been reported in a number of CNS disorders. What is the significance of nanodomains in these pathological conditions? Investigation of the potential changes in the physical parameters of nanodomains in different diseases could not only lead us closer to understanding their biological function but also provide new insights in potential therapeutic targets.

Titre: Organisation et régulation différentielles des sous-types de Récepteurs NMDA révélées par imagerie de super résolution

Résumé: Les récepteurs du glutamate de type NMDA (NMDAR) sont des canaux ioniques impliqués dans les phénomènes de plasticité de la transmission synaptique dans le système nerveux central, des mécanismes supposés être à la base du développement neuronal, de l'apprentissage et de la formation de la mémoire. Les NMDAR forment des tétramères à la membrane plasmique, constitués de deux sous-unités obligatoires GluN1 et deux sous-unités variables GluN2 (GluN2A-D) ou GluN3. Dans le prosencéphale, les récepteurs comportant les sous-unités GluN2A (GluN2A-NMDAR) et GluN2B (GluN2B-NMDAR) sont les plus abondants et présentent des profils d'expression différents au cours du développement, les GluN2B-NMDAR étant fortement exprimés aux stades précoces tandis que l'expression des GluN2A-NMDAR augmente progressivement au cours du développement postnatal. Des contributions relatives de ces deux sous-types majoritaires de NMDAR aux propriétés de signalisation distinctes dépendent directement les phénomènes de plasticité neuronale, tels que l'adaptation des synapses glutamatergiques et des circuits neuronaux excitateurs. Bien que la régulation moléculaire des NMDAR ait fait l'objet d'intenses recherches ces dernières décennies, la localisation précise de ces deux sous-types de récepteurs dans la membrane postsynaptique demeurait méconnue. Pour répondre à cette question, nous avons étudié la distribution des NMDAR à la surface de neurones d'hippocampe de rats en combinant deux techniques de microscopie de super-résolution -la microscopie de reconstruction optique stochastique directe (dSTORM) et la déplétion d'émission stimulée (STED) -permettant de dépasser la limite de résolution inhérente à la diffraction de la lumière. Ces techniques nous ont permis de mettre en évidence que les sous-types de récepteurs GluN2A-et GluN2B-NMDAR présentent une nano-organisation différente à la surface neuronale. En effet, ils sont organisés en structures nanoscopiques (nanodomaines) qui diffèrent en nombre, en surface et en morphologie, notamment au niveau des synapses. Au cours du développement, l'organisation membranaire des deux sous-types de NMDAR évolue, avec en particulier de profonds changements de distribution des GluN2A-NMDAR. De plus, cette organisation nanoscopique est impactée différemment par des modulations de l'interaction avec les protéines d'échafaudage à domaine PDZ ou de l'activité de la kinase CaMKII suivant le sous-type de NMDAR considéré. En effet, la réorganisation des GluN2A-NMDAR implique principalement des changements de nombre de récepteurs dans les nanodomaines sans modification de leur localisation, tandis que la réorganisation des GluN2B-NMDAR passe essentiellement par des modifications de localisation des nanodomaines sans changements du nombre de récepteurs qu'ils contiennent. Ainsi, les GluN2A-et GluN2B-NMDAR présentent des nano-organisations différentes dans la membrane postsynaptique, reposant vraisemblablement sur des voies de régulation et des complexes de signalisation distincts.

Mots clés: récepteurs NMDA, sous-unités GluN2, dSTORM Title: Super-resolution imaging reveals differential organization and regulation of NMDA receptor subtypes Abstract: NMDA-type glutamate receptors (NMDARs) are a type of ion permeable channels playing critical roles in excitatory neurotransmission in the central nervous system by mediating different forms of synaptic plasticity, a mechanism thought to be the molecular basis of neuronal development, learning and memory formation. NMDARs form tetramers in the postsynaptic membrane, most generally associating two obligatory GluN1 subunits and two modulatory GluN2 (GluN2A-D) or GluN3 (GluN3A-B) subunits. In the hippocampus, the dominant GluN2 subunits are GluN2A and GluN2B, displaying different expression patterns, with GluN2B being highly expressed in early development while GluN2A levels increase gradually during postnatal development. In the forebrain, the plastic processes mediated by NMDARs, such as the adaptation of glutamate synapses and excitatory neuronal networks, mostly rely on the relative implication of GluN2A-and GluN2B-containing NMDARs that have different signaling properties. Although the molecular regulation of synaptic NMDARs has been under intense investigation over the last decades, the exact topology of these two subtypes within the postsynaptic membrane has remained elusive. Here we used a combination of super-resolution microscopy techniques such as direct stochastic optical reconstruction microscopy (dSTORM) and stimulated emission depletion (STED) microscopy to characterize the surface distribution of GluN2A-or GluN2B-containing NMDARs. Both dSTORM and STED microscopy, based on different principles, enable to overcome the resolution barrier due to the diffraction limit of light. Using these techniques, we here unveil a differential nanoscale organization of native GluN2A-and GluN2B-NMDARs in rat hippocampal neurons. Both NMDAR subtypes are organized in nanoscale structures (termed nanodomains) that differ in their number, area, and shape. These observed differences are also maintained in synaptic structures. During development of hippocampal cultures, the membrane organization of both NMDAR subtypes evolves, with marked changes for the topology of GluN2A-NMDARs. Furthermore, GluN2A-and GluN2B-NMDAR nanoscale organizations are differentially affected by alterations of either interactions with PDZ scaffold proteins or CaMKII activity. The regulation of GluN2A-NMDARs mostly implicates changes in the number of receptors in fixed nanodomains, whereas the regulation of GluN2B-NMDARs mostly implicates changes in the nanodomain topography with fixed numbers of receptors. Thus, GluN2A-and GluN2B-NMDARs have distinct organizations in the postsynaptic membrane, likely implicating different regulatory pathways and signaling complexes. 
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Figure 1 .

 1 Figure 1. The chemical synapse A. Three-dimensional EM reconstruction of a dendritic segment from the hippocampus. Red color indicates PSDs of excitatory synapses. Blue color indicates inhibitory synapses. Arrows point to examples of dendritic spines. Adapted from[START_REF] Sheng | The postsynaptic architecture of excitatory synapses: a more quantitative view[END_REF]. B. Schematic representation of the PSD of excitatory neurons. Adapted from[START_REF] Kim | PDZ domain proteins of synapses[END_REF].

Figure 2 .

 2 Figure 2. Spatiotemporal expression of NMDAR subunits in the developing rat brain A. Changes in NMDAR subtype mRNA expression in sagittal brain sections. In situ hybridization data from[START_REF] Akazawa | Differential expression of five N-methyl-D-aspartate receptor subunit mRNAs in the cerebellum of developing and adult rats[END_REF]. B. Expression of the GluN1-1a and GluN1-1b splice variants (containing the extracellular N1 cassette) in horizontal sections at P12. In situ hybridization data from[START_REF] Laurie | Regional and developmental heterogeneity in splicing of the rat brain NMDAR1 mRNA[END_REF]. C. Schematic representation of the differential expression of NMDAR subunits. The green scale gradient shows the level of expression relative to maximum, with the darkest regions reflecting the highest expression. Adapted from[START_REF] Henson | Influence of the NR3A subunit on NMDA receptor functions[END_REF]. P: postnatal day.

Figure

  Figure 3. Structure of NMDAR subunits A. Structural domains of NMDAR subtypes. Subunit heterogeneity is further increased by alternative splicing of the GluN1 and GluN3A subunits. The most divergent regions are the NTD and CTD. Adapted from (Paoletti et al., 2013). B. NMDAR subunit organization in the membrane: extracellular N-terminal domain (NTD), agonist-binding domain (ABD), transmembrane domain (TMD), intracellular Cterminal domain (CTD). Adapted from[START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF]. C. X-ray crystal structure of GluN1-GluN2B NMDAR reveals a mushroom-like shape with a height of 120Å and width of 150Å. Data from[START_REF] Lee | NMDA receptor structures reveal subunit arrangement and pore architecture[END_REF].

Figure 4 .

 4 Figure 4. NMDAR assembly and trafficking from the ER to the membrane Schematic representation of NMDAR tetrameric assembly and intracellular trafficking: after being processed in the endoplasmic reticulum (ER), functional NMDARs associated to their protein partners such as PSD95 or SAP102 are sorted into vesicles in the somatic Golgi network and transported along microtubules to the dendritic shaft. NMDARs are expressed at the cell surface by exocytosis. The number of surface NMDARs relies on a dynamic equilibrium between exo-and endocytosis as well as lateral diffusion. Adapted from[START_REF] Bard | Glutamate receptor dynamics and protein interaction: Lessons from the NMDA receptor[END_REF].

Figure 5 .

 5 Figure 5. Mechanism of NMDAR activation NMDAR channel opening requires the simultaneous binding of glycine/D-serine (GluN1) and glutamate (GluN2). Adapted from (Paoletti, 2011).

Figure 6 .

 6 Figure 6. NMDAR channel characteristics A. Comparison of NMDAR and AMPAR current kinetics at: glutamate binding to synaptic AMPARs triggers a brief, rapidly rising conductance decaying in 1-2 ms compared to the slower activation (rise time) and longer-lasting (long deactivation) current of NMDARs. Data from[START_REF] Traynelis | Glutamate Receptor Ion Channels: Structure, Regulation, and Function[END_REF]. B. Differential deactivation kinetics of NMDARs based on subunit composition: human embryonic kidney cells (HEK) were transfected with GluN1-1a isoform and one GluN2 subunit. NMDARmediated currents were induced by a brief (<5 ms) application of saturating glutamate (1 mM). GluN2A-containing receptors deactivate the fastest compared to all other receptor subtypes. Adapted from[START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF].

Figure

  Figure 8. Developmental changes of GluN2A and GluN2B expression in the human visual cortex Scatterplots of GluN2B (A) or GluN2A (B) protein expression across the lifespan fit with a Gaussian function (A) or weighted curve (B). Data from[START_REF] Siu | Development of Glutamatergic Proteins in Human Visual Cortex across the Lifespan[END_REF].

Figure 9 .

 9 Figure 9. Structural domains of the PSD-MAGUK family All PSD-MAGUKs have three PDZ domains, an SH3 domain and a GK domain. In the N-terminal region, SAP97 has a L27 domain involved in multimerization.

Figure 12 .

 12 Figure 12. The principle of STED microscopy A. Energy state diagram for STED microscopy: photon absorption excites the fluorophore from ground state (S 1 ) to the excited state (S 1 ) (red arrow). Fluorescence occurs from the spontaneous return of the molecule to S 0 (green arrow); however, fluorescence can be forcefully depleted via stimulated emission (yellow arrow) by light of a longer wavelength. As a result no fluorescence occurs in the depleted area. B. The concept of STED microscopy during image acquisition: top panel: excitation of the sample results fluorescence emission; middle panel: stimulated emission depletion of the outer part of the point spread function (PSF) resulting in a much smaller PSF (bottom panel).Higher resolution image is generated by scanning the sample (right panel). Scale bar = 2 µm. Adapted from[START_REF] Stender | Single Cell Optical Imaging and Spectroscopy[END_REF].

1 ,

 1 fluorescence quantum yield (η fl ) = 33 %, fluorescence lifetime (τ fl ) = 1.0 ns, number of detected photons per single molecule in each imaging cycle (N) = 6000 (Fernández-Suárez and Ting, 2008).

Figure 13 .

 13 Figure 13. The principle of dSTORM A. Schematic diagram demonstrating the molecular basis of dSTORM: photon absorption excites the fluorophore from ground state (S 1 ) to excited state (S 1 ) (red arrow). From S 1 the molecules can either spontaneously return to S 0 in a nanoseconds (ns) timescale while emitting fluorescence or they can reside in a metastable triplet (T 1 ) or dark (D) state for micro-(µs) or even milliseconds (ms) before relaxation to S 0 (no fluorescence emission occurs in this case). While in the off state (T 1 or D), the fluorophores cannot be excited, therefore only a limited amount of excitable fluorophores is available. B. Scheme demonstrating single-molecule detection in dSTORM: in order to detect single molecules, fluorophores are temporarily switched off. Image reconstruction is based on the centroid of the point spread function of individual localizations.

  changes during development and can be differentially regulated by specific protein-protein interactions or posttranslational modifications. The aim of this project is to address several fundamental questions about the precise localization and nanoscale organization of two important NMDAR subtypes by taking advantage of super-resolution techniques such as dSTORM and STED microscopy. The project is divided into the following sections: 1. Visualization of the nanoscopic distribution of surface GluN2A-and GluN2B-NMDARs using dSTORM in mature (17 DIV) primary hippocampal cultures 2. Determination of nanoclustering of GluN2A-and GluN2B-NMDARs 3. Characterization of GluN2A-and GluN2B-NMDAR nanoscale organization in synaptic structures using PSD95 as a postsynaptic marker 4. Examination of changes in GluN2A-and GluN2B-NMDAR nano-organization during development 5. Investigation of the regulation of NMDAR nanoscale organization with special focus on interactions with PDZ scaffolds and CaMKII activity Chapter 3: Materials and Methods

Figure 14 .

 14 Figure 14. Characteristics of fluorophore blinkingTop left: image of single-molecule blinking events within a diffraction limited spot. Top right: intensity within the circular region (top left) measured over time showing 5 blinking events. Bottom left: DBSCAN analysis of all localizations from the top image reveals a cluster comprising 12 localizations. Bottom right: binary state trace of all cluster localizations against time shows the number of blinking events. Adapted from(Malkusch and Heilemann, 2016b) 
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 16 Figure 16. Nanoscopic surface distribution of GluN2A-and GluN2B-NMDARs in mature neurons A. Epifluorescence images of surface immunostaining of endogenous surface GluN2A-(top) or surface GluN2B-NMDAR (bottom) at 17 DIV hippocampal neurons labelled with specific custommade antibodies. Scale bar = 10 µm. B. Comparison between epifluorescence (left) and superresolution dSTORM image (right, obtained by Leica LAS software) of a single dendrite stained for either GluN2A-(top) or GluN2B-NMDARs (bottom). Dotted line represents the border of the dendrite based on the epifluorescence image. Scale bar = 1 µm. C. Comparison of enlarged epifluorescence (left) and super-resolved (right, obtained by Leica LAS software) clusters of GluN2A-(top) or GluN2B-NMDAR (bottom). Dotted line represents the border of the cluster based on the epifluorescence image. Scale bar = 300 nm. D. Differences in the area of super-resolved GluN2A-and GluN2B-NMDAR clusters represented by mean ± SEM values and their relative distributions.

Figure 19 .

 19 Figure 19. Nano-organization of GluN2A-and GluN2B-NMDARs in mature neurons A. Enlarged single cluster of GluN2A-(left, blue) or GluN2B-NMDAR (right, orange), both composed of nanodomains (MIA analysis). Scale bar = 200 nm. B-D. Comparison between GluN2A-and GluN2B-NMDAR nanodomains: B. Mean ± SEM values (left) and relative distribution (right) of GluN2A and GluN2B-NMDAR nanodomain area. C. Mean ± SEM values (left) and relative distribution (right) of the number of nanodomains contained within a GluN2A-or GluN2B-NMDAR cluster. D. Differences in the shape of GluN2A-and GluN2B-NMDAR nanodomains. Schematic representation of the definition of the shape factor (left): a value between 0 and 1, with an object being circular at 1. Right, the bar graph represents the mean ± SEM values.

Figure 20 .

 20 Figure 20. Comparison of DBSCAN and MIA analysis A. An example of a single NMDAR cluster before analysis. Image was reconstructed with LAMA software. B. Same cluster as in (A) after DBSCAN analysis. The different colors correspond to all nanodomains identified within the cluster = 7. C. Same cluster as in (A) after MIA analysis. White objects correspond to all nanodomains identified within the cluster = 13.

Figure 21 .

 21 Figure 21. Linear density of GluN1 and its colocalization with pre-and postsynaptic proteins A. Representative images of 14 DIV neurons with surface labelling of overexpressed GluN1-SEP, endogenous PSD95 or endogenous VGLUT and their merge (green: GluN1-SEP, red: PSD95, blue: VGLUT). Scale bar = 10 µm. B. Number of clusters (left) or colocalizing clusters (right) per 10 µm dendrite length (SEP-GluN1 with PSD95 or VGLUT or both; PSD95-VGLUT) (n=44 regions, 27 cells/1 experiment).

Figure 22 .

 22 Figure 22. Comparison of PSD95 positive (PSD95+) NMDAR clusters and nanodomains in mature neurons A. dSTORM image (obtained by Leica LAS software) of GluN2A-(left, green) or GluN2B-NMDAR (right, green) overlaid with the corresponding epifluorescence image of PSD95 (red). Dotted line represents the border of the dendrite based on the NMDAR epifluorescence image. Full arrowheads point to PSD95+ NMDAR clusters, while open arrowheads point to PSD95-(negative) NMDAR clusters. Scale bar = 2 µm. B. Ratio of PSD95+ GluN2A-and GluN2B-NMDAR over total surface clusters represented by mean ± SEM values C. Left, enlarged PSD95 clusters with dotted outline. Right, enlarged PSD95+ cluster of GluN2A-(top) or PSD95+ GluN2B-NMDAR (bottom). Scale bar = 300 nm. D. Differences in the area of PSD95+ GluN2A-and PSD95+ GluN2B-NMDAR clusters represented by the mean ± SEM values (left) and frequency distributions (right). E-G. Comparison between PSD95+ GluN2A-and PSD95+ GluN2B-NMDAR nanodomains: E. Representative images of enlarged PSD95+ GluN2A (left) or PSD95+ GluN2B nanodomains (MIA). Dotted line represents the border of the epifluorescence PSD95 cluster. Scale bar = 200 nm. F. Bar graph of mean ± SEM values of PSD95+ nanodomains. G. Bar graph of mean ± SEM values of the number of nanodomains contained within a PSD95+ GluN2Aor GluN2B-NMDAR cluster.

Figure 23 .

 23 Figure 23. GluN2A-and GluN2B-NMDARs occupy the same synapse A. Representative image of a cluster of overexpressed GluN2A-HA -AlexaFluor 594 (left), GluN2Bflag -Atto647N (middle), and the merge of the two (right; magenta: GluN2A, green: GluN2B-flag). Top panel: confocal microscopy images, bottom panel: STED microscopy images of same cluster shown in top panel. The red dotted line represents the outline of the spine morphology obtained from GluN1-GFP expression. Scale bar = 400 nm. B. Examples of NMDAR clusters obtained by STED imaging of NMDAR clusters expressing both GluN2A-HA (left, magenta), GluN2B-flag (middle) and the merge of the two (right; magenta: GluN2A, green: GluN2B). The red dotted line represents the outline of the spine morphology obtained from GluN1-GFP expression. Scale bar = 400 nm. C. Paired analysis of the cluster area of GluN2A-HA and GluN2B-flag (n = 110 clusters / 22 images / 3 experiments for both GluN2A-HA and GluN2B-flag) demonstrates the larger area of GluN2A relative to GluN2B within the same synapse.

Figure 24 .

 24 Figure 24. Development of hippocampal cultures A. Conventional wide-field fluorescence images of the changes in PSD95 immunostaining during the development of neuronal cells. Scale bar = 10 µm. B. Bar graphs representing the changes in PSD95 expression during development (mean ± SEM values). Left: linear density of PSD95 clusters per 10 µm dendrite length. Right: PSD95 cluster area.

Figure 25 .

 25 Figure 25. Nanoscopic re-organization of GluN2A-and GluN2B-NMDARs during development A. Enlarged clusters of GluN2A-(top) or GluN2B-NMDAR (bottom) during development of neuronal cultures (obtained by LAMA software). Scale bar = 200 nm. B. Changes in the cluster area of GluN2Aor GluN2B-NMDAR during development. C. Developmental changes in the molecule number per GluN2A-or GluN2B-NMDAR. Values are normalized to the cluster area. D. Developmental changes in nanodomains of GluN2A-(top) or GluN2B-NMDAR (bottom) clusters (MIA). Scale bar = 100 nm. E. Changes in the nanodomain area of GluN2A-or GluN2B-NMDAR. F. Changes in the number of nanodomains within clusters of GluN2A-or GluN2B-NMDAR.

Figure 26 .

 26 Figure 26. Effect of specific disrupting TAT peptides on GluN2A-and GluN2B-NMDAR organization A-B. Enlarged dSTORM GluN2A-(A) or GluN2B-NMDAR (B) cluster (LAMA) after stimulation with either [TAT-NS] 2 or specific [TAT-GluN2A] 2 (A) or [TAT-GluN2B] 2 (B) peptide. C. Mean ± SEM values of GluN2A-NMDAR cluster area (left) and molecule number (right) in control ([TAT-NS] 2 ) and [TAT-GluN2A] 2 conditions. Values are normalized to [TAT-NS] 2 . D. Mean ± SEM values of GluN2B-NMDAR cluster area (left) and molecule number (right) in control ([TAT-NS] 2 ) and [TAT-GluN2B] 2 conditions. Values are normalized to [TAT-NS] 2 . E-H. Effect of TAT peptides on nanodomains: GluN2A-(E) or GluN2B-NMDAR (F) nanodomains (MIA) following treatment with either [TAT-NS] 2 or specific [TAT-GluN2A] 2 (E) or [TAT-GluN2B] 2 (F) peptide. G. Mean ± SEM values of GluN2A-NMDAR nanodomain area (left) and number (right). H. Mean ± SEM values of GluN2B-NMDAR nanodomain area (left) and number (right). I-J. Density of GluN2A-or GluN2B-NMDARs: relative frequency of GluN2A-(I) or GluN2B-NMDAR (J) molecule number per nanodomain area. Inset graphs represent respective mean ± SEM values. Scale bar = 200 nm.

Figure 27 .

 27 Figure 27. Effect of [TAT-GluN2A] 2 on GluN2B-NMDARs A. Enlarged cluster (MIA) of GluN2B-NMDAR treated with either [TAT-NS] 2 (left) or [TAT-GluN2A] 2 (right); both clusters are composed of nanodomains. B. Effect of [TAT-GluN2A] 2 (orange) on GluN2B-NMDAR compared to control [TAT-NS] 2 (gray). Values represent mean ± SEM normalized to [TAT-NS] 2 . Graphs from left to right: cluster area, molecule number per cluster, nanodomain area and nanodomain number per cluster. Scale bar = 200 nm.

  For GluN2A-NMDARs, AIP increased the density of GluN2A-NMDAR in nanodomains through an increase in the molecule number and no change in cluster and nanodomain topography (Figure28A-B, E-F, I). In contrast, for GluN2B-NMDARs, AIP increased the area of GluN2B nanodomain (Figure28H) without affecting the number of molecules or nanodomains (Figure28D, G-H, J) (for exact values, refer to Table12).Collectively, these data demonstrate that GluN2A-and GluN2B-NMDARs are differentially regulated by the alteration of their PDZ scaffold binding and CaMKII activity. The regulation of GluN2A-NMDARs mostly implicates changes in the number of receptors in fixed nanodomains, whereas the regulation of GluN2B-NMDARs mostly implicates changes in the nanodomain topography with fixed number of receptors.

Figure 28 .

 28 Figure 28. Effect of CaMKII inhibition on GluN2A-and GluN2B-NMDAR organization A-D. Effect of AIP treatment on cluster area and molecule number: Enlarged dSTORM GluN2A (A) or GluN2B-NMDAR (C) cluster (LAMA) stimulated with either TAT-NS or AIP. B. Mean ± SEM values of

Chapter 5 :

 5 Discussion and future perspectivesHere we used a combination of single-molecule imaging (dSTORM) and quantitative spatial analysis in rat hippocampal neurons to examine the surface organization of GluN2Aand GluN2B-NMDARs at nanoscale resolution. Although the distribution of individual molecules revealed a structured pattern of both NMDAR subtypes, we unveiled a clear difference in the number, area, and shape of their nanoscale structures (nanodomains). This differential organization was maintained in synaptic structures identified by PSD95. During development, the membrane organization of both NMDAR subtypes evolved, with marked changes for GluN2A-NMDAR topology. Preventing the interaction between GluN2 C-termini and PDZ scaffolds or blocking CaMKII activity differentially impacted their nanoscale organization. Indeed, these manipulations regulated the number of GluN2A-based individual molecules in an unchanged topography. In contrast, the number of GluN2B-based individual molecules remained constant in an altered topography. Thus, the nanoscale organization of surface GluN2A-and GluN2B-NMDARs in hippocampal neurons is structurally different and regulated by different processes, supporting the hypothesis that these NMDAR subtypes are engaged in distinct signaling complexes.Excitatory synapses are mostly found in small dendritic protrusions called dendritic spines. The molecular architecture of dendritic spines defines the efficiency of signal transmission; therefore it is essential to understand the precise localization of neurotransmitter receptors, PSD scaffolds and signaling molecules, as well as the mechanisms involved in regulating their dynamic localization. The development of super-resolution microscopy has
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3. Structure of NMDAR subunits

  

	A. Structural domains of NMDAR
	subtypes. Subunit heterogeneity is
	further increased by alternative
	splicing of the GluN1 and GluN3A
	subunits. The most divergent regions
	are the NTD and CTD. Adapted from
	(Paoletti et al., 2013). B. NMDAR
	subunit	organization	in	the
	membrane: extracellular N-terminal
	domain	(NTD),	agonist-binding
	domain	(ABD),	transmembrane
	domain (TMD), intracellular C-
	terminal domain (CTD). Adapted from

Table 1 . Comparing permeation and gating properties of different GluN2B subunits.

 1 Adapted from[START_REF] Paoletti | Molecular basis of NMDA receptor functional diversity[END_REF].

	GluN2-subunit specific characteristics		
		GluN2A GluN2B GluN2C GluN2D
	Conductance (pS)	50	50	37	37
	Mean open time (ms)	3-5	3-5	0.5-1	0.5-1
	EC 50 (glycine), µM	1.7	0.4	0.3	0.1
	EC 50 (glutamate), µM	4	2	1	0.4
	τ off (glycine), ms	140		680	
	τ off (glutamate), ms	40	300	300	2000
	IC 50 (Mg 2+ ), µM (Vm=-100mV)	2	2	12	12
	P f (Ca 2+ ), %	18	18	8	n.d.

Table 2 . Implications of NMDARs in CNS disorders.

 2 Adapted from[START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF] Sanz- Clemente et al., 2013b).

	Disorder	NMDAR subunit related alterations	Therapy
	Alzheimer's disease	Reduced GluN2B surface	
		expression; GluN2B-NMDAR activation mediates amyloid-β (Aβ)-induced alterations in synaptic plasticity and synapse loss,	NMDAR antagonist (memantine), GluN2B-selective antagonist
		enhanced excitotoxicity	
	Parkinson's disease	Increased synaptic GluN2A expression; GluN2B redistribution from synaptic to extrasynaptic locations	GluN2B-selective antagonists; interventions targeting GluN2A subunits (possibly)
	Huntington's disease	Increased extrasynaptic GluN2B-	NMDAR antagonist,
		NMDAR activation, enhanced	GluN2B-selective
		excitotoxicity	antagonist
	Ischemia and stroke	Enhanced levels of extracellular	GluN2B-selective
		glutamate leading to increased	antagonists, peptides
		extrasynaptic GluN2B-NMDAR	disrupting GluN2B-
		activation	interacting partners
	Schizophrenia		NMDAR potentiators;
		Reduced NMDAR function; altered	D-serine, glycine and
		NMDAR trafficking	glycine transporter 1
			inhibitors
	Chronic pain	Alterations in GluN2B-NMDAR	
		synaptic expression and	GluN2B-selective
		phosphorylation state; potential	antagonists
		involvement of GluN2A-NMDARs	
	Depression	NMDAR inhibitors induce reduction in depressive symptoms	NMDAR antagonists (ketamine) or GluN2B-selective antagonists
	Autism spectrum disorders	Unclear; either reduced or	Potentially NMDAR
		enhanced NMDAR function is	antagonists or
		implicated	potentiators
	Anti-NMDAR encephalitis	Presence of anti-NMDAR antibodies;	
		reduced NMDAR density, impairments in synaptic plasticity; dispersion of GluN2A from the	Potentially NMDAR potentiators
		synapse	

Table 3 . Comparison of GluN2A-and GluN2B-containing NMDARs.

 3 Adapted from(Sanz-Clemente et al., 2013;[START_REF] Yashiro | Regulation of NMDA receptor subunit expression and its implications for LTD, LTP, and metaplasticity[END_REF].

	GluN2A-versus GluN2B-NMDARs	
	Developmental Expression	GluN2A	GluN2B
	Expression start	postnatal	prenatal
	Expression peak		rodent: P7-
		adulthood	P10; human: early
			childhood
	Regional expression	Ubiquitous in CNS	Forebrain
	Channel properties		
	Glutamate affinity	low	high
	Open probability	high	low
	Deactivation kinetics	fast	slow
	Rise and decay time	fast	slow
	Peak current	high	low
	Charge transfer	low	high
	Ca 2+ influx	low	high
	Transport		
	Preferential binding	SAP97	KIF 17
	Surface diffusion	low	high
	Endocytosis		
	Preferential association	late	recycling
		endosomes	endosomes
	Localization in mature neurons	mainly	synaptic and
		synaptic	extrasynaptic
	Posttranslational modifications		
	Phosphorylation		
	CaMKII binding	weak	strong
	Unique phosphosites	Ser-1232 by	Ser-1480 by
		Cdk5	Ck2
	Synaptic delivery	activity and	
		glutamate	activity-
		binding	dependent
		dependent	
	Knockout mice	viable	non-viable

Table 4 . Comparison of STED and dSTORM super-resolution microscopy techniques. Adapted from

 4 

Table 6 . Results of NMDAR nanodomain analysis

 6 

	Parameter	Analysis method	Mean ± SEM	n	Statistical test	p value
	2A nanodomain area 2B nanodomain area	MIA	5.3±1.2* 10 3 nm 2 5.1±2.5* 10 3 nm 2	1481 (16 cells/6 exp) 354 (14 cells/7 exp)	Mann Whitney	0.0929
	2A nanodomain # 2B nanodomain #	MIA	4.7±0.2 2.4±0.15	315 (16 cells/6 exp) 148 (14 cells/7 exp)	Mann Whitney	<0.0001
	2A nanodomain		0.6122	1481 (16 cells/6		
	shape 2A nanodomain shape	MIA	±0.007 0.5807 ±0.014	exp) 354 (14 cells/7 exp)	Mann Whitney	0.0503

Table 7 . Results of synaptic GluN2A-and GluN2B-NMDARs

 7 

	Parameter	Analysis method	Mean ± SEM	n	Statistical test	p value
	2A coloc with PSD95 2B coloc with PSD95	Colocalization	0.63±0.04 0.44±0.07	16 cells/6 exp 12 cells/7 exp	Mann Whitney	0.0086
	PSD95+ 2A cluster area PSD95+ 2B cluster area	DBSCAN	12.07±1.3 *10 4 nm 2 7.45±0.76 *10 4 nm 2	33 (8 cells/4 exp) 22 (6 cells/4 exp)	Mann Whitney	0.0273
	PSD95+ 2A nanodomain area PSD95+ 2B nanodomain area	MIA	5.2±0.1 *10 3 nm 2 4.7±0.3 *10 3 nm 2	1042 (16 cells/ 6 exp) 189 (12 cells/7 exp)	Mann Whitney	0.0094
	PSD95+ 2A nanodomain # PSD95+ 2B nanodomain #	MIA	5.62±0.24 2.93±0.24	186 (16 cells/6 exp) 69 (12 cells/7 exp)	Mann Whitney	0.0001
	2A cluster area 2B cluster area	STED	6.1 ±0.48 *10 4 nm 2 2.7 ±0.24 *10 4 nm 2	110 (22 cells/3 exp) 110 (22 cells/3 exp)	Paired t test	<0.0001

Table 8 . Results of PSD95 cluster analysis during development

 8 

	Parameter	Analysis method	Mean ± SEM	n	Statistical test	p value
	PSD95 cluster#/10µm					
	10 DIV 17 DIV 24 DIV	Integrated morphometry analysis	2.16±0.57 4.58±0.63 4.56±0.76	156 (30 cells/11 exp) 215 (28/11 exp) 222 (26/9 exp)	One-way Anova	*<0.01
	PSD95 cluster area					
	10 DIV 17 DIV 24 DIV	Integrated morphometry analysis	0.2677±0.02 0.24±0.01 0.4±0.03	156 (30 cells/11 exp) 215 (28/11 exp) 222 (26/9 exp)	One-way Anova	*<0.01, ***<0.0001

Table 9 . Results of nano-organizational changes in GluN2A-and GluN2B-NMDARs during development

 9 

	Parameter	Analysis method	Mean ± SEM		n	Statistical test	p value
	2A cluster area							
	10 DIV 17 DIV 24 DIV	DBSCAN	7.732±0.64*10 11.56 ± 1.255*10 4 nm 4 nm 2 2 7.138 ± 0.824*10 4 nm 2	39 (8 cells/4 exp) 36 (8 cells/4 exp) 31 (8 cells/4 exp)	Kruskal-Wallis	*<0.01, **<0.001
	2B cluster area							
	10 DIV 17 DIV 24 DIV	DBSCAN	5.313±0.48*10 7.487±0.72*10 7.158±1.12*10	4 nm 4 nm 4 nm	2 2 2	31 (8 cells/4 exp) 31 (8 cells/4 exp) 24 (8 cells/4 exp)	Kruskal-Wallis	*<0.01, **<0.001
	2A mol #/cluster area							
	10 DIV 17 DIV 24 DIV	DBSCAN	0.49±0.05*10 0.1±0.3*10 -3 -3 0.7±0.09*10 -3		39 (8 cells/4 exp) 36 (8 cells/4 exp) 31 (8 cells/4 exp)	Kruskal-Wallis	***<0.0001
	2B mol #/cluster area							
	10 DIV 17 DIV 24 DIV	DBSCAN	1.1±0.1*10 0.8±0.08*10 -3 -3 0.8±0.08*10 -3		31 (8 cells/4 exp) 31 (8 cells/4 ex.) 24 (8 cells/4 exp)	Kruskal-Wallis	***<0.0001
	2A nanodomain area							
	10 DIV 17 DIV 24 DIV	MIA	2.75±0.12*10 5.34 ± 0.12*10 3 nm 2 3 nm 2 3.68±0.17*10 3 nm 2	554 (12 cells/6 exp) 1481 (16 cells/6 exp) 1481 (14 cells/5 exp)	Kruskal-Wallis	**<0.001, ***<0.0001
	2B nanodomain area							
	10 DIV 17 DIV 24 DIV	MIA	3.97±0.14*10 5.08±0.25*10 3.39±0.17*10	3 nm 2 3 nm 2 3 nm 2	823 (18 cells/5 exp) 354 (14 cells/7 exp) 491 (12 cells/4 exp)	Kruskal-Wallis	**<0.001, ***<0.0001
	2A nanodomain #							
	10 DIV 17 DIV 24 DIV	MIA	3.1±0.17 4.7±0.2 4.1±0.26				180 (12 cells/6 exp) 315 (16 cells/6 exp) 287 (14 cells/5 exp)	Kruskal-Wallis	*<0.01, **<0.001, ***<0.0001
	2B nanodomain #							
	10 DIV 17 DIV 24 DIV	MIA	2.5±0.09 2.4±0.14 3.6±0.26				331 (18 cells/5 exp) 148 (14 cells/7 exp) 135 (12 cells/4 exp)	Kruskal-Wallis	*<0.01, **<0.001, ***<0.0001

Table 10 ).

 10 

Table 10 . Results of the effect of specific disrupting peptides on the nano-organization of GluN2A- and GluN2B-NMDARs

 10 

	Parameter	Analysis method	Mean ± SEM	n	Statistical test	p value
	2A cluster area					
	[TAT-NS] 2 [TAT-GluN2A] 2	DBSCAN	1.0±0.14 0.57±0.1	24 (6 cells/3 exp) 22 (6 cells/3 exp)	Mann Whitney	0.0006
	2A mol # / cluster area					
	[TAT-NS] 2 [TAT-GluN2A] 2	DBSCAN	1.0±0.12 0.62±0.06	24 (6 cells/3 exp) 22 (6 cells/3 exp)	Mann Whitney	0.0098
	2A nanodomain area					
	[TAT-NS] 2 [TAT-GluN2A] 2	MIA	1.0±0.05 359 (13 cells/4 exp) 0.87±0.03 393 (15 cells/4 exp)	Mann Whitney	0.29
	2A nanodomain #					
	[TAT-NS] 2 [TAT-GluN2A] 2	MIA	1.0±0.06 107 (13 cells/4 exp) 0.92±0.06 129 (15 cells/4 exp)	Mann Whitney	0.25
	2A density	Mol # per				
	[TAT-NS] 2 [TAT-GluN2A] 2	nanodomain area	81.5±9.9 57.4±5.7	24 (6 cells/3 exp) 22 (6 cells/3 exp)	Unpaired t test	0.046
	2B cluster area					
	[TAT-NS] 2 [TAT-GluN2B] 2	DBSCAN	1.0±0.11 0.93±0.16	20 (6 cells/3 exp) 14 (6 cells/3 exp)	Mann Whitney	0.61
	2B mol # / cluster area					
	[TAT-NS] 2 [TAT-GluN2B] 2	DBSCAN	1.0±0.12 0.88±0.15	20 (6 cells/3 exp) 14 (6 cells/3 exp)	Mann Whitney	0.39
	2B nanodomain area					
	[TAT-NS] 2 [TAT-GluN2B] 2	MIA	1.0±0.04 327 (11 cells/3 exp) 1.36±0.08 214 (13 cells/3 exp)	Mann Whitney	0.0045
	2B nanodomain #					
	[TAT-NS] 2 [TAT-GluN2B] 2	MIA	1.0±0.08 133 (11 cells/3 exp) 0.82±0.04 104 (13 cells/3 exp)	Mann Whitney	0.44
	2B density	Mol # per				
	[TAT-NS] 2 [TAT-GluN2A] 2	nanodomain area	62.7±7.4 40.8±7.1	20 (6 cells/3 exp) 14 (6 cells/3 exp)	Unpaired t test	0.25

Interestingly, the [TAT-GluN2A] 2 peptide increased the nanodomain number of GluN2B-NMDAR clusters without affecting the cluster area, molecule number or nanodomain (Figure

27

, Table

11

).

Table 11 . Results of the effect of [TAT-GluN2A] 2 on GluN2B-NMDAR nano-organization

 11 

	Parameter	Analysis method	Mean ± SEM	n	Statistical test	p value
	2B cluster area					
	[TAT-NS] 2 [TAT-GluN2A] 2	DBSCAN	1.0±0.11 0.93±0.06	20 (6 cells/ 3 exp) 19 (4 cells/ 3 exp)	Mann Whitney	0.74
	2B mol #/cluster area					
	[TAT-NS] 2 [TAT-GluN2A] 2	DBSCAN	1.0±0.12 1.1±0.13	20 (6 cells/ 3 exp) 19 (4 cells/ 3 exp)	Mann Whitney	0.53
	2B nanodomain area					
	[TAT-NS] 2 [TAT-GluN2A] 2	MIA	1.0±0.05 1.23±0.13	90 (8 cells/ 3 exp) 100 (8 cells/ 3 exp)	Mann Whitney	0.061
	2B nanodomain #					
	[TAT-NS] 2 [TAT-GluN2A] 2	MIA	1.0±0.06 1.23±0.07	90 (8 cells/ 3 exp) 100 (8 cells/ 3 exp)	Mann Whitney	0.019

Table 12 . Results of the effect of CaMKII inhibition on the nano-organization of GluN2A-and GluN2B-NMDARs
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	Parameter	Analysis method	Mean ± SEM	n	Statistical test	p value
	2A cluster area					
	TAT-NS AIP	DBSCAN	1.0±0.08 1.24±0.15	17 (5 cells/2 exp) 16 (5 cells/2 exp)	Mann Whitney	0.25
	2A mol # / cluster area					
	TAT-NS AIP	DBSCAN	1.0±0.15 1.5±0.15	17 (5 cells/2 exp) 16 (5 cells/2 exp)	Mann Whitney	0.0244
	2A nanodomain area					
	TAT-NS AIP	MIA	1.0±0.95 1.005±0.05	197 (9 cells/3 exp) 177 (9 cells/3 exp)	Mann Whitney	0.66
	2A nanodomain #					
	TAT-NS AIP	MIA	1.0±0.06 0.91±0.05	95 (9 cells/3 exp) 94 (9 cells/3 exp)	Mann Whitney	0.42
	2A density	Mol # per				
	TAT-NS AIP	nanodomain area	24.24±3.56 35.9±3.75	17 (5 cells/2 exp) 16 (5 cells/2 exp)	Unpaired t test	0.015
	2B cluster area					
	TAT-NS AIP	DBSCAN	1.0±0.18 0.89±0.07	14 (5 cells/3 exp) 18 (5 cells/3 exp)	Mann Whitney	0.805
	2B mol # / cluster area					
	TAT-NS AIP	DBSCAN	1.0±0.14 1.11±0.13	14 (5 cells/3 exp) 18 (5 cells/3 exp)	Mann Whitney	0.31
	2B nanodomain area					
	TAT-NS AIP	MIA	1.0±0.05 1.3±0.06	143 (10 cells/4 exp) 143 (9 cells/3 exp)	Mann Whitney	0.0035
	2B nanodomain #					
	TAT-NS AIP	MIA	1.0±0.06 1.02±0.07	81 (10 cells/4 exp) 80 (10 cells/4 exp)	Mann Whitney	0.82
	2B density	Mol # per				
	TAT-NS AIP	nanodomain area	25.1±3.4 21.64±2.4	14 (5 cells/3 exp) 18 (5 cells/3 exp)	Unpaired t test	0.2
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reduced synaptic GluN2A expression and slower NMDAR kinetics [START_REF] Steigerwald | C-Terminal truncation of NR2A subunits impairs synaptic but not extrasynaptic localization of NMDA receptors[END_REF].

In addition, disrupting the interaction between GluN2A or GluN2B and their PDZ partners results in a decrease in their synaptic content [START_REF] Chung | Regulation of the NMDA Receptor Complex and Trafficking by Activity-Dependent Phosphorylation of the NR2B Subunit PDZ Ligand[END_REF][START_REF] Prybylowski | The synaptic localization of NR2B-containing NMDA receptors is controlled by interactions with PDZ proteins and AP-2[END_REF][START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF]. It has been shown that extrasynaptic NMDARs may form associations with various adhesion proteins [START_REF] Petralia | Organization of NMDA receptors at extrasynaptic locations[END_REF] and PDZ scaffolding proteins such as GIPC [START_REF] Yi | The role of the PDZ protein GIPC in regulating NMDA receptor trafficking[END_REF], PSD95 [START_REF] Petralia | Organization of NMDA receptors at extrasynaptic locations[END_REF] and SAP102 [START_REF] Sans | NMDA receptor trafficking through an interaction between PDZ proteins and the exocyst complex[END_REF]. [START_REF] Petralia | Organization of NMDA receptors at extrasynaptic locations[END_REF] Interactions between the extracellular domain of NMDARs and other proteins are also important for the subcellular localization of NMDARs. For example, activated Ephrin B2 receptors directly interact with GluN2B triggering the synaptic accumulation and stabilization of NMDARs [START_REF] Dalva | EphB Receptors Interact with NMDA Receptors and Regulate Excitatory Synapse Formation[END_REF][START_REF] Takasu | Modulation of NMDA Receptor-Dependent Calcium Influx and Gene Expression Through EphB Receptors[END_REF][START_REF] Nolt | EphB Controls NMDA Receptor Function and Synaptic Targeting in a Subunit-Specific Manner[END_REF]. The extracellular matrix protein reelin [START_REF] Groc | NMDA Receptor Surface Trafficking and Synaptic Subunit Composition Are Developmentally Regulated by the Extracellular Matrix Protein Reelin[END_REF], as well as neuroligins and integrins have also been implicated in regulation of NMDAR subcellular localization [START_REF] Jung | Input-specific synaptic plasticity in the amygdala is regulated by neuroligin-1 via postsynaptic NMDA receptors[END_REF].

In addition, the surface mobility of NMDARs also has a role in regulating NMDAR synaptic content and distribution (reviewed in [START_REF] Choquet | The dynamic synapse[END_REF]. It is now well suggesting a predominance of GluN2A in the ion channel gating of triheteromeric complexes [START_REF] Cheriyan | Pharmacology of triheteromeric N -Methyld -Aspartate Receptors[END_REF]. Consistent with this finding, a recent study, revealing the structure of triheteromeric NMDARs by cryogenic EM, demonstrates the closer interaction between the GluN1 and GluN2A subunits [START_REF] Lü | Cryo-EM structures of the triheteromeric NMDA receptor and its allosteric modulation[END_REF]. Interestingly, NMDARs containing both GluN2A and GluN2B show similar internalization rates as GluN1/GluN2B diheteromers [START_REF] Tang | Novel approach to probe subunit-specific contributions to N-Methyl-D-aspartate (NMDA) receptor trafficking reveals a dominant role for NR2B in receptor recycling[END_REF]. Despite all these findings, specific pharmacological and biochemical tools to directly analyze endogenous NMDAR triheteromers do not exist. The recent development of superresolution imaging techniques may provide new ways to study the distribution and content of these receptors and shed light on their role in the CNS.

Super-resolution microscopy in the brain

In order to understand the functional architecture of the postsynaptic and extrasynaptic specialization of NMDARs, or other synaptic proteins, a higher-resolution structure of the PSD and its molecular underpinnings is needed. The recent advancement of super-resolution light microscopy techniques provides a useful tool to study the localization and mobility of PSD proteins, both in vitro and in vivo, at the nanometer scale.

Super-resolution light microscopy techniques

Optical microscopy has been a key tool in biological and medical fields by allowing us to image and investigate microorganisms, cells, tissues and organs, even under live conditions. Using suitable fluorescent probes, microscopic images provide information of the sample structure, cellular environment and ion/molecule distributions within cells. Light microscopy is highly non-invasive, does not require complicated sample preparation and provides a wide range of imaging modalities to study biological structures and events. However, the main limitation of optical microscopes is that the spatial resolution is limited to approximately half the wavelength of the excitation light as defined by Ernst Abbe in 1873 [START_REF] Li | Ueber einen neuen Beleuchtungsapparat am Mikroskop[END_REF]. This means that structures, such as individual proteins, or events taking place below ~250 nm regions cannot be resolved. This means great limitations in the field of Chapter 4: Results

Nanoscopic map of surface GluN2A-and GluN2B-NMDARs

In order to precisely map the localization of NMDARs, we surface-labelled live hippocampal neurons at DIV 17 using custom-made GluN2A or GluN2B antibodies directed against their extracellular N-termini. At this age, both GluN2A-and GluN2B-NMDARs were highly expressed at the neuronal surface (Figure 15). Diffraction-limited epifluorescence images of surface GluN2A-or GluN2B-NMDARs revealed a relatively homogenous distribution along the dendrite of both (Figure 16A-B).

GluN2A-and GluN2B-NMDAR clusters appeared indistinguishable using this conventional approach; therefore,weapplied dSTORM, using Alexa Fluor 647 labeling, to visualize the distribution of GluN2A-or GluN2B-containing NMDARs at nanoscale. dSTORM is a singlemolecule localization technique where the increase in resolution is achieved by localization of individual fluorescent molecules via stochastic activation. The reconstructed dSTORM images (Figure 16B-C) unveiled a nanoscopic distribution of surface NMDAR clusters with a localization precision of ~25 nm (Figure 17A-B). First, we used DBSCAN analysis to characterize NMDAR clusters. The DBSCAN algorithm utilizes the localization coordinates to identify cluster edges based on density [START_REF] Ester | A density-based algorithm for discovering clusters in large spacial databases with noise[END_REF]. The two DBSCAN parameters, observation radius (ε) and minimal cluster size (P min ), were identified based on the radius of the NMDAR (ε=14 nm [START_REF] Lee | NMDA receptor structures reveal subunit arrangement and pore architecture[END_REF]) with the primary and secondary antibody labeling 

Conclusions and future perspectives

My project aimed to investigate the precise localization and architecture of two major NMDAR subtypes at the nanometer level with special focus on the regulation of this organization. In conclusion, we here provide the first nanoscale topographical map of native GluN2A-and GluN2B-NMDARs in rat hippocampal neurons. Additionally, we unveil that these key NMDAR subtypes are differentially organized in basal conditions and under synaptic remodeling processes and that the regulation of their nano-organization is achieved at different hierarchical levels.

We demonstrate that both NMDAR subtypes are organized in nanoscale structures (nanodomains) that differ in their number, area, and shape. However, the biological functions underlying the physical parameters of these nanodomains are not fully understood. It appears that GluN2B, in contrast to GluN2A, is important for nanodomain structuration. Still, are there other factors controlling nanodomain organization? PSD scaffold proteins, for instance, seem to be logical candidates, especially because of their important role in anchoring and trafficking of NMDARs to the synapse. This also raises the question whether nanodomains are assembled in the cellular membrane from individual components or are they trafficked to the membrane as a whole? Can individual receptors pass in between distinct nanodomains?

Based on our data on GluN2A nano-organizational changes, it appears to be the case; nonetheless, additional, live single-molecule imaging is required to confirm this. Such techniques would also provide information on the dynamic properties of nanodomains. It would be interesting to examine whether nanodomains also move in and out of the synapse, similarly to receptors.

Here we studied the organization of individual GluN2A-and GluN2B-containing NMDARs. The STED images suggest that both GluN2A-and GluN2B-NMDARs occupy the same synaptic area; however, it does not confirm, whether both NMDAR subtypes are present in the same nanodomains. Do distinct nanodomains activate specific intracellular signaling cascades? Could the different nanodomains explain the selective effects of co-agonists on GluN2A-and GluN2B-NMDARs? Moreover, how are the nanodomains co-organized with other neurotransmitter receptors such as AMPARs that also form nanoclusters in synapses?

Multi-color single-molecule imaging techniques and developing labeling strategies can help us tackle this question. Live imaging methods could also provide information on how these structures evolve together during synaptic maturation and plasticity changes.