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energies. I will remember our late-night spinning sessions with Dani, discussing about our complicated lives. I did my best to stay focus, but I will always wait for your banana call. Sproti, je ne m'attendais pas à m'entendre aussi bien et à construire une amitié avec la Floriabitshy Uytteredhairgirl qui nous a rejoint dans ce bureau. Je pense que tu n'as pas conscience du rayonnement positif que tu peux avoir autour de toi, ce qui ne fait pas de toi le clown de service mais simplement quelqu'un dont on veut s'entourer. Merci pour tous ces moments partagés, de nos petits running au labo en passant par notre voyage à Edimbourg, reste cette personne entière qui n'a pas peur de faire des petites lances même si carefoule, because revenge is a cold plate….. Courage pour la suite, et n'oublie pas de ne pas manger de saumon au pesto si tu veux ne pas aller acheter des fleurs. It's your turn, mama Gnocchi ! Domi, your arrival in this office was a breath of fresh air, thanks to your kindness, trust, and both personal and professional advice. Your friendship and unlimited support have been a cornerstone during these past months, and I can never thank you enough for it. Thanks to you, I've learned to find the positive in the negative, you bring out the best in the people around you, which is truly invaluable. I am really happy to have the chance to continue working alongside you and Sprot for a few more months, with many more laughs to come. Of course, we will miss the one and only, Dani. DD, Daniboi, even an AI cannot help me find the words to express how grateful I am that our paths crossed to start this adventure together. You are truly a source of inspiration and motivation, even a bit of pressure when I see the accomplished luxury doctor you have become. You've helped me become a better person, both scientifically and personally. I will never forget our brainstorming sessions in front of the whiteboard, our journey to get your residence permit and the one to pick up the Ikea frames, as well as our moments together on the terrace, reshaping the world. We've experienced everything together during this thesis, the ups and downs, and I'm happy to know that I will always associate you with this significant period of my life. And for all of that, thank you Dani.

To all those mentioned in these acknowledgments, each of you played a vital role in the writing and completion of this thesis, which would not be the same today without your collective support. Thank you.

I would like to begin these acknowledgments by expressing my sincere gratitude to the members of my thesis committee for their invaluable presence and constructive feedback during my thesis defense: Daniela Cota, Monica DiLuca, Harold MacGillavry and Christian Geis.

Passons aux choses sérieuses, et en français! (sorry my friends, you know how much I love french, you will have your special section in English don't worry 😉)

En retrouvant une vieille feuille dans un placard, je pense avoir confirmé la raison pour laquelle vos noms figurent dans mes remerciements. Pourquoi ? Et bien…d'aussi loin que je me souvienne, faire une thèse en biologie a toujours été un objectif, avec un premier clin d'oeil à mon grand-père et à ma mère qui ont débuté la génération de thésards dans la famille. A l'époque (il y a 20 ans……) cela se traduisait par ma volonté d'être """savante""" plus tard -déjà pas du tout mesurée dans mes propos-(Fig. 0A). Et si je vous remercie aujourd'hui, c'est parce que vous avez contribué de près comme de loin à ce que je m'approche de mon rêve de petite fille de 8 ans qui voulait faire carrière dans le monde scientifique. Pour le reste de ce que j'ai écrit, une tentative de voler a déjà existé mais s'est soldé par un échec, mon nez s'en souvient encore. C'est sûrement pour ça que j'ai choisi de faire de la science en sécurité avec des neurones avec des pipettes maintenant ! Je vais commencer par celui qui m'a donné les clés pour intégrer le monde de la thèse, un immense merci à toi Laurent. Tu as su me faire confiance pour intégrer ton équipe alors que je sortais d'un stage dans un domaine complètement différent et j'ignorais tout du sujet sur lequel je défends ma thèse maintenant. Suite à notre première conversation ensemble, tu as tenu parole en endossant pleinement un rôle de mentor pendant ces 4 dernières années. Tu m'as toujours encouragé dans mes hypothèses et grâce à toi j'ai eu la chance de pouvoir faire ce que j'aime tout particulièrement : apprendre et développer de nouvelles techniques. Tu n'as pas seulement été un directeur de thèse qui s'asseyait avec moi pour discuter résultats, mais aussi quelqu'un d'extrêmement à l'écoute avec qui j'ai pu parler de tout dans les moments positifs comme négatifs de la vie. Tu m'as encouragé dans les moments nécessaires mais tu savais aussi me laisser de longues périodes pour me chercher moi-même ce qui m'a permis d'acquérir une grande indépendance. Je suis persuadée que je n'aurais jamais acquis une telle indépendance et un tel sens critique avec un autre directeur de thèse, donc pour tout ça je te remercie grandement.

En second temps, je tiens à remercier mes grands-parents été les vecteurs principaux de la curiosité scientifique qui m'a poussée dans cette voie. Mamie, Papy, je ne vous l'apprends sûrement pas mais entretenir des conversations avec des puits de culture, de science et avec votre besoin d'en apprendre toujours plus sur le monde qui nous entoure vous ont hissé au rang de modèles à mes yeux. Spéciale dédicace pour toi grand-père : dans cette fameuse feuille, je présente ma théorie de l'évolution de l'époque (Fig. 0B). Je pense que tu peux voir par toi même que j'ai bien fait de ne pas rester dans les domaines de la génétique et de l'évolution, ça aurait été désastreux… Je continue sur ce terrain familial pour remercier ceux qui ont été là depuis le début, mes parents. Maman, tu m'as transmis les gènes thésards, tu as entretenu mon corps par nos sorties courses à pieds et forgé mon esprit scientifique depuis 27 ans maintenant. Je pense que chacune de nos sorties montagne m'a donné assez d'air pour tenir à chaque fois 3 mois supplémentaires pendant la thèse. Merci d'être une maman attentionnée, toujours à l'écoute même si je sais qu'être loin de ton coincoin depuis plusieurs années n'a pas toujours été facile. Papa, tu m'as quant à toi transmis le trait de caractère qui est aujourd'hui je pense le plus important à mes yeux : si tu veux quelque chose, fais en sorte de l'obtenir. Tu m'as appris la valeur du mérite et du travail bien fait. Merci d'avoir été un papa rempli de petites attentions qui valent beaucoup à mes yeux, comme le fait que j'espère avoir encore une bonne bouteille de Rioja dans la cave pour fêter ça en rentrant !!! De façon plus générale, un immense merci à vous deux de m'avoir permis de démarrer mes études loin de la maison et dans d'excellentes conditions. Je n'en serais pas là aujourd'hui sans votre dévouement et vos encouragements à travers le périple universitaire dans lequel je me suis lancée. Vient ensuite le moment de remercier mes chers frères et soeurs, ou plus communément les ahuris du village : Alix, Oscar et Gabin (Biche, Nonos et Fonfon pour les intimes). Je suis ravie de défendre enfin, ça permettra peut-être que vous arrêtiez de m'insulter parce que j'ai de 4 à 10 ans de plus que vous mais j'ai encore un statut étudiant. Passés ces moqueries, vous avez amplement participé à ce que je sois heureuse durant ces années pas toujours de tout repos. Biche, merci pour les soirées dans ton lit à regarder des jeux vidéo d'horreur jusqu'à pas d'heure. Nonos, merci de me suivre dans des idées stupides telles que d'aller regarder les étoiles tard, tomber sur des gens louches ou encore acheter un énorme aimant et une corde de 20m pour essayer de pêcher des trésors dans les rivières. Fonfon, merci d'être l'être exceptionnel que tu es aujourd'hui et t'avoir auprès de moi pendant un petit moment dans la vie bordelaise me fait beaucoup de bien. Je pense que la conclusion de tout ça c'est vos biches, avec beaucoup d'amour de votre grande soeur. Un grand merci au reste des membres de ma famille pour tous ces moments précieux passés ensemble : Charlotte, Philippe, Pascale, Marie-Agnès, Serge, Morgane, Oriane, Eric, Daphné et Eléonore. Un petit clin d'oeil pour toi Nanette, je me dis qu'avec Amatxi vous pourrez quand même suivre cette partie de ma vie de là où vous êtes.

Après la famille de sang, il est grand temps de remercier la famille de coeur, en commençant par celle qui est là depuis 10 ans. Capu, merci pour nos virées bucoliques, pour nos moments hors du temps passés à Lourdes et pour nos périples alcoolisés pendant les fêtes de Bayonne. Ta présence et ton amitié sans faille malgré la distance qui nous sépare depuis quelques années a été un pilier pendant la préparation de cette thèse. Lulu et Juju, vous avez été les premières sur qui j'ai pu compter avec Emilie lorsque je suis arrivée à 18 ans sur Bordeaux. Vous m'avez permis de vivre des merveilleuses années en licence qui n'ont fait que renforcer mon envie de continuer des études universitaires en biologie. Encore maintenant, votre amitié, nos rigolades et nos moments passés ensembles de près comme de loin n'ont pas de prix et pour tout ça, merci. Merci à vous, les potes du Master BCPP (+GMC) ! Quelle aventure depuis notre rencontre…Je pense qu'encore aujourd'hui on ne comprend pas comment on a pu en arriver là vu le déroulement chaotique (désolée mais il n'y a pas d'autre mot) de ces deux années ensemble. Encore aujourd'hui, votre amitié est plus qu'essentielle à mon épanouissement personnel et professionnel ce qui a grandement contribué au bon déroulement de ma thèse. Merci à Diop (#binôme de l'espace), Mathou H (#Demoiselle du déshonneur <3), Lukas, Sergito, Chloé, Simon, Rija. Enfin, spéciale dédicace à ma bande organisée : Coco (ou Calcal quand t'es tout seul dans ta tête), en écrivant ton paragraphe je viens de me rendre compte pour la énième fois que tu ne faisais pas partie du master, mais on a toujours eu tendance à l'oublier… et sinon j'allais te caser où hein ?? Un IMMENSE merci à toi mon Coco d'être la personne toujours positive et à l'écoute que tu es. Tes innombrables séjours à la villa, nos conversations et nos excursions nocturnes ont été plus que bénéfiques pour me faire décompresser ce qui a été essentiel pour me permettre d'en être là aujourd'hui. Tu auras toujours ta place à mes pieds dans un canapé, ici comme ailleurs ! 😉 Mathou J (#LeJC'estLeS_1), je vais la faire courte mais significative : merci d'avoir été un peu (beaucoup) comme la grande soeur que je n'ai jamais eue. Pour ces conversations profondes, pour ta confiance, pour tes conseils, pour ton écoute et surtout pour ton humour (non ça je rigole…). Même quand des fois c'était tous des batteurs, tu as su être présente pour me faire relativiser et me faire ouvrir les yeux sur énormément de choses, tu m'as fait grandir en quelque sorte. Et il va sans dire que ça a fortement contribué à mon épanouissement personnel et professionnel pendant ces dernières années.

Didou (#LeJC'estLeS_2), je sais que tu sais que je sais que tu sais que je sais…et merci x1000000 pour ça. Merci de m'avoir permis d'avoir une maison, que dis-je, une villa ! où je me sentais bien en ayant été partant pour une colocation après un verre de trop. Je sais que tu sais (encore) à quel point il est important d'être bien entouré pendant une thèse et surtout quand elle arrive à terme, et tu fais partie des personnes clés sans qui je n'aurais jamais aussi bien vécu ce doctorat. Et cela passe par ta présence à n'importe quelle heure de la journée comme de la nuit, nos soirées de décompression à regarder des trucs nuls à la tv, et même, contre toute attente, ton talent en mimes. J'ai en quelque sorte grâce à toi trouvé un petit bout de la raison qui m'entraîne ! Merci à celle qui a rejoint mon périple en cours de route. Laure, tu as su m'épauler, m'écouter, me conseiller mais surtout tu m'as prouvé que j'étais capable d'avoir une vie personnelle et professionnelle épanouies et pour ça, je te remercie. L'aventure ne fait que commencer.

On arrive à ceux qui ont partagé mon quotidien depuis maintenant 4 ans au labo. En commençant par le BIC, où j'ai passé la majorité de mon temps derrière divers microscopes. Un merci tout particulier à Magali du pôle photonique pour m'avoir formée et m'avoir donné de précieux conseils, ainsi qu'à Mélina du pôle électronique pour nos conversations et pour t'être lancée les yeux fermés dans cette aventure avec moi sur le cerveau humain.

Enfin, un immense merci aux personnes de l'équipe Groc, dont ceux qui sont passées par le « grand bureau », celui dans lequel j'ai commencé qui a accueilli un bon nombre de personnes : Constance, Elodie, Théo, Thomas, Léa, Romain, Camille, Laurine…et bien d'autres encore ! Merci au bureau TED : Delphine pour ta bienveillance et ta capacité à savoir répondre à TOUTES les questions qu'on te pose à longueur de journée, Julien pour ton éternel optimisme, ta gentillesse et ton écoute, Olivier pour ta bonne humeur et ton humour (j'espère que tu me pardonneras pour le plaquage à la plage…), merci à Fred et Hélène. Thank you to the ERC office for allowing me to have the daily dose of laughter I needed and the endless gossip, for changing my mind through eventful wednesday evenings, and for teaching me that it was pointless to say « never again » during complicated mornings. Morgane, Nathan, Ivo, Juan, Flávia, Magalie, Esti, you know what I mean ! Besides the fact that you all have created a pleasant atmosphere in the personal aspect of my thesis preparation, thank you all for your contribution to my work through your constructive feedback or collaboration in the development of various tools that have served me during these years. Lastly, I can never thank enough those who shared my office and allowed me to go to the lab with a smile every morning. Joana, it has been a pleasure to join this office with your presence, even if it was for a short period. Thank you for your good mood, valuable advice, and unwavering optimism. I hope to see you soon in Coimbra! Mar, MdM, Señorita, Maria del Mess, madame Cononut…. It has been a massive honor to be in the daily presence of such an international talent. I especially appreciated our luxury debates (coconuts are a fruit) and the fact that you always supported me, especially when the eppendorf tubes' wind prevented me from working with my beads. You radiate positivity and determination, even when the cacti were not enough to absorb the negative Titre : Etude moléculaire des autoanticorps anti-récepteur NMDA Résumé : Le récepteur N-méthyl-D-aspartate (RNMDA) joue un rôle crucial dans la plasticité synaptique et la mémoire. Il est impliqué dans divers troubles neurologiques et psychiatriques lorsqu'il est dérégulé. En 2007, la découverte d'autoanticorps ciblant le RNMDA (Ac-RNMDA) dans l'encéphalite RNMDA a ouvert des perspectives précieuses sur le rôle direct de la dysfonction du RNMDA dans les troubles cérébraux. Dans cette maladie, les Ac-RNMDA induisent une perte massive de RNMDA à la surface des neurones, entraînant une hypofonction des RNMDA. Cette hypofonction se manifeste par un éventail de symptômes graves, comprenant des troubles du comportement, des altérations de la conscience, des mouvements anormaux et des convulsions. Cela démontre comment des symptômes neuropsychiatriques complexes peuvent provenir d'une altération de la signalisation du RNMDA. Bien que l'étude des Ac-RNMDA en soit encore à ses débuts, un modèle a émergé pour décrire le mécanisme d'action des Ac-RNMDA. Ce modèle met les RNMDA synaptiques comme cibles principales. Dans la synapse, les Ac-RNMDA perturbent l'interaction entre les RNMDA et les récepteurs EphB2 (REphB2), provoquant la translocation des RNMDA synaptiques vers la région extrasynaptique par diffusion latérale. Par la suite, ces RNMDA nouvellement positionnés dans la région extrasynaptique se font crosslinkés par les Ac-RNMDA et sont internalisés. Cependant, cette perspective n'est pas entièrement cohérente avec les données expérimentales existantes sur le trafic membranaire des récepteurs et ne fournit pas d'aperçu sur l'effet aigu et rapide des Ac-RNMDA. Ainsi, en utilisant une combinaison d'imagerie en live, de suivi de particules uniques et de microscopie de super-résolution, nous avons étudié l'impact moléculaire des Ac-RNMDA sur les RNMDA synaptiques et extrasynaptiques, leurs intéractomes et le surfaceome. Nous avons constaté que les Ac-RNMDA modifiaient de manière aiguë le trafic de surface des RNMDA extrasynaptiques sans effet sur le trafic de surface des RNMDA synaptiques. Nous avons montré que l'intéractome des RNMDA et le surfaceome extrasynaptiques étaient désorganisés après une exposition aiguë aux Ac-RNMDA, tandis qu'aucune altération n'a été observée dans l'intéractome synaptique. De plus, les Ac-RNMDA ne parviennent pas à déclencher l'internalisation médiée par la clathrine des RNMDA, contrairement à un anticorps crosslinker . Enfin, nos résultats démontrent que l'interaction entre les RNMDA et les REphB2 n'est pas nécessaire à la pathogénicité des Ac-RNMDA, tandis que le ciblage sélectif des RNMDA extrasynaptiques par les Ac-RNMDA est suffisant pour induire une hypofonction synaptique du RNMDA. Ensemble, ces résultats indiquent que les Ac-RNMDA n'agissent pas en tant que crosslinkers, mais plutôt en tant que désorganisateurs de la membrane extrasynaptique. Nous proposons ainsi un nouveau mécanisme d'action qui ne se concentre pas sur les récepteurs synaptiques, mais plutôt sur le compartiment extrasynaptique. Parallèlement, nous avons développé un modèle de tranches organotypiques de cerveau humain qui ont été caractérisées structurellement à l'aide de la microscopie électronique et d'immunohistochimie afin de tester l'effet des Ac-RNMDA dans le cortex humain. L'utilisation de ce tissu cérébral humain sera, à l'avenir, d'un intérêt significatif pour révéler plus en profondeur le large spectre d'action des Ac-RNMDA. Dans l'ensemble, le travail de ma thèse offre un nouvel aperçu, inattendu, du mécanisme d'action des Ac-RNMDA provenant de patients atteints d'encéphalite, ouvrant de nouvelles perspectives pour corriger les déficits de la signalisation des RNMDA.
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Résumé long

Le récepteur N-méthyl-D-aspartate (RNMDA) est un récepteur de neurotransmetteurs situé à la surface des cellules du cerveau, les neurones. Il joue un rôle clé dans la transmission de signaux entre les neurones en réponse à son neurotransmetteur, le glutamate. Ce récepteur est unique car il nécessite à la fois la liaison du glutamate, de ses co-agonistes, et une dépolarisation significative de la membrane neuronale pour être activé. Son activation permet le passage d'ions, notamment le calcium, le sodium et le potassium, ce qui est essentiel pour les processus de plasticité synaptique liés à l'apprentissage et à la mémoire. Les RNMDA diffusent latéralement le long de la membrane plasmique dans un processus finement régulé qui assure la localisation correcte des récepteurs dans l'élément postsynaptique ou dans le compartiment extrasynaptique. Ce processus est essentiel pour la régulation de la signalisation glutamatergique, de la plasticité synaptique et de la fonction neuronale correcte. Les dysfonctionnements des RNMDA sont associés à divers troubles neurologiques et psychiatriques, notamment la maladie d'Alzheimer, la schizophrénie, l'épilepsie et les troubles du spectre de l'autisme. En 2007, la découverte d'autoanticorps dirigés contre les RNMDA (Ac-RNMDA) dans le contexte de l'encéphalite RNMDA a renforcé l'idée d'une implication directe de ce récepteur dans les troubles cérébraux humains. L'encéphalite RNMDA est une maladie auto-immune rare du système nerveux central. Les autoanticorps se lient aux RNMDA dans les structures limbiques du cerveau, provoquant une hypofonction des RNMDA et entraînant des symptômes graves, notamment des troubles du comportement, des altérations de la conscience, des mouvements anormaux et des convulsions. Bien que plusieurs équipes de recherche ont travaillé sur les mécanismes d'action des Ac-RNMDA, la recherche sur ce type de psychose auto-immune en est encore à ses débuts. Cependant, un modèle a émergé ces dernières années, se concentrant principalement sur l'action des Ac-RNMDA sur les RNMDA synaptiques. Les Ac-RNMDA attaqueraient d'abord les RNMDA synaptiques, perturbant l'interaction des RNMDA avec le récepteur EphB2 (REphB2), une protéine d'ancrage synaptique. La perturbation de l'interaction RNMDA-REphB2 augmenterait le trafic de surface des RNMDA synaptiques, les déplaçant de la synapse vers le compartiment extrasynaptique. Dans la région extrasynaptique, les Ac-RNMDA induiraient l'internalisation des RNMDA via un crosslinking associé à une diminution du trafic membranaire des RNMDA extrasynaptiques. Ces mécanismes aboutiraient finalement à une diminution des RNMDA à la surface des neurones, en particulier au niveau du synapse, entraînant une hypofonction massive des RNMDA. Cependant, cette vue n'est pas entièrement cohérente avec les données expérimentales existantes sur le trafic membranaire des RNMDA. En fonction de la composition des sous-unités des RNMDA, l'exposition aux Ac-RNMDA provoque à la fois une augmentation et une diminution du trafic de surface des RNMDA extrasynaptiques, brouillant la notion de crosslinking. De plus, ce modèle ne fournit pas d'informations sur les effets aigus et rapides des Ac-RNMDA. Enfin, il a été démontré que les effets délétaires des Ac-RNMDA se propagent à d'autres protéines membranaires. Ainsi, nous proposons d'étudier l'impact moléculaire à court et à long terme des Ac-RNMDA sur les RNMDA synaptiques et extrasynaptiques, leur interactome et leur surfaceome. Pour ce faire, nous avons utilisé un anticorps monoclonal anti-RNMDA avec une forte affinité pour les RNMDA provenant d'un patient atteint d'encéphalite aiguë, ainsi qu'un anticorps contrôle qui ne cible aucun tissu. Des cultures de neurones hippocampiques de rat ont été exposées aux anticorps contrôles ou aux Ac-RNMDA et une combinaison d'imagerie en direct, de suivi de molécules uniques et de microscopie de localisation de molécules uniques a été utilisée. Tout d'abord, nous avons étudié si les RNMDA synaptiques ou extrasynaptiques sont affectés en premier lieu par les Ac-RNMDA. Les impacts des Ac-RNMDA sur les RNMDA synaptiques ont été observés pendant 30 min en imagerie directe en utilisant des neurones transfectés avec GluN2A-SEP, principalement exprimés dans la synapse. La fluorescence des GluN2A synaptiques n'a pas montré de changement d'intensité, indiquant que les RNMDA synaptiques ne sont pas affectés suite à une brève exposition aux Ac-RNMDA. Pour approfondir, nous avons étudié le trafic de surface des RNMDA synaptiques et extrasynaptiques après une brève exposition aux Ac-RNMDA en utilisant la microscopie à localisation de particules individuelles photoactivée (sptPALM). À cet effet, les neurones ont été transfectés avec la sous-unité ogligatoire du RNMDA, GluN1, marquée avec la protéine photoconvertible mEos. Les récepteurs synaptiques et extrasynaptiques ont été distingués par cotransfection avec un marqueur synaptique couplé à une protéine fluorescente, Homer-GFP. Les neurones exprimant ces deux protéines recombinantes ont été incubés pendant 30 minutes avec les Ac-RNMDA ou contrôles. De manière intéressante, nous avons montré que seule la diffusion latérale des RNMDA extrasynaptiques était affectée, ce qui démontre un impact primaire des Ac-RNMDA sur cette population de récepteurs. Des études antérieures ont proposé que la perturbation de l'interaction RNMDA-REphB2 synaptique était essentielle pour la pathogénicité des Ac-RNMDA et constituerait le locus d'action principal des Ac-RNMDA. Nos données ci-dessus montrent plutôt un premier locus extrasynaptique, nous avons donc réexaminé cette affirmation en utilisant trois stratégies complémentaires. L'interaction RNMDA-REphB2 a été 1) perturbée par un anticorps dirigé contre la partie extracellulaire du REphB2 (Ac-REphB2), 2) renforcée ou affaiblie en utilisant l'expression de mutants REphB2 et 3) réduite en utilisant des shARN pour diminuer l'expression de surface du REphB2. En utilisant l'imagerie en direct sur des neurones transfectés avec GluN1-SEP et Homer-dsRed, nous avons confirmé que l'exposition de 24h aux Ac-RNMDA réduisait la taille et la densité des clusters de RNMDA synaptiques de 50 %. De manière intéressante, les modifications de l'interaction REphB2-RNMDA ont altéré la dynamique de surface des RNMDA et la taille des clusters du RNMDA, indépendamment des effets causés par les Ac-RNMDA. Ces résultats ont montré que le REphB2 n'est pas nécessaire pour l'effet pathologique des Ac-RNMDA. Le REphB2 n'est qu'un acteur parmi de nombreuses protéines présentes dans l'interactome des RNMDA. La question de savoir si les Ac-RNMDA médient leur effet par le biais d'une interaction RNMDA-protéine altérée demeure donc une question ouverte. Étant donné que des dizaines de protéines membranaires ont été montrées comme interagissant avec les RNMDA, nous avons cherché à marquer l'interactome de surface des RNMDA à l'échelle nanométrique et à tester s'il était impacté par les Ac-RNMDA. Pour relever ce défi, nous avons généré une construction constituée de GluN1 couplé à l'enzyme HRP (GluN1-HRP), qui biotinyle l'interactome protéique de surface des RNMDA (SPIN) en présence d'un dérivé de biotine non perméable. Pour caractériser l'organisation nanoscopique du SPIN dans les compartiments synaptiques et extrasynaptiques, les neurones ont également été transfectés avec Homer-GFP et l'imagerie dSTORM a été réalisée. Nous avons montré qu'une brève incubation (30 min) avec les Ac-RNMDA entraînait une augmentation de la taille des clsuters du SPIN uniquement dans le compartiment extrasynaptique, avec une densité protéique plus faible. Une incubation prolongée (24 h) avec les Ac-RNMDA induisait la désorganisation des clusters SPIN extrasynaptiques et affectait également le SPIN synaptique. Ces résultats soutiennent l'idée d'une attaque primaire des Ac-RNMDA sur les RNMDA extrasynaptiques et les partenaires associés, qui se propage jusqu'à la synapse sur une période prolongée. Le fait que la désorganisation de la membrane des RNMDA se propage du compartiment extrasynaptique au pool synaptique ouvre la possibilité que de nombreuses autres protéines membranaires puissent être affectées. Ainsi, nous avons marqué toutes les protéines membranaires (le surfaceome) des neurones à l'aide d'un réactif en direct qui ajoute un fluorophore à toutes les protéines de surface. En utilisant l'imagerie dSTORM, nous avons exploré les effets des Ac-RNMDA sur la nano-organisation de ce surfaceome dans la synapse et dans la région extrasynaptique. 

INTRODUCTION 2

The glutamatergic synapse and its extrasynaptic environment A bit of history. The human curiosity about the brain and its inner workings dates back to ancient times.

In ancient civilizations, the brain was often regarded as a mysterious and sacred organ and was misunderstood for thousands of years. The Egyptians, for example, performed mummification by discarding the brain during the process, believing the heart was the centre of intelligence and emotions. In ancient Greece, the philosopher Aristotle believed that the heart was the central organ responsible for intelligence and cognition, while the brain served only to cool and refresh the blood [START_REF] Clarke | Aristotle on the Anatomy of the Brain[END_REF]. Hippocrates, for his part, began to associate the brain with the control of various bodily emotions. He considered it as the seat of intelligence and consciousness, attributing the mind and mental processes to the brain. He also recognized the brain's role in controlling voluntary movements and sensation but his understanding of the brain was limited by the medical knowledge available during his time [START_REF] Breitenfeld | Hippocrates: the forefather of neurology[END_REF]. It was only during the Renaissance and the birth of modern anatomy that advancements in dissection techniques has led anatomists to make important contribution to brain anatomy including Leornardo de Vinci [START_REF] Pevsner | Leonardo da Vinci's studies of the brain[END_REF] and Andres Vesalius with his work "De Humani Corporis Fabrica"(Alcocer-Maldonado, 2015). In the late 19th century, Camillo Golgi developed the silver staining that allowed Santiago Ramón y Cajal to propose the neuron doctrine, revolutionizing our understanding of the brain's basic structure. He demonstrated that the nervous system consists of individual cells called neurons, which communicate through synapses [START_REF] Bentivoglio | Ramón y Cajal[END_REF]Ramon y Cajal, 1888). Chemical synapses are the most common types in the nervous system. At these synapses, signal transmission takes place through release of molecules, called neurotransmitters. The glutamatergic synapse is the main excitatory synapse of the mammalian central nervous system (CNS) and uses glutamate, the primary excitatory neurotransmitter in the brain. These synapses are composed of a pre-synaptic element where neurotransmitter-filled vesicles fuse with the presynaptic membrane, releasing neurotransmitters into the synaptic space. These neurotransmitters then cross the synaptic cleft to bind to specific receptors on the postsynaptic membrane, triggering an action potential in the receptor neuron. The postsynaptic membrane contains a postsynaptic density (PSD) which is protein enriched structure with scaffold proteins, adhesion molecules, actin cytoskeleton and numerous glutamate receptors that are commonly categorized into two main groups [START_REF] Feng | Organization and dynamics of PDZ-domain-related supramodules in the postsynaptic density[END_REF]. The first group is composed of ionotropic glutamate receptors (iGluR) which are membrane proteins that allow ions to flow through their ion channels directly after activation. They are responsible for the rapid, fast synaptic transmission at glutamatergic synapses. There are three main types of iGluR : α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptor (AMPAR), N-methyl-D-aspartate receptor (NMDAR) and Kainate receptor [START_REF] Hansen | Structure, Function, and Pharmacology of Glutamate Receptor Ion Channels[END_REF]. The second group is composed of metabotropic glutamate receptors (mGluR) that are G-protein-coupled receptors that modulate cellular processes through intracellular signaling pathways. They have a slower and more complex signaling mechanism compared to ionotropic receptors [START_REF] Niswender | Metabotropic Glutamate Receptors: Physiology, Pharmacology, and Disease[END_REF]. The arrangement of these membrane and scaffold proteins form a dense web-like protein network. Often overlooked, the extrasynaptic space is a vast region encompassing the space surrounding the synaptic cleft but outside the immediate area of the synapse. This compartment includes the extracellular matrix (ECM) which is a complex network of proteins and carbohydrates that surrounds and supports cells [START_REF] Vargová | Extracellular space diffusion and extrasynaptic transmission[END_REF]. Numerous receptors and others proteins are also present on the membrane of the extrasynaptic compartment, including the NMDAR [START_REF] Papouin | Organization, control and function of extrasynaptic NMDA receptors[END_REF]. The protein abundance of the extrasynaptic cell [START_REF] Monaghan | Pharmacology of NMDA Receptors[END_REF][START_REF] Watkins | Pharmacology of excitatory amino acid transmitters[END_REF].

NMDAR are a pivotal type of glutamate receptor in the central nervous system, playing crucial roles in synaptic transmission, plasticity, and learning. They are composed of multiple subunits that contribute to their functional diversity. NMDAR are not static at the plasma membrane since they laterally diffuse in and out of the synapse with key modulators of their dynamics such as their multiple binding partners.

A. Composition, structure and expression of NMDAR 1. Subunit composition of the heterotetramer NMDAR are composed of four subunits, each of which is encoded by a specific gene. The main subunits of the NMDAR are typically referred to as GluN1, GluN2 (GluN2A, GluN2B, Glu2C, GluN2D), and GluN3 (GluN3A and GluN3B) [START_REF] Hansen | Structure, function, and allosteric modulation of NMDA receptors[END_REF]. These subunits combine to form functional NMDA receptors with distinct properties. The GluN1 subunit is encoded by the GRIN1 gene with eight splice variants [START_REF] Ishchenko | Regulation of the NMDA receptor by its cytoplasmic domains: (how) is the tail wagging the dog?[END_REF]. This alternative splicing is due to alternative inclusion of exon 5 in the et al., 1992;[START_REF] Zukin | Alternatively spliced isoforms of the NMDARI receptor subunit[END_REF]. The GluN2 subunits (A-D) are encoded by the genes GRIN2A, GRIN2B, GRIN2C, and GRIN2D, respectively. Human GluN2A subunit is expressed as two alternative splice isoforms (GluN2A-Full and GluN2A-Short), with GluN2A-Short having a shorter CTD of 443 aa as compared to 626 aa in GluN2A-Full [START_REF] Warming | A primate-specific short GluN2A-NMDA receptor isoform is expressed in the human brain[END_REF]. Less common, the GluN3 subunits are encoded by the genes GRIN3A and GRIN3B. In rodent, GluN3A and GluN3B subunits are alternatively spliced with two splices variants for GluN3A (GluN3A-Long and GluN3A-Short, only the short is present in humans) and with five splices variants for GluN3B [START_REF] Domingues | Identification of four functional NR3B isoforms in developing white matter reveals unexpected diversity among glutamate receptors[END_REF][START_REF] Sasaki | Characterization and comparison of the NR3A subunit of the NMDA receptor in recombinant systems and primary cortical neurons[END_REF][START_REF] Sun | Identification of a long variant of mRNA encoding the NR3 subunit of the NMDA receptor: its regional distribution and developmental expression in the rat brain[END_REF]. Across the CNS, if one considers combinations of all of the four GluN2 subunits with the different GluN1 isoforms, there may be as many as 300 unique NMDAR (without counting the GluN3 subunits) exhibiting a continuum of properties [START_REF] Hanson | Therapeutic potential of N-methyl-D-aspartate receptor modulators in psychiatry[END_REF]. NMDAR are typically composed of two GluN1 obligatory subunits and two GluN2 or GluN2A subunits. The two GluN2 subunits can be the same or different, resulting in what are known as diheteromeric and triheteromeric receptors, respectively (M et al., 1994). Di-heteromeric NMDAR (GluN1/2A, GluN1/2B, GluN1/2C and GluN1/2D receptors) have been extensively described with heterologous expression systems and drugs with affinities for specific subunits such as ifenprodil for GluN2B subunit and zinc for GluN2A subunit [START_REF] Glasgow | Molecular bases of NMDA receptor subtype-dependent properties[END_REF][START_REF] Paoletti | High-affinity zinc inhibition of NMDA NR1-NR2A receptors[END_REF][START_REF] Williams | Ifenprodil discriminates subtypes of the N-methyl-D-aspartate receptor: selectivity and mechanisms at recombinant heteromeric receptors[END_REF]. GluN1/GluN2A and GluN1/GluN2B receptors represent a large proportion of NMDAR in juvenile and adult brains (Paoletti et al., 2013). In 2002, Chatterton and al. co-expressed GluN1/GluN3A and GluN1/GluN3B receptors in Xenopus laevis oocytes and characterized them, showing the first evidence that GluN3 subunits behave as excitatory glycine-gated receptors when assembled with GluN1 [START_REF] Chatterton | Excitatory glycine receptors containing the NR3 family of NMDA receptor subunits[END_REF]. Studies about triheteromers were more challenging for a long time because of the difficulty to isolate them from coexpressed diheteromers. Proof of their existence arise from biochemical co-immunoprecipitation studies that have described the presence of GluN1/GluN2A/GluN2B complex in vivo using a GluN2A antibody to precipitate GluN2B subunit and vice versa in the rodent forebrain and cerebellum [START_REF] Didier | Differential expression and co-assembly of NMDA zeta 1 and epsilon subunits in the mouse cerebellum during postnatal development[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]. Immunoprecipitation of solubilized receptors revealed that GluN1, GluN2C and GluN2D subunits co precipitated with GluN2A subunit, indicating the existence GluN1/GluN2A/GluN2C and GluN1/GluN2A/GluN2D complexes in the human spinal cord [START_REF] Sundström | Analysis of NMDA receptors in the human spinal cord[END_REF]. Using the same strategy, GluN1/GluN2B/GluN2D complexes were identified in the rat thalamus and midbrain [START_REF] Dunah | Subunit composition of N-methyl-Daspartate receptors in the central nervous system that contain the NR2D subunit[END_REF]. In 2005, Hatton et al. successfully isolated GluN1/GluN2A/GluN2B and GluN1/GluN2A/GluN2C triheteromers in heterologous systems using combined mutagenesis and pharmacology with the subunit-specific inhibitors zinc and ifenprodil [START_REF] Hatton | Modulation of triheteromeric NMDA receptors by N-terminal domain ligands[END_REF]. Nevertheless, the approach had clear limitations due to the introduced mutations in the receptor. A different approach exploiting the dual retention system of GABA-B receptors to selectively express a homogeneous population of triheteromers at the cell surface (while almost all diheteromers being held intracellularly) enabled comprehensive evaluation of their functional properties [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]. Other subunits combinations have been characterized such as GluN1/GluN2/GluN3 triheteromers that were co-expressed in patches from

Xenopus laevis oocytes and HEK293 to allow their study at the single-channel level [START_REF] Das | Increased NMDA current and spine density in mice lacking the NMDA receptor subunit NR3A[END_REF][START_REF] Perez-Otano | Assembly with the NR1 subunit is required for surface expression of NR3Acontaining NMDA receptors[END_REF][START_REF] Sasaki | Characterization and comparison of the NR3A subunit of the NMDA receptor in recombinant systems and primary cortical neurons[END_REF]. Triheteromers abundance compared to diheteromers remains controversial with studies ranging the fraction of GluN2A and GluN2B into triheteromers from <10% to above 50% of the total NMDAR population [START_REF] Blahos | Relationship between N-methyl-D-aspartate receptor NR1 splice variants and NR2 subunits[END_REF][START_REF] Chazot | Molecular dissection of native mammalian forebrain NMDA receptors containing the NR1 C2 exon: direct demonstration of NMDA receptors comprising NR1, NR2A, and NR2B subunits within the same complex[END_REF][START_REF] Dunah | Subcellular segregation of distinct heteromeric NMDA glutamate receptors in the striatum[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]. 

Structural domains of NMDAR

The structure of the NMDA receptor is characterized by four important domains [START_REF] Dingledine | The glutamate receptor ion channels[END_REF][START_REF] Paoletti | NMDA receptor subunits: function and pharmacology[END_REF]Traynelis et al., 2010). Located at the extracellular region, the Nterminal domain (NTD) and the ligand binding domain (LBD) are typically composed of two globular clamshell-like structure. The NTD domain is involved in subunit assembly in the endoplasmic reticulum and harbors binding sites for several allosteric modulators, including extracellular zinc and polyamines, as well as GluN2B subunit-selective antagonists (i.e ifenprofil) [START_REF] Hansen | NMDA receptors in the central nervous system[END_REF]. The NTD also participates in interactions with other proteins which can influence the receptor's localization, trafficking, and downstream signaling pathways. Connected by a linker to the NTD, the ligand-binding domain (LBD) of the NMDAR, often referred to as the "agonist-binding domain" (ABD), is composed by two discontinuous segments (S1 and S2). This domain contains the binding site for glutamate on GluN2 subunit and the binding site for co-agonists glycine and D-serine on GluN1 and GluN3 subunits [START_REF] Furukawa | Subunit arrangement and function in NMDA receptors[END_REF]. The transmembrane domain of the NMDAR (TMD) refers to the region of the receptor protein that spans the neuronal cell membrane. The TMD is characterized by the arrangement of three hydrophobic helices (M1, M2 and M4) and a re-entering loop (M2) responsible for forming the ion channel pore through which selective ions (Ca 2+ , Na + , and K + ) can flow in response to receptor activation. The TMD is also responsible for Mg 2+ blockade at resting potential, which is one of the distinctive features of the NMDAR. The C-terminal domain (CTD) of the NMDAR refers to the carboxyterminal region of the receptor protein. This region is located on the intracellular side of the neuronal cell membrane and is involved in channel properties, trafficking and downstream signalling output from the receptor. These functions are regulated by alternative splicing, protein-protein interactions, and post-translational modifications such as phosphorylation and palmitoylation. The size and role of the CTD is variable according to the subunit composition with GluN2 having long and complex CTD compared to others subunits, producing pronounced differences in interaction sites for phosphatases, kinases, and proteins responsible for anchoring at synaptic sites and surface trafficking [START_REF] Hansen | Structure, function, and allosteric modulation of NMDA receptors[END_REF][START_REF] Warnet | The Cterminal domains of the NMDA receptor: How intrinsically disordered tails affect signalling, plasticity and disease[END_REF]. In 2014, crystallographic studies have revealed the crystal structure of the intact heterotetrameric GluN1/GluN2B NMDAR that firmly established the subunit arrangement and domain organization [START_REF] Karakas | Crystal structure of a heterotetrameric NMDA receptor ion channel[END_REF][START_REF] Lee | NMDA receptor structures reveal subunit arrangement and pore architecture[END_REF]. These structures show that subunits in GluN1/GluN2B receptors are arranged in an alternating pattern (i.e. 1-2-1-2). While these structural studies unveiled that the NMDAR structure shares many characteristics of AMPAR and kainate receptors, they have also revealed unique characteristics of the NMDAR. For example, the arrangement of the NTD and LBD within NMDA receptors is significantly denser compared to non-NMDAR, creating a protein-protein interface at which modulators can bind. This extensive contact between the NTD and the LBD potentially clarifies why the NTD plays a role in regulating ion channel functions specifically in NMDAR, unlike others glutamate receptors [START_REF] Khatri | Structural determinants and mechanism of action of a GluN2C-selective NMDA receptor positive allosteric modulator[END_REF]. It was already known that LBD dimer interface allows the coupling between the NTD and the channel gate, promoting proton inhibition, a form of allosteric modulation [START_REF] Gielen | Structural rearrangements of NR1/NR2A NMDA receptors during allosteric inhibition[END_REF]. GluN1 NTD was also described with a dynamic role in allosteric communication between distal NTD and the gating region with GluN1 and GluN2 NTD acting together to set gating and pharmacological properties. In addition, GluN1 NTD was shown to be flexible with massive conformational changes which is necessary for proper NMDAR function [START_REF] Zhu | Allosteric signaling and dynamics of the clamshell-like NMDA receptor GluN1 N-terminal domain[END_REF]. Thus, the crystal structures of the intact NMDAR will provide new information about allosteric interactions between subunits and allosteric modulation by smallmolecule ligands. 

Diversity in expression of NMDAR

The expression pattern NMDAR in the CNS is not uniform and varies across different brain regions, cell types and developmental stages [START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF]. GluN1 subunit is ubiquitously expressed in the brain with isoform-specific regional and developmental expression and a particular concentration in the forebrain and cerebellum. GluN1 subunit is expressed during early brain development and its expression pattern is mostly fixed throughout life. On the contrary, expression of GluN2 and GluN3 subunits undergoes a developmental switch, with a drastic change two weeks following birth [START_REF] La | Changing subunit composition of heteromeric NMDA receptors during development of rat cortex[END_REF][START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF][START_REF] Watanabe | Developmental changes in distribution of NMDA receptor channel subunit mRNAs[END_REF]. Only GluN2B and GluN2D subunits are expressed in embryonic rodent CNS, with GluN2B subunit widely expressed while GluN2D subunit is only expressed in the diencephalon and brainstem. The expression of GluN2A and GluN2B subunits increases after birth with a peak at postnatal day (P) 7-10 for GluN2B subunit. In the adult brain, GluN2B subunit expression becomes restricted to forebrain area (cortex, hippocampus, striatum, olfactory bulb) while

GluN2A subunit in more widely expressed. GluN2C subunit expression in mainly contain in the cerebellum and the olfactory bulb and appears late in the development (P7). GluN2D subunit expression is high during the first postnatal weeks especially in the diencephalon, brainstem (e.g., substantia nigra), cerebellum (deep cerebellar nuclei and Purkinje and Golgi cells) and spinal cord with a very low level in adulthood [START_REF] Engelhardt | GluN2Dcontaining NMDA receptors-mediate synaptic currents in hippocampal interneurons and pyramidal cells in juvenile mice[END_REF][START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF]. GluN3A subunit expression is low in embryonic CNS, increases after birth with a peak at P8 before decreasing in adulthood. During the peak of expression, high GluN3A levels are found in many brain regions including the cortex, hippocampus, thalamus, amygdala, hypothalamus, olfactory nuclei and others [START_REF] Crawley | GluN3A NMDA receptor subunits: more enigmatic than ever?[END_REF][START_REF] Henson | Influence of the NR3A subunit on NMDA receptor functions[END_REF][START_REF] Pérez-Otaño | Emerging roles of GluN3-containing NMDA receptors in the CNS[END_REF]. GluN3B subunit expression is restricted to the brainstem in embryonic CNS and increase through development with a maximum of expression in adulthood within the neocortex, hippocampus, striatum, cerebellum, brainstem, and spinal cord [START_REF] Henson | Influence of the NR3A subunit on NMDA receptor functions[END_REF][START_REF] Low | New insights into the not-so-new NR3 subunits of N-methyl-Daspartate receptor: localization, structure, and function[END_REF]. GluN2 and GluN3 subunits are differently expressed according to the cell type. For example, in the hippocampus, pyramidal cells express more GluN2A and GluN2B subunits while interneurons express abundantly GluN2C and GluN2D subunits [START_REF] Engelhardt | GluN2Dcontaining NMDA receptors-mediate synaptic currents in hippocampal interneurons and pyramidal cells in juvenile mice[END_REF]Paoletti et al., 2013;[START_REF] Riebe | Tonically active NMDA receptors--a signalling mechanism critical for interneuronal excitability in the CA1 stratum radiatum[END_REF]. GluN2C subunit is mainly expressed in the granule cells of the cerebellum and GluN3B subunit is present at the surface of motor neurons in the adult brain [START_REF] Bhattacharya | Triheteromeric GluN1/GluN2A/GluN2C NMDARs with Unique Single-Channel Properties Are the Dominant Receptor Population in Cerebellar Granule Cells[END_REF][START_REF] Chatterton | Excitatory glycine receptors containing the NR3 family of NMDA receptor subunits[END_REF]. GluN3A and GluN3B subunits are expressed by multiple neuronal cell types, including interneurons, pyramidal cells, motor neurons, trigeminal neurons, retinal ganglion and amacrine cells [START_REF] Henson | Influence of the NR3A subunit on NMDA receptor functions[END_REF]. NMDAR are not present only in neurons, but also in glial cells. In oligodendrocytes, NMDAR are involved in survival and myelination with myelin NMDAR having an unusual subunit composition enriched in GluN2C and GluN3A subunits [START_REF] Burzomato | The receptor subunits generating NMDA receptor mediated currents in oligodendrocytes[END_REF][START_REF] Li | A functional role of NMDA receptor in regulating the differentiation of oligodendrocyte precursor cells and remyelination[END_REF][START_REF] Salter | NMDA receptors are expressed in developing oligodendrocyte processes and mediate injury[END_REF]. Functional NMDAR are also present in astrocytes but their role in astrocytic calcium signalling is still unclear [START_REF] Gomez-Godinez | A single cell death is disruptive to spontaneous Ca2+ activity in astrocytes[END_REF][START_REF] Lalo | NMDA Receptors Mediate Neuron-to-Glia Signaling in Mouse Cortical Astrocytes[END_REF]. In vitro, NMDAR have been found in microglia with a role in pro-inflammatory response and neuronal cell death in chronic inflammation, but their involvement in vivo is still unclear [START_REF] Kaindl | Activation of microglial N-methyl-D-aspartate receptors triggers inflammation and neuronal cell death in the developing and mature brain[END_REF][START_REF] Raghunatha | Microglial NMDA receptors drive pro-inflammatory responses via PARP-1/TRMP2 signaling[END_REF]. Finally, NMDAR are also expressed, to a lesser extent, in part of the body other than the brain: blood, kidney, pancreas, testis, bone, skin…and others. The functional role and location of non-neuronal NMDAR are reviewed in [START_REF] Hogan-Cann | Physiological Roles of Non-Neuronal NMDA Receptors[END_REF]. To note, NMDAR signalling is also involved in several types of cancer where they promote tumour invasion and cancer cell proliferation [START_REF] Gallo | NMDA Receptor and Its Emerging Role in Cancer[END_REF]. (A) X-ray film autoradiography illustrating distribution of transcripts encoding the NMDA receptor subunits GluN1, GluN2A, GluN2B, GluN2C, and GluN2D in sagittal sections of E17 and E19 rat embryos. Abbreviations: cb, cerebellum; cx, cortex; co, colliculi; hi, hippocampus; hy, hypothalamus; sc, spinal cord; st, striatum; t, thalamus. Scale bar = 2 mm (adapted from [START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF]. (B) Negative film images of in situ hybridization in parasagittal sections through the brains postnatal and adult rats, showing the distributions of mRNAs for the five NMDAR receptor subunits. Typically, specific signals of mRNAs for GluN1, GluN2A, and GluN2C increase during development, whereas those of mRNAs for GluN2B and GluN2D decrease after postnatal day 14. Scale bar = 10 mm (adapted from Akazawa et al., 1994).

B. Functional properties of NMDAR

Requirement for NMDAR activation

Upon activation, NMDAR plays its ionotropic role and selectively allows the influx of Ca 2+ (high permeability), Na + (lower than Ca 2+ permeability) and efflux of K + ions. NMDAR activation is possible when three unique conditions are reunited. The first one corresponds to the binding of glutamate on the LBD of the GluN2 subunit. The second condition is the binding of co-agonists D-serine or glycine on the GluN1 subunit concomitantly with glutamate, with an exception for GluN1/GluN3 receptors that only need glycine for their activation (Traynelis et al., 2010). The third condition is the removal of
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Mg 2+ that blocks the channel pore at resting membrane potential [START_REF] Mayer | Voltage-dependent block by Mg2+ of NMDA responses in spinal cord neurones[END_REF][START_REF] Nowak | Magnesium gates glutamateactivated channels in mouse central neurones[END_REF]. This removal is voltage dependent and can be achieved by other receptors such as AMPAR that allow Na + to flow into the cell, leading to a depolarization in the membrane potential. As a result of this triple input requirement for NMDAR activation, NMDAR act as a Hebbian-like coincidence detector : efficient activation and ion permeation through the NMDAR requires both a sufficiently strong depolarization, synaptic release of glutamate and binding of co-agonists [START_REF] Hebb | The organization of behavior; a neuropsychological theory, The organization of behavior; a neuropsychological theory[END_REF][START_REF] Seeburg | The NMDA receptor channel: molecular design of a coincidence detector[END_REF]. Sequentially, the first step of activation of NMDAR is the binding of glutamate and D-serine or glycine together on the central cleft of the four subunits LBD (the four binding sites need to be occupied). LBD top lobes are attached together on the top, so the central cleft closure following agonist binding is leading to a separation of LBD bottom lobes. This separation create tension on the linkers between LBD and TMD resulting in the reorientation of the TMD helices, promoting ion pore opening [START_REF] Paoletti | Molecular basis of NMDA receptor functional diversity[END_REF]. The separation of LBD bottom lobes is thought to be the main force driving the opening of the channel, while both the NTD and the CTD are not necessary for its opening [START_REF] Rachline | The Micromolar Zinc-Binding Domain on the NMDA Receptor Subunit NR2B[END_REF][START_REF] Vissel | A use-dependent tyrosine dephosphorylation of NMDA receptors is independent of ion flux[END_REF]. Recently, it has been described that NMDAR activity is mediated by two gates in a subunit dependent manner that directly control the ions flux through the channel : a primary gate at the M3 helix bundle crossing that controls entry and exit predominantly from long-lived closed states regulated by GluN2 M4 helix and a secondary gate at the M2 pore loop that may regulate mainly short-lived closed states, strongly controlled by the GluN1 M4 helix [START_REF] Amin | Two gates mediate NMDA receptor activity and are under subunit-specific regulation[END_REF].

Functional and biophysical properties are controlled by subunits composition

Several unique properties distinguish NMDA receptors from other glutamate receptors, including voltage-dependent block by extracellular Mg 2+ , high permeability to Ca 2+ , and the requirement for binding of glutamate and glycine (or D-serine) for channel activation. To add another layer of complexity, many differences in functional and biophysical properties are also present in NMDAR and are governed by GluN2 and GluN3 subunits with diversity between diheteromers and triheteromers [START_REF] Erreger | Glutamate Receptor Gating[END_REF][START_REF] Hansen | Structure, function, and allosteric modulation of NMDA receptors[END_REF]Paoletti et al., 2013;[START_REF] Stroebel | Triheteromeric NMDA receptors: from structure to synaptic physiology[END_REF]Traynelis et al., 2010).

Gating properties

Opening and closing kinetics of NMDAR contribute to their unique role among others glutamate receptors. GluN1/GluN2A and GluN1/GluN2B have higher single-channel conductance, higher Ca 2+ permeability and are more sensitive to Mg 2+ block than GluN1/GluN2C and GluN1/GluN2D receptors.

The open probability is also higher for GluN1/GluN2A and GluN1/GluN2B (∼0.5 for recombinant GluN1/GluN2A, ∼0.1 for GluN1/GluN2B) than GluN1/GluN2C and GluN1/GluN2D receptors (<0.02 for GluN1/GluN2C and GluN1/GluN2D) [START_REF] Erreger | Glutamate Receptor Gating[END_REF][START_REF] Glasgow | Molecular bases of NMDA receptor subtype-dependent properties[END_REF][START_REF] Kuner | Multiple structural elements determine subunit specificity of Mg2+ block in NMDA receptor channels[END_REF][START_REF] Monyer | Heteromeric NMDA receptors: molecular and functional distinction of subtypes[END_REF]Paoletti et al., 2013;[START_REF] Qian | NR2 subunit-dependence of NMDA receptor channel block by external Mg2+[END_REF][START_REF] Siegler Retchless | A single GluN2 subunit residue controls NMDA receptor channel properties via intersubunit interaction[END_REF]Traynelis et al., 2010;[START_REF] Wyllie | Influence of GluN2 subunit identity on NMDA receptor function[END_REF]. The potency of glutamate is also influenced with a EC50 for glutamateactivating GluN1/GluN2D receptors more than fivefold more potent than that for GluN1/GluN2A. GluN1/GluN2B and GluN1/GluN2C receptors show intermediate EC50 values [START_REF] Chen | Differential Roles of NMDA Receptor Subtypes in Ischemic Neuronal Cell Death and Ischemic Tolerance[END_REF][START_REF] Erreger | Subunit-specific agonist activity at NR2A-, NR2B-, NR2C-, and NR2Dcontaining N-methyl-D-aspartate glutamate receptors[END_REF][START_REF] Hansen | Pharmacological Characterization of Ligands at Recombinant NMDA Receptor Subtypes by Electrophysiological Recordings and Intracellular Calcium Measurements[END_REF]. The time course of deactivation after removal of glutamate (τdecay) varies over 100-fold with the different GluN2 subunits : ∼40-50 ms for GluN1/GluN2A, ∼300-400 ms for GluN1/GluN2B and GluN1/GluN2C, and ∼4 s for GluN1/GluN2D receptors [START_REF] Monyer | Heteromeric NMDA receptors: molecular and functional distinction of subtypes[END_REF][START_REF] Vicini | Functional and pharmacological differences between recombinant N-methyl-D-aspartate receptors[END_REF][START_REF] Wyllie | Single-channel activations and concentration jumps: comparison of recombinant NR1a/NR2A and NR1a/NR2D NMDA receptors[END_REF][START_REF] Yuan | Control of NMDA receptor function by the NR2 subunit amino-terminal domain[END_REF]. NMDAR containing only GluN1/GluN3A subunits form functional glycine receptors not activated by NMDA or glutamate, insensitive to Mg 2+ and relatively Ca 2+ impermeable [START_REF] Chatterton | Excitatory glycine receptors containing the NR3 family of NMDA receptor subunits[END_REF][START_REF] Crawley | GluN3A NMDA receptor subunits: more enigmatic than ever?[END_REF][START_REF] Madry | Potentiation of Glycine-Gated NR1/NR3A NMDA Receptors Relieves Ca-Dependent Outward Rectification[END_REF][START_REF] Otsu | Control of aversion by glycine-gated GluN1/GluN3A NMDA receptors in the adult medial habenula[END_REF]. The sensitivity of GluN1/GluN2A/GluN2B triheteromers to the agonists glutamate and glycine is intermediate to that of diheteromers. However, whereas the sensitivity to glycine, conferred by the GluN1 subunits, is close to that of GluN1/GluN2B receptors, the sensitivity to glutamate, conferred by the GluN2 subunits, is closer to that of GluN1/GluN2A receptors [START_REF] Stroebel | Triheteromeric NMDA receptors: from structure to synaptic physiology[END_REF][START_REF] Stroebel | Controlling NMDA receptor subunit composition using ectopic retention signals[END_REF]. Triheteromers channel maximal open probability is intermediate between GluN1/GluN2A and GluN1/GluN2B diheteromers, although closer to that of GluN1/GluN2A diheteromers [START_REF] Stroebel | Controlling NMDA receptor subunit composition using ectopic retention signals[END_REF][START_REF] Sun | Allosteric Interactions between NMDA Receptor Subunits Shape the Developmental Shift in Channel Properties[END_REF]. GluN1/GluN2A/GluN2B triheteromers deactivate much faster than GluN1/GluN2B diheteromers and nearly as fast as GluN1/GluN2A diheteromers [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] Sun | Allosteric Interactions between NMDA Receptor Subunits Shape the Developmental Shift in Channel Properties[END_REF]. GluN1/GluN2/GluN3A triheteromeric NMDAR require glutamate and glycine as co-agonist for their activation as classical NMDAR [START_REF] Crawley | GluN3A NMDA receptor subunits: more enigmatic than ever?[END_REF]. They exhibit atypical biophysical properties such smaller single-channel conductance, 10-fold lower Ca 2+ permeability and diminished sensitivity to Mg 2+ block at hyperpolarized potentials [START_REF] Perez-Otano | Assembly with the NR1 subunit is required for surface expression of NR3Acontaining NMDA receptors[END_REF][START_REF] Roberts | Downregulation of NR3A-Containing NMDARs Is Required for Synapse Maturation and Memory Consolidation[END_REF][START_REF] Sasaki | Characterization and comparison of the NR3A subunit of the NMDA receptor in recombinant systems and primary cortical neurons[END_REF].

Pharmacology

A distinctive feature of NMDAR is their strong allosteric capacity with small ligands, either exogenous or endogenous, which act as subunit-specific allosteric modulators. Zinc (Zn 2+ ) and protons are two allosteric inhibitors of NMDAR. GluN1/GluN2C receptors are less sensitive to changes in pH (proton IC50 : pH ~6) compared to GluN1/GluN2A, GluN2B and GluN2D receptors (proton IC50 in a physiological range : pH 7.0-7.4) [START_REF] Low | Molecular Determinants of Proton-Sensitive N -Methyl-d-aspartate Receptor Gating[END_REF][START_REF] Traynelis | Control of proton sensitivity of the NMDA receptor by RNA splicing and polyamines[END_REF]. GluN1/GluN3A receptors currents are also strongly inhibited with a half maximal effect in the pH physiologic range (EC50 : pH 7.1) [START_REF] Cummings | Protons Potentiate GluN1/GluN3A Currents by Attenuating Their Desensitisation[END_REF]. The proton sensitivity of GluN1/GluN2A/GluN2B triheteromers is significantly weaker than that of GluN1/GluN2B diheteromers but similar to that of GluN1/GluN2A diheteromers [START_REF] Stroebel | Controlling NMDA receptor subunit composition using ectopic retention signals[END_REF]. Extracellular Zn 2+ binds with high affinity to GluN1/GluN2A in contrast with GluN1/GluN2B receptors [START_REF] Chen | Differential sensitivity of recombinant N-methyl-Daspartate receptor subtypes to zinc inhibition[END_REF][START_REF] Paoletti | High-affinity zinc inhibition of NMDA NR1-NR2A receptors[END_REF][START_REF] Traynelis | Control of Voltage-Independent Zinc Inhibition of NMDA Receptors by the NR1 Subunit[END_REF][START_REF] Williams | Separating dual effects of zinc at recombinant N-methyl-d-aspartate receptors[END_REF]. The affinity for Zn 2+ in GluN1/GluN2A/GluN2B triheteromers varies between studies, although a 'GluN2A-like' high affinity for Zn 2+ has been proposed [START_REF] Stroebel | Triheteromeric NMDA receptors: from structure to synaptic physiology[END_REF]. Allosteric inhibitors such as ifenprodil or derivatives (Ro 606) are highly selective for GluN1/GluN2B over other GluN1/GluN2 diheteromers [START_REF] Mony | Allosteric modulators of NR2B-containing NMDA receptors: molecular mechanisms and therapeutic potential[END_REF][START_REF] Williams | Ifenprodil discriminates subtypes of the N-methyl-D-aspartate receptor: selectivity and mechanisms at recombinant heteromeric receptors[END_REF]. GluN1/GluN2A/GluN2B triheteromers have only a partial inhibition by ifenprodil with >60% of residual current at saturating inhibitor concentrations [START_REF] Stroebel | Triheteromeric NMDA receptors: from structure to synaptic physiology[END_REF]. The reduced inhibition of the triheteromers by ifenprodil is likely shared by the entire family of GluN2B-selective antagonists [START_REF] Stroebel | A Novel Binding Mode Reveals Two Distinct Classes of NMDA Receptor GluN2B-selective Antagonists[END_REF]. 

Non-ionotropic functions of NMDAR: focus on LTD and LTP

Long-term Depression (LTD)

While NMDAR are well-known for their ionotropic function, which involves the flow of ions across the neuronal membrane, they also have important non-ionotropic roles that contribute to various cellular processes. NMDAR are critical for long-term potentiation (LTP) and long-term depression (LTD), two fundamental forms of synaptic plasticity that involve changes in the strength of synaptic connections between neurons. Ion-flux independent LTD was first observed almost 30 years ago with data showing that MK-801, a NMDAR channel blocker, failed to block LTD [START_REF] Mayford | CaMKII regulates the frequency-response function of hippocampal synapses for the production of both LTD and LTP[END_REF][START_REF] Scanziani | Role of intercellular interactions in heterosynaptic long-term depression[END_REF]. Non-ionotropic implication of NMDAR in LTD was confirmed later with the observation that
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clamping intracellular Ca 2+ at basal level was sufficient to induce LTD, suggesting that a rise in intracellular Ca 2+ is not necessary for LTD induction [START_REF] Nabavi | Metabotropic NMDA receptor function is required for NMDA receptor-dependent long-term depression[END_REF]. To explain this phenomenon, FRET-FILM experiments were performed and described a conformational change in the cytoplasmic domain of the NMDAR followed by a signaling cascade involving the protein-phosphatase 1 (PP1) and calcium-calmodulin dependent protein kinase II (CAMKII) [START_REF] Dore | Agonist binding to the NMDA receptor drives movement of its cytoplasmic domain without ion flow[END_REF]. CAMKII would in turn phosphorylate the GluA1 subunit of AMPAR, increasing its endocytosis leading to depressed synaptic transmission [START_REF] Dore | The Emergence of NMDA Receptor Metabotropic Function: Insights from Imaging[END_REF]. Recently, more models have been proposed due to the lack of direct visualization of endocytosis events and their presence mainly in the extrasynaptic compartment. It was rather suggested that AMPAR could leave synapses by lateral diffusion, regulating their number at the synapse (Groc and Choquet, 2020;[START_REF] Hiester | Mechanisms and Role of Dendritic Membrane Trafficking for Long-Term Potentiation[END_REF][START_REF] Lin | Regulation of AMPA receptor extrasynaptic insertion by 4.1N, phosphorylation and palmitoylation[END_REF][START_REF] Yudowski | Real-Time Imaging of Discrete Exocytic Events Mediating Surface Delivery of AMPA Receptors[END_REF]. A dendritic spine shrinkage has also been linked to ion-flux independent NMDAR-LTD and is associated with the recruitment of p38 mitogen-activation protein kinase (p38 MAPK), CaMKII, neuronal nitric oxide synthase (nNOS) and its interaction with the adaptor protein NOS1AP, together with downstream targets of p38 MAPK, such as MK2, GSK3, and the actin cytoskeleton reorganizing protein cofilin [START_REF] Nabavi | Metabotropic NMDA receptor function is required for NMDA receptor-dependent long-term depression[END_REF][START_REF] Stein | Molecular Mechanisms of Nonionotropic NMDA Receptor Signaling in Dendritic Spine Shrinkage[END_REF][START_REF] Stein | Non-Ionotropic NMDA Receptor Signaling Drives Activity-Induced Dendritic Spine Shrinkage[END_REF][START_REF] Thomazeau | Dissociation of functional and structural plasticity of dendritic spines during NMDAR and mGluR-dependent long-term synaptic depression in wild-type and fragile X model mice[END_REF]). Yet, the exact order and articulation of these contributions are still not fully understood.

Long-Term Potentiation (LTP)

While LTD can be induce in a non-ion flux manner, LTP requires ionotropic activity [START_REF] Scanziani | Role of intercellular interactions in heterosynaptic long-term depression[END_REF]. However, NMDAR non-ionotropic function may also participate in induction of LTP with growing evidence supporting a dual role of NMDAR in LTP : i) Classical ionotropic role of well anchored synaptic NMDAR (with GluN2A subunit) to provide calcium, triggering essential protein kinase and signaling cascades and ii) mobile NMDAR (GluN2B subunit) to redistribute some key intracellular actors after calcium influx. Indeed, increase in GluN2B lateral diffusion after LTP induction directly contributes to the accumulation of CAMKII in the synapse (Dupuis et al., 2014, for more details see Chapter I.D.2).

The rapid diffusion of GluN2B receptors is likely to facilitate the transportation of CAMKII to synapse by their direct binding, in line with the well-established and crucial significance of the interaction between NMDAR and CAMKII in LTP and the processes related to learning [START_REF] Bayer | CaM Kinase: Still Inspiring at 40[END_REF].

As mentioned above, LTD induces a spine shrinkage through NMDAR signaling. The synapse undergoes opposite structural changes when LTP is induced, and these changes involve the same crucial signaling components as those implicated in the spine shrinkage associated with LTD. Indeed, after LTP induction, non-ionotropic-NMDAR signaling participates to spine growth through CAMKII and p38

MAPK activity, in a Ca 2+-independent manner [START_REF] Stein | Non-ionotropic NMDA receptor signaling gates bidirectional structural plasticity of dendritic spines[END_REF]. Moreover, induction of LTP has been proposed to be the result of the membrane insertion of new NMDAR. Depending on the cell type, mGluR5 and adenosine 2A (A2A) receptor activation are required as well as phosphorylation cascades involving either protein kinase A (PKA) or PKC and Src kinases [START_REF] Grosshans | LTP leads to rapid surface expression of NMDA but not AMPA receptors in adult rat CA1[END_REF][START_REF] Harney | Extrasynaptic NR2D-Containing NMDARs Are Recruited to the Synapse during LTP of NMDAR-EPSCs[END_REF][START_REF] Kwon | Role of Glutamate Autoreceptors at Hippocampal Mossy Fiber Synapses[END_REF][START_REF] Rebola | Adenosine A2A Receptors Are Essential for Long-Term Potentiation of NMDA-EPSCs at Hippocampal Mossy Fiber Synapses[END_REF]. Interestingly, NMDAR trafficking has been recently

shown to orchestrate AMPAR-mediated LTP. The regulation is gated by the trafficking of GluN2A receptors and depends on CaMKII phosphorylation of SAP97 [START_REF] Yang | Trafficking of NMDA receptors is essential for hippocampal synaptic plasticity and memory consolidation[END_REF]. Altogether, these results support that non-ionotropic function of NMDAR is essential for LTD and to a lesser extent LTP, two mechanisms necessary for synaptic plasticity and memory consolidation. Correct assembly and effective transport of heterotetrametric NMDAR from their synthesis in the endoplasmic reticulum to their final positioning at the cell membrane are critical for both their proper function and localization. The initial phase, occurring shortly after protein synthesis, involves the assembly of receptor subunits within the confines of the endoplasmic reticulum (ER). Subsequently, the receptors undergo processing within the Golgi apparatus and are enveloped in vesicles, which serve as vehicles for conveying NMDAR toward the cell membrane. The GluN1 subunit is produced in the ER in excess compared to GluN2 and GluN3 subunits, with only 40-50% produced GluN1 reaching the cell surface [START_REF] Chazot | Molecular dissection of native mammalian forebrain NMDA receptors containing the NR1 C2 exon: direct demonstration of NMDA receptors comprising NR1, NR2A, and NR2B subunits within the same complex[END_REF][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]. This difference is due to the presence of ER retention signals (KKK and RRR motifs) located on the C1 cassette of the GluN1 CTD (thus, only for GluN1-1/3 isoforms) that mediate interactions with resident ER chaperone proteins that ensure correct folding and proper subunit stoichiometry of heteromeric receptors [START_REF] Ellgaard | Setting the standards: quality control in the secretory pathway[END_REF][START_REF] Teasdale | Signal-mediated sorting of membrane proteins between the endoplasmic reticulum and the golgi apparatus[END_REF]. Mutational studies indicate that each signal is sufficient to independently serve as an ER retention signal [START_REF] Horak | Different roles of C-terminal cassettes in the trafficking of full-length NR1 subunits to the cell surface[END_REF][START_REF] Standley | PDZ Domain Suppression of an ER Retention Signal in NMDA Receptor NR1 Splice Variants[END_REF]. It was proposed that phosphorylation by PKC and PKA on the C1 cassette could negate C1 retention in the ER, but later studies revealed that these phosphorylation were not sufficient to compensate for both strong C1 retention signals ( [START_REF] Scott | An NMDA receptor ER retention signal regulated by phosphorylation and alternative splicing[END_REF] but see (Horak et al., 2014;[START_REF] Horak | Different roles of C-terminal cassettes in the trafficking of full-length NR1 subunits to the cell surface[END_REF]). In contrast to GluN1, GluN2 and GluN3 subunits CTD have less prominent roles in regulating NMDAR exit from the ER and retention signals have not been reported in these subunits [START_REF] Ishchenko | Regulation of the NMDA receptor by its cytoplasmic domains: (how) is the tail wagging the dog?[END_REF]. The assembly of GluN1 subunit with other GluN2/GluN3 subunits masks the retention signals and only proper hetero-oligomeric complexes are allowed to traffic to the Golgi. In the canonical secretory pathway, after exiting the RE, NMDAR are trafficked to the somatic trans-Golgi network (TGN), where they are sorted and packaged into transport vesicles to be delivered to the plasma membrane [START_REF] Ramírez | The endoplasmic reticulum and protein trafficking in dendrites and axons[END_REF]. For long range delivery on axon and dendrites, the traffic on microtubules is meditated by kinesin (such as KIF17) and dynein and short distance delivery inside the spine is supported by actin filaments [START_REF] Guillaud | KIF17 Dynamics and Regulation of NR2B Trafficking in Hippocampal Neurons[END_REF][START_REF] Valenzuela | Transport along the dendritic endoplasmic reticulum mediates the trafficking of GABAB receptors[END_REF]. In GluN2 subunit CTD, the EHL motif proximal to the M4 domain is required for the exit and assembled of NMDAR in the ER [START_REF] Hawkins | Export from the Endoplasmic Reticulum of Assembled N-Methyl-D-aspartic Acid Receptors Is Controlled by a Motif in the C Terminus of the NR2 Subunit *[END_REF][START_REF] Yang | A three amino acid tail following the TM4 region of the N-methyl-D-aspartate receptor (NR) 2 subunits is sufficient to overcome endoplasmic reticulum retention of NR1-1a subunit[END_REF]. GluN2A and GluN2B subunits interaction through their CTD with MAGUK (such as SAP-102 and SAP-67) is important in NMDAR canonical secretory pathway [START_REF] Sans | mPins modulates PSD-95 and SAP102 trafficking and influences NMDA receptor surface expression[END_REF][START_REF] Sans | NMDA receptor trafficking through an interaction between PDZ proteins and the exocyst complex[END_REF]. COPII is a coatomer that promotes formation of ER vesicles for transport to the TGN, and has been found to promote C2'-containing GluN1 isoforms export from the ER in the conventional trafficking pathway [START_REF] Mu | Activity-Dependent mRNA Splicing Controls ER Export and Synaptic Delivery of NMDA Receptors[END_REF]. Some NMDAR take a non-canonical pathway where they are send into a specialized dendritic ER sub-compartment (dER) that bypasses the TGN in the In the canonical secretory pathway (blue arrows), assembled NMDAR are trafficked from the ER to the TGN, where they are sorted and packaged into transport vesicles with motor proteins (KIF) to be delivered on microtubules to the plasma membrane near synapses. NMDAR association with MAGUK and the exocyst complex starts in the somatic ER. Part of the NMDAR are diverted from the somatic ER into a specialized dendritic ER sub-compartment (dER) that bypasses TGN, merging instead with dGolgi outposts on their path to the synapse (orange arrows). This alternative path is usually exerted by receptors transported inside the dER all the way to the dGolgi outposts. Accumulation of the receptors in the dER allows for faster local processing in the dGolgi and synaptic delivery. Another non-canonical trafficking path was demonstrated for GluN2B where they bypass the TGN, through vesicles transported by motor proteins (KIF17) along microtubules, to reach the dGolgi (green arrows). Sorting of GluN2B into this pathway is coordinated by SAP-97:CASK and involves a KIF17-containing complex. Adapted from [START_REF] Ishchenko | Regulation of the NMDA receptor by its cytoplasmic domains: (how) is the tail wagging the dog?[END_REF] soma, merging instead with dendritic Golgi (dGolgi) closer to the synapse. GluN2A subunit is mainly thought to be transported through this non-canonical path through its selective interaction with BiP, an ER chaperone, that promotes GluN2A assembly in dER and traffick to dGolgi [START_REF] Zhang | Activity-induced synaptic delivery of the GluN2Acontaining NMDA receptor is dependent on endoplasmic reticulum chaperone Bip and involved in fear memory[END_REF].

Interactions of GluN2B subunit with SAP-97:CASK (mLin2) in the ER can promote direct trafficking to the dGolgi that bypasses the TGN, using an other non-canonical pathway [START_REF] Gardoni | Protein-protein interactions at the NMDA receptor complex: From synaptic retention to synaptonuclear protein messengers[END_REF][START_REF] Jeyifous | SAP97 and CASK mediate sorting of NMDA receptors through a previously unknown secretory pathway[END_REF]. This alternative path seems to carry NMDAR-containing vesicles at a greater speed by means of vesicles transported by protein motors (KIF17) along microtubules to more efficiently promote insertion of NMDAR at the PSD (Grieve and Rabouille, 2011; [START_REF] Jeyifous | SAP97 and CASK mediate sorting of NMDA receptors through a previously unknown secretory pathway[END_REF]Jo et al., 1999). In addition, KIF5b and KIF3b were recently demonstrated to localize with GluN2A and GluN2B subunits in the soma and in dendrites in vivo but their involvement in either the canonical or non-canonical transport of NMDAR is still unclear [START_REF] Alsabban | Kinesin Kif3b mutation reduces NMDAR subunit NR2A trafficking and causes schizophrenia-like phenotypes in mice[END_REF][START_REF] Lin | Kinesin-1 Regulates Extrasynaptic Targeting of NMDARs and Neuronal Vulnerability Toward Excitotoxicity[END_REF]. GluN2A and GluN2B subunits CTD undergo palmitoylation on two clusters of cysteine residues, which is necessary for forward trafficking and functional synaptic incorporation of NMDAR [START_REF] Hayashi | Dual Palmitoylation of NR2 Subunits Regulates NMDA Receptor Trafficking[END_REF][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 palmitoylation helps to anchor the NMDAR to the inner part of the cell membrane, and regulate surface levels and internalization [START_REF] Salaun | The intracellular dynamic of protein palmitoylation[END_REF]. Assembled NMDAR do not exit the ER as discrete entities, but rather are assembled into large macromolecular transport packets with MAGUK and are transported as a single unit [START_REF] Georges | The Yin-Yang of Dendrite Morphology: Unity of Actin and Microtubules[END_REF][START_REF] Kapitein | Which way to go? Cytoskeletal organization and polarized transport in neurons[END_REF][START_REF] Konietzny | Dendritic Actin Cytoskeleton: Structure, Functions, and Regulations[END_REF].

NMDAR regulation through endocytosis/exocytosis (re)cycling

The processes of endocytosis and exocytosis help regulate the number and availability of NMDAR at the cell surface including in the synapse which is crucial for maintaining neurotransmission. This dynamic regulation ensures that NMDAR are present at appropriate levels to contribute to synaptic strength, while also allowing for fine-tuning of receptor density based on synaptic activity and cellular needs.

Endocytosis

Endocytosis is the process by which cells take in the receptor from the plasma membrane. This is achieved through the invagination of the cell membrane to form vesicles, which are small membranebound sacs that enclose the material being brought into the cell. NMDAR endocytosis generally involves clathrin-coated pits located at the periphery of PSD [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].

GluN1 and GluN2A subunits CTD tyrosine phosphorylation controls binding to the multimeric protein AP-2 (a clathrin adaptor complex) to trigger endocytosis or prevent it when the phosphorylation is mediated by Src family tyrosine kinases (SFK) [START_REF] Nakatsu | Adaptor protein complexes as the key regulators of protein sorting in the post-Golgi network[END_REF][START_REF] Scott | An NMDA receptor ER retention signal regulated by phosphorylation and alternative splicing[END_REF][START_REF] Vissel | A use-dependent tyrosine dephosphorylation of NMDA receptors is independent of ion flux[END_REF]. In GluN2B subunit CTD, the motif YEKL is responsible for the interaction with AP-2 and its phosphorylation disrupts AP-2 binding [START_REF] Prybylowski | The synaptic localization of NR2B-containing NMDA receptors is controlled by interactions with PDZ proteins and AP-2[END_REF]. Phosphorylation on the GluN2A subunit CTD by the Dyrk1a kinase decrease internalization rate [START_REF] Grau | DYRK1A-mediated phosphorylation of GluN2A at Ser(1048) regulates the surface expression and channel activity of GluN1/GluN2A receptors[END_REF]. The Cdk5 kinase is also involved in controlling GluN2A and GluN2B-containing receptors internalization via the phosphorylation of their CTD, with opposite effects: phosphorylation of GluN2A CTD increases GluN2A surface expression and phosphorylation on GluN2B increases AP-2-mediated endocytosis resulting in decrease of GluN2B surface expression [START_REF] Plattner | Memory enhancement by targeting Cdk5 regulation of NR2B[END_REF][START_REF] Wang | Cdk5 activation induces hippocampal CA1 cell death by directly phosphorylating NMDA receptors[END_REF][START_REF] Zhang | Cdk5 regulates the phosphorylation of tyrosine 1472 NR2B and the surface expression of NMDA receptors[END_REF].

The CTD of GluN2B is also the convergence point of different binding modulators as it can be phosphorylated by different kinases (PKC, DAPK1, CAMKII) depending of NMDAR activity. For example, GluN2B CTD phosphorylation on the S 1303 disrupts CAMKII-NMDAR interaction and prevent NMDAR endocytosis, increasing its surface expression [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]. As repetitive application of NMDAR agonists reduces NMDAR currents by triggering receptor internalization, GluN2 subunits endocytosis can be activity dependent and requires tyrosines dephosphorylation located on their CTD [START_REF] Vissel | A use-dependent tyrosine dephosphorylation of NMDA receptors is independent of ion flux[END_REF]. Similar to the YEKL motif on GluN2 subunits, GluN3 subunits have a YWL motif on their CTD that mediates AP-2 binding and internalization [START_REF] Chowdhury | Tyrosine phosphorylation regulates the endocytosis and surface expression of GluN3A-containing NMDA receptors[END_REF].

Exocytosis

Exocytosis is the process by which cells release the receptor on the plasma membrane by the fusion of vesicles with the cell membrane. NMDAR exocytosis mainly takes place at the extrasynaptic compartment and involves the N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) complex including t-SNARE, SNAP and the vesicular VAMP [START_REF] Gu | Identification of the SNARE complex mediating the exocytosis of NMDA receptors[END_REF][START_REF] Südhof | Membrane fusion: grappling with SNARE and SM proteins[END_REF]. NMDAR are relocated from the extrasynaptic region to the synapse via lateral diffusion (Ladépêche et al., 2014). SNAP25 has been found to be particularly involved with the observation that botulinum toxin (cleaves and inactivates SNAP-25) prevents NMDAR exocytosis [START_REF] Lau | SNAP-25 is a target of protein kinase C phosphorylation critical to NMDA receptor trafficking[END_REF]. Using over-expressed NMDAR tagged with a pH-sensitive green fluorescent protein (SEP), SNAP25-VAMP1-synatxin 4 has been identified as the core SNARE complex for proper exocytosis of NMDAR [START_REF] Gu | Identification of the SNARE complex mediating the exocytosis of NMDA receptors[END_REF]. Other studies have also demonstrated an important role of SNAP23, enriched at the excitatory synapse, in specifically regulating NMDAR surface expression but not AMPAR levels [START_REF] Suh | A neuronal role for SNAP-23 in postsynaptic glutamate receptor trafficking[END_REF][START_REF] Washbourne | Cycling of NMDA receptors during trafficking in neurons before synapse formation[END_REF]. NMDAR exocytosis can be regulated in an activity dependent manner with PKC activity which induces a rapid delivery of functional NMDAR at the neuronal surface [START_REF] Lan | Protein kinase C modulates NMDA receptor trafficking and gating[END_REF][START_REF] Tanaka | The protein kinase C family for neuronal signaling[END_REF]. After their insertion at the membrane, GluN2A receptors are preferentially send for degradation while GluN2B receptors including triheteromers are mainly recycled back to the membrane. This difference is caused by differential phosphorylation signal on their respective CTD motifs (YEKL for GluN2B and YWK for GluN2A) [START_REF] Ishchenko | Regulation of the NMDA receptor by its cytoplasmic domains: (how) is the tail wagging the dog?[END_REF].

Pre-synaptic, synaptic and extrasynaptic surface NMDAR

Pre-synaptic

First anatomical proof of NMDAR at the pre-synapse (preNMDAR) arose from electron microscopy observations. They are expressed only in certain brain regions and in a synapse specific manner including the mossy fiber giant bouton of the monkey hippocampus, layers (L) 4-L2/3 synapses of mouse and rat somatosensory cortex, L4-L2/3 synapses of mouse visual cortex, thick-tufted L5 neurons in rat visual cortex, rat cerebellum, mouse cortico-striatal synapses, the entorhinal cortex, the rat spinal primary afferent terminals and mouse amygdala [START_REF] Banerjee | Roles of presynaptic NMDA receptors in neurotransmission and plasticity[END_REF][START_REF] Dedek | Advances and Barriers in Understanding Presynaptic N-Methyl-D-Aspartate Receptors in Spinal Pain Processing[END_REF]. All NMDAR subunits can assemble into preNMDAR in the CNS, with variation of their composition according to the brain region. Functional GluN2B, GluN2D and GluN3A receptors have been found in the spinal cord of adult rat [START_REF] Dunah | Regional and Ontogenic Expression of the NMDA Receptor Subunit NR2D Protein in Rat Brain Using a Subunit-Specific Antibody[END_REF][START_REF] Kehoe | GluN3A: An NMDA Receptor Subunit with Exquisite Properties and Functions[END_REF][START_REF] Temi | Differential expression of GluN2 NMDA receptor subunits in the dorsal horn of male and female rats[END_REF][START_REF] Yan | Endogenous activation of presynaptic NMDA receptors enhances glutamate release from the primary afferents in the spinal dorsal horn in a rat model of neuropathic pain[END_REF]. Studies in the cortex and the hippocampus have revealed the presence of GluN2C/GluN2D and GluN1/GluN3A/GluN2B preNMDAR in the visual cortex [START_REF] Andrade-Talavera | Presynaptic Spike Timing-Dependent Long-Term Depression in the Mouse Hippocampus[END_REF][START_REF] Banerjee | Double dissociation of spike timing-dependent potentiation and depression by subunitpreferring NMDA receptor antagonists in mouse barrel cortex[END_REF][START_REF] Larsen | Nr3a-containing NMDA receptors promote neurotransmitter release and spike timing-dependent plasticity[END_REF]. In parallel, early functional studies with exogenous application of NMDA resulted in an increase in aspartate release in the hippocampus, providing evidence that preNMDAR are able to modulate the release of neurotransmitters [START_REF] Martin | Autoreceptor Regulation of Glutamate and Aspartate Release from Slices of the Hippocampal CA1 Area[END_REF]. In fact, preNMDAR have non canonical properties compared to postsynaptic NMDAR: they can be activated by endogenous glutamate, promoting spontaneous neurotransmitters release without neuronal depolarization, normally necessary for the removal of Mg 2+ blockade [START_REF] Kavalali | The mechanisms and functions of spontaneous neurotransmitter release[END_REF][START_REF] Wong | NMDA receptors in axons: there's no coincidence[END_REF]. This could be explained by the fact that preNMDAR subunits are less sensitive to Mg 2+ such as GluN2C/GluN2D and the triheteromer GluN1/GluN3A/GluN2B (Paoletti et al., 2013). Another explanation for Mg 2+ insensitivity is the non-ionotropic role of preNMDAR in governing spontaneous and evoked release of neurotransmitters that occurs through distinct processes. Spontaneous release is metabotropically mediated through Mg 2+ insensitive preNMDAR and c-Jun N-terminal kinase (JNK) while evoked release is associated with Mg 2+ sensitive preNMDAR and Rab3-interacting molecules (RIMs) [START_REF] Abrahamsson | Differential Regulation of Evoked and Spontaneous Release by Presynaptic NMDA Receptors[END_REF][START_REF] Bouvier | Towards resolving the presynaptic NMDA receptor debate[END_REF]. Like postsynaptic NMDAR, preNMDAR influence LTP but only on a subset of synapses, with different mechanisms involved. For example, at L4 to L2/3 connection, it has been proposed that both preNMDAR and cannabinoid receptors (CB1R) are required for LTD. CB1R are expressed on L4 synapses and astrocytic processes where they control the release of glutamate and D-serine respectively. PreNMDAR are activated by Ca 2+ and subsequently activate calcineurin, triggering a synaptic depression [START_REF] Bouvier | Burst-Dependent Bidirectional Plasticity in the Cerebellum Is Driven by Presynaptic NMDA Receptors[END_REF]. However, more recent studies showed that only postsynaptic NMDAR are required for LTD at L4-L2/L3 synapses but not preNMDAR [START_REF] Carter | Postsynaptic, not presynaptic NMDA receptors are required for spiketiming-dependent LTD induction[END_REF]. In addition, preNMDAR are expressed at several cerebellar synapses such as parallel fibers and Purkinje cells where they undergo Ca 2+ entry during high frequency burst and underlie LTP [START_REF] Bouvier | Burst-Dependent Bidirectional Plasticity in the Cerebellum Is Driven by Presynaptic NMDA Receptors[END_REF].

Synaptic and extrasynaptic

It is now well established that NMDAR are expressed in the PSD but also in the extrasynaptic compartment for a significant fraction of them (~20%-40%) [START_REF] Petralia | Organization of NMDA receptors at extrasynaptic locations[END_REF][START_REF] Rao | Activity regulates the synaptic localization of the NMDA receptor in hippocampal neurons[END_REF].

At early stages of development, it is suggested that GluN2B-containing receptors represent the majority of synaptic NMDAR but the trend is reversed in later stages where GluN2A subunit would become more abundant in synaptic site while GluN2B subunit tend to be located on the extrasynaptic area [START_REF] Kew | An allosteric interaction between the NMDA receptor polyamine and ifenprodil sites in rat cultured cortical neurones[END_REF][START_REF] Tovar | The incorporation of NMDA receptors with a distinct subunit composition at nascent hippocampal synapses in vitro[END_REF]Traynelis et al., 2010). GluN2C and GluN2D subunits have been shown to exist predominantly at extrasynaptic sites but GluN2D subunit can also be found in the synapse [START_REF] Brothwell | NR2B-and NR2Dcontaining synaptic NMDA receptors in developing rat substantia nigra pars compacta dopaminergic neurones[END_REF][START_REF] Costa | N-methyl-D-aspartate (NMDA) receptor NR2 subunit selectivity of a series of novel piperazine-2,3-dicarboxylate derivatives: preferential blockade of extrasynaptic NMDA receptors in the rat hippocampal CA3-CA1 synapse[END_REF][START_REF] Groc | Surface trafficking of N-methyl-d-aspartate receptors: Physiological and pathological perspectives. Neuroscience, Protein trafficking, targeting, and interaction at the glutamate synapse[END_REF][START_REF] Harney | Extrasynaptic NR2D-Containing NMDARs Are Recruited to the Synapse during LTP of NMDAR-EPSCs[END_REF]. GluN3A subunit have been reported to be present at the extrasynaptic compartment and at the outer portion of the synapse [START_REF] Pérez-Otaño | Endocytosis and synaptic removal of NR3A-containing NMDA receptors by PACSIN1/syndapin1[END_REF]. Synaptic and extrasynaptic NMDAR have distinct signaling function : while synaptic NMDAR mediate phasic current and calcium influx after synaptically localized glutamate activation, extrasynaptic NMDAR are activated by spillover of synaptic glutamate or glutamate release from glia and generate tonic currents (Dupuis et al., 2023;[START_REF] Haydon | Astrocyte control of synaptic transmission and neurovascular coupling[END_REF][START_REF] Kullmann | Extrasynaptic glutamate spillover in the hippocampus: evidence and implications[END_REF]. In addition, synaptic and extrasynaptic NMDAR are gated by different endogenous co-agonist : D-serine and glycine, respectively [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by different endogenous coagonists[END_REF].

Using an experimental setup to selectively stimulate synaptic or extrasynaptic NMDAR, several studies has shown that extrasynaptic and synaptic NMDAR are involved in the fine tuning of cell survival/death balance [START_REF] Parsons | Extrasynaptic NMDA receptor involvement in central nervous system disorders[END_REF]. Indeed, extrasynaptic NMDAR can trigger cell-death associated signaling pathways and are associated with several pathological conditions such as cocaine addiction and Alzheimer's disease by upregulation on their tonic currents [START_REF] Hardingham | Synaptic versus extrasynaptic NMDA receptor signalling: implications for neurodegenerative disorders[END_REF][START_REF] Ortinski | Extrasynaptic Targeting of NMDA Receptors Following D1 Dopamine Receptor Activation and Cocaine Self-Administration[END_REF][START_REF] Parsons | Extrasynaptic NMDA receptor involvement in central nervous system disorders[END_REF][START_REF] Talantova | Aβ induces astrocytic glutamate release, extrasynaptic NMDA receptor activation, and synaptic loss[END_REF]. Inversely, synaptic NMDAR activity strongly promotes neuronal health by initiating a programme of transcriptional changes that promote resistance to various traumatic stimuli. Synaptic NMDAR control a nuclear Ca 2+ -regulated multi-gene program that protects against excitotoxic and apoptotic insults [START_REF] Hardingham | Synaptic versus extrasynaptic NMDA receptor signalling: implications for neurodegenerative disorders[END_REF][START_REF] Parsons | Extrasynaptic NMDA receptor involvement in central nervous system disorders[END_REF]. 

Nano-organization of surface NMDAR

Emergence of super-resolution microscopy has played a significant role in advancing our understanding of the organization of NMDAR. In term of organization within the synapse, NMDAR are aggregated in a cluster containing a main domain of 10-40 receptors and that is predominantly central in the PSD area, surrounded by AMPAR clusters [START_REF] Goncalves | Nanoscale co-organization and coactivation of AMPAR, NMDAR, and mGluR at excitatory synapses[END_REF][START_REF] Maynard | Quantifying postsynaptic receptor dynamics: insights into synaptic function[END_REF]. Using Stochastic Optical Reconstruction Microscopy (STORM), Willems and al. showed that NMDAR clusters are organized with one to three nanodomains where NMDAR tend to be more concentrated, with a median diameters of ~62 nm [START_REF] Willems | ORANGE: A CRISPR/Cas9-based genome editing toolbox for epitope tagging of endogenous proteins in neurons[END_REF]. A differential synaptic nano-organization between the clusters of GluN2A and GluN2B-containing receptors have been reported for the first time in 2013.

Using Photoactivated Localization Microscopy (PALM), MacGillvary et al. showed a moderate enrichment of GluN2B subunit in the PSD-95 subsynaptic scaffold but these PSD-95 clusters were not enriched in GluN2A subunit [START_REF] Macgillavry | Nanoscale scaffolding domains within the postsynaptic density concentrate synaptic AMPA receptors[END_REF]. This nanoscale difference between NMDAR subunits was confirmed later with STORM experiments demonstrating that GluN2A and GluN2B

A B

subunits are organized differently in hippocampal neurons with only 30% of GluN2A and GluN2B nanodomains overlapping with hippocampal synapses. The number of GluN2A subunit nanodomains is higher as that of GluN2B clusters and GluN2A nanodomains tend to be less elongated than those of GluN2B [START_REF] Kellermayer | Differential Nanoscale Topography and Functional Role of GluN2-NMDA Receptor Subtypes at Glutamatergic Synapses[END_REF]. For the AMPAR, these nanodomains have been described to regulate and control synaptic transmission through the alignment of pre and post synaptic molecular complexes referred as nanocolumns [START_REF] Tang | A transsynaptic nanocolumn aligns neurotransmitter release to receptors[END_REF]. However, it is still uncertain whether this same situation is applicable to NMDAR. In addition, NMDAR currents are negatively coupled through Ca 2+dependent inactivation and the degree of coupling can be tuned by the distance between receptors.

Therefore, it has been proposed that NMDAR nanodomains (where NMDAR are tightly packed) can influence the activity-dependent reduction in NMDAR receptor current [START_REF] Iacobucci | Spatial Coupling Tunes NMDA Receptor Responses via Ca2+ Diffusion[END_REF].

Furthermore, as GluN2A and GluN2B-containing receptors nano-organization are different, these receptors could potentially exhibit varying susceptibility to Ca 2+ -dependent inactivation leading to diverging impacts on physiological processes such as synaptic plasticity (Dupuis et al., 2023). GluN2A

and GluN2B receptors are also nano-organized differently along the dendritic tree [START_REF] Ferreira | Distance-dependent regulation of NMDAR nanoscale organization along hippocampal neuron dendrites[END_REF]. The size and number of nanodomains of synaptic proximal GluN2B clusters are higher than those in distal synapses. GluN2A nano-organization, on the other hand, remains similar throughout dendritic arborization. The differential organization of NMDAR clusters at the nanoscale level suggests distinct anchoring processes that could arise from different interactions. For example, interactions between GluN2A and GluN2B CTD with PDZ domains of MAGUK have been found to be key regulators of NMDAR nano-organization. When the interaction between GluN2A NMDAR and PDZ scaffolds is artificially disrupted, GluN2A nanodomains are partially depleted in receptors, while their topography remains stable. Inversely, GluN2B nanodomains geometry is altered without affecting the number of NMDAR contained in nanodomains [START_REF] Kellermayer | Differential Nanoscale Topography and Functional Role of GluN2-NMDA Receptor Subtypes at Glutamatergic Synapses[END_REF]. Interestingly, the total number of synaptic NMDAR was not altered, suggesting that NMDAR nano-organization is a parameter that can be dynamically modified without altering the total number of NMDAR at the synapse. In addition, NMDAR form protein complexes (~0.8MDa) and supercomplexes (~1.5MDa) at synapses during maturation and only GluN2B/MAGUK interaction are necessary for NMDAR super complexes [START_REF] Frank | NMDA receptors are selectively partitioned into complexes and supercomplexes during synapse maturation[END_REF]. Other intracellular partners have been identified to reshape NMDAR organization such as CAMKII. The nanoscale organization of GluN2B at proximal segments depends on their interaction with CaMKII, which is not the case at distal segments [START_REF] Ferreira | Distance-dependent regulation of NMDAR nanoscale organization along hippocampal neuron dendrites[END_REF]. Recently, the role of liquid-liquid phase separation (LLPS) in nanodomains formation within a cluster gained in importance. In fact, mixing purified postsynaptic proteins at physiological concentrations can form highly organized PSDlike assemblies with clustering of glutamate receptors [START_REF] Zeng | Reconstituted Postsynaptic Density as a Molecular Platform for Understanding Synapse Formation and Plasticity[END_REF]. Notably, CAMKII can undergo LLPS with GluN2B after calcium activation, co-segregating AMPAR and neuroligin (a synaptic adhesion molecule) into a phase-to-phase assembly [START_REF] Cai | CaMKIIα-driven, phosphatasechecked postsynaptic plasticity via phase separation[END_REF][START_REF] Hosokawa | CaMKII activation persistently segregates postsynaptic proteins via liquid phase separation[END_REF]. This strongly support the role of CAMKII for NMDAR organization which acts as a crosslinker for postsynaptic proteins by LLPS and could participate in the highly organized clustering and nanoclustering of various post synaptic proteins, such as NMDAR. As CAMKII-NMDAR interaction relies mostly on GluN2B CTD and not GluN2A, this interaction could be -in part-the explanation governing the differential nanoorganization between GluN2A and GluN2B and therefore their functional divergence (Dupuis et al., 2023). Most of these studies have focused on describing NMDAR nano-organization at the synapse, leaving a gap in the understanding of extrasynaptic NMDAR nano-organization which are also structured in nanodomains that outnumber the synaptic ones with smaller size and density [START_REF] Ferreira | Distance-dependent regulation of NMDAR nanoscale organization along hippocampal neuron dendrites[END_REF][START_REF] Kellermayer | Differential Nanoscale Topography and Functional Role of GluN2-NMDA Receptor Subtypes at Glutamatergic Synapses[END_REF]. Within synapses, scaffold proteins located in the PSD predominantly play a role in organizing nanodomains. However, it's important to note that there are

potential alternate mechanisms at play, which could involve interactions across the cell membrane or interactions with components of the extracellular matrix. These mechanisms might serve as organizers for NMDA receptors located outside of the synaptic regions (Petit-Pedrol and Groc, 2020). 

D. NMDAR lateral diffusion

In the past, the synapse was commonly seen as a static entity characterized by localized regions of postsynaptic receptor clusters facing the active zone [START_REF] Frank | Early events in neuromuscular junction formation in vitro: induction of acetylcholine receptor clusters in the postsynaptic membrane and morphology of newly formed synapses[END_REF][START_REF] Peters | The fine structure of the nervous system: neurons and their supporting cells[END_REF][START_REF] Triller | Distribution of glycine receptors at central synapses: an immunoelectron microscopy study[END_REF]. Nevertheless, it later became evident that, despite its meticulously organized appearance, the molecular constituents within the synapse display a high degree of dynamism [START_REF] Anderson | Nerve-induced and spontaneous redistribution of acetylcholine receptors on cultured muscle cells[END_REF][START_REF] Axelrod | Lateral motion of fluorescently labeled acetylcholine receptors in membranes of developing muscle fibers[END_REF][START_REF] Crick | Neurobiology: Memory and molecular turnover[END_REF][START_REF] Frank | Early events in neuromuscular junction formation in vitro: induction of acetylcholine receptor clusters in the postsynaptic membrane and morphology of newly formed synapses[END_REF][START_REF] Singer | The Fluid Mosaic Model of the Structure of Cell Membranes[END_REF][START_REF] Young | Rapid lateral diffusion of extrajunctional acetylcholine receptors in the developing muscle membrane of Xenopus tadpole[END_REF]. In particular, post synaptic receptors, including the NMDAR, are highly dynamic and are constantly renewed at the synaptic sites through local synthesis, exo/endocytic events and lateral diffusion. This surface diffusion is governed by Brownian motion regime and is solely powered by thermal agitation and limited by protein-protein interactions, heterogenous lipid composition and viscosity (Groc and Choquet, 2020).

1. Techniques to track NMDAR surface diffusion: which one to choose?

In order to measure receptor diffusion on the surface of a neuron in neuronal cultures, brain slices and even in vivo, the oldest and still widely used method is Fluorescence Recovery After Photobleaching (FRAP). This approach involves selectively photobleaching a small region on the neuron (synapse or dendrite) of a fluorescently labeled receptor and then observing how the fluorescence signal recovers over time as molecules from surrounding areas move into the bleached region (Dupuis and Groc, 2020). One of the common fluorescent protein used to perform FRAP experiment is the superecliptic pHluorine (SEP) which is a pH sensitive version of the GFP, emitting fluorescence only when in contact with the neutral pH of the extracellular medium allowing visualization and tracking of only surface receptors [START_REF] Ashby | It's green outside: tracking cell surface proteins with pHsensitive GFP[END_REF]. Although FRAP method is the most popular and easy to implement on conventional confocal microscopes, it has major drawbacks: i) FRAP is a bulk imaging approach lacking spatial resolution and segregation between receptors subtypes ii) the use of recombinant receptor leads to an overexpression system. To overcome this last point, an interesting alternative is the use of chemical labelling of endogenous receptors or the use of CRISPR-mediated tagging of endogenous receptors [START_REF] Gao | Plug-and-Play Protein Modification Using Homology-Independent Universal Genome Engineering[END_REF][START_REF] Wakayama | Chemical labelling for visualizing native AMPA receptors in live neurons[END_REF]. However, using this last technique is thought to provide a weak signal compared to the overexpression of recombinant receptors (Groc and Choquet, 2020). Another bulk approach is based on electrophysiological recordings of ionotropic receptormediated currents coupled with the use of high-affinity open channel blockers (such as MK-801) which block irreversibly synaptic receptors after neurotransmitters release. Fast current recovery indicates that unblocked extrasynaptic NMDAR receptors laterally diffuse in the synapse in cultured hippocampal neurons [START_REF] Tovar | Mobile NMDA receptors at hippocampal synapses[END_REF]. Using the same approach, McQuate and Barria provided evidence that a rapid exchange of synaptic and extrasynaptic NMDAR is also occurring in rat hippocampal slices [START_REF] Mcquate | Rapid exchange of synaptic and extrasynaptic NMDA receptors in hippocampal CA1 neurons[END_REF]. However, as for FRAP, this technique has limitations such as the fact that it can be applicable only for ionotropic receptors and not other type of post synaptic protein such as metabotropic receptors. In addition, the drug applied to block synaptically activated receptors can have an effect on the receptor surface trafficking by itself (Dupuis and Groc, 2020). These two bulk techniques for investigating receptor mobility are now accompanied by the gold standard for studying receptor surface trafficking: single particle tracking or single molecule tracking.

It allows to directly observe the dynamic behavior of individual receptor and this can be achieved with a variety of techniques : using photostable nanoparticles for Single Particle Tracking (SPT), by sparse labelling with photobleachable probes such as universal Point Accumulation for Imaging in Nanoscale Topography (uPAINT) or by stochastic activation of photoconvertible fluorescent protein coupled to a receptor in a given time : Photoactivated Localization Microscopy (PALM) [START_REF] Betzig | Imaging intracellular fluorescent proteins at nanometer resolution[END_REF][START_REF] Dahan | Diffusion dynamics of glycine receptors revealed by single-quantum dot tracking[END_REF][START_REF] Giannone | Dynamic superresolution imaging of endogenous proteins on living cells at ultra-high density[END_REF]. SPT has been extensively used to track NMDAR with a complex combining an antibody targeting the subunit of interest and a Quantum Dot (QD) which is a nanoscale semiconductor particle that exhibits unique optical and electronic properties. They emit light with a narrow spectrum of colors, which makes them well-suited for multiplexing and distinguishing multiple colors in fluorescence microscopy and imaging. In addition, QD are exceptionally bright and photostable compared to traditional organic dyes. This makes them valuable tools for long-term imaging and tracking of individual molecules. Using this technique in dissociated neurons and brain slices, it was confirmed that synaptic and extrasynaptic NMDAR laterally diffuse with differential lateral mobility according to NMDAR subunit composition and that extrasynaptic NMDAR have a diffusion rate sixteen times higher than synaptic NMDAR mobility [START_REF] González-González | GluN3A subunit tunes NMDA receptor synaptic trafficking and content during postnatal brain development[END_REF][START_REF] Groc | NMDA receptor surface mobility depends on NR2A-2B subunits[END_REF][START_REF] Groc | Differential activity-dependent regulation of the lateral mobilities of AMPA and NMDA receptors[END_REF][START_REF] Maynard | Quantifying postsynaptic receptor dynamics: insights into synaptic function[END_REF][START_REF] Varela | Single nanoparticle tracking of [Formula: see text]-methyl-d-aspartate receptors in cultured and intact brain tissue[END_REF]. This observation, that synaptic NMDAR are less mobile than extrasynaptic NMDAR, is due to the anchoring of synaptic NMDAR within the PSD through the interaction between GluN2 subunits and MAGUK [START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF]. Although QD-SPT technique offers advantages such as long and endogenous tracking compared to others approaches to study NMDAR lateral diffusion, it also has limitations. The size of the complex antibody-QD is up to ~32nm, making it difficult to enter in the synaptic cleft (20 nm-40 nm), and therefore to properly track synaptic NMDAR (Dupuis and Groc, 2020). In addition, utilization of an antibody targeting the receptor of interest, even if used in very small amount, can cause crosslinking effect and disturb the receptor surface trafficking. The two super-resolution microscopy techniques PALM and uPAINT may overcome this problem since PALM requires the expression of recombinant receptors coupled to a fluorophore and uPAINT uses small organic dyes, which allow the acquisition of a large number of synaptic and extrasynaptic trajectories. However, these techniques are not suitable for long acquisition tracking of receptors because of their low photostability (photobleaching). Moreover, as for FRAP, the overexpression of the receptor of interest in PALM may have side effect on neuronal activity and therefore receptor trafficking. In conclusion, a variety of techniques exist to study NMDAR lateral diffusion with pros and cons which implies that the choice of the approach dependents on the biological question and the tools available in general (i.e lack of commercial antibody to target the NMDAR).

Subunit and activity-dependent modulation of NMDAR surface dynamics

A significant number of functions of the NMDAR depend on its subunit composition, and its surface trafficking is no exception to the rule. Indeed, in mature neurons, Groc and al. showed that GluN2Acontaining receptors diffuse less than GluN2B within the synapse with a proportion of immobile GluN2A 2.5-fold higher than that of GluN2B (75% vs 29%). For extrasynaptic NMDAR, the same difference was observed: extrasynaptic GluN2A receptors diffuse less than extrasynaptic GluN2B because of a higher proportion of immobile receptors (69% vs 34%) [START_REF] Groc | NMDA receptor surface mobility depends on NR2A-2B subunits[END_REF]. These observations were supported by a recent study that compared the surface diffusion of GluN2A, GluN2B and GluN3A subunits. It was shown that within the synapse, GluN2A subunit diffusion values are lower than those of GluN2B and GluN3A. Synaptic GluN3A displayed high lateral mobility compared with synaptic GluN2A and GluN2B-containing receptors, and the proportion of immobile receptors was much lower (16%) than for either GluN2A or GluN2B (64% and 36%, respectively). Strikingly, the diffusion of synaptic GluN3A did not differ from their extrasynaptic counterparts, with similar fractions of immobile and comparable diffusion coefficient of mobile GluN3A in synaptic (16% of immobile receptors) and extrasynaptic (15% of immobile receptors) [START_REF] González-González | GluN3A subunit tunes NMDA receptor synaptic trafficking and content during postnatal brain development[END_REF]. This subunit-dependent differential diffusion is likely due to difference in anchoring mechanism(s) such as different scaffold proteins and the predominance of GluN3A and to a lesser extent GluN2B at extrasynaptic sites compared to GluN2A. Within synapses, the ratio between GluN2A and GluN2B is not uniform and varies during brain development: the developmental switch [START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF]. In addition, rapid modifications in NMDAR subunits composition have been reported to occur shortly after the induction of synaptic plasticity in hippocampal neurons from neonatal rats [START_REF] Bellone | Rapid bidirectional switching of synaptic NMDA receptors[END_REF][START_REF] Matta | mGluR5 and NMDA receptors drive the experience-and activity-dependent NMDA receptor NR2B to NR2A subunit switch[END_REF]. Thus, depending on the physiological context, synapses adapt their GluN2 subunits signaling in order to appropriately modulate their integrative capacity. Dupuis and al.

showed that following LTP induction in immature neurons, the synaptic distribution of surface GluN2B subunit -but not GluN2A-rapidly changes through an increase in surface diffusion. Strikingly, this lateral rearrangement appears to be instrumental for LTP expression. Indeed, a cross-linking strategy with an anti-GluN1 antibody acutely abolished NMDAR surface diffusion and consequently prevent LTP at hippocampal synapses. This activity-dependent upregulation of GluN2B surface diffusion is regulated by CaMKII and casein kinase 2 (CKII) activity, and requires the direct binding of CaMKII to GluN2B. Thus, through a direct interaction, GluN2 subunits surface dynamics control the activitydependent recruitment of CaMKII to spines during LTP induction in developing hippocampal networks (Dupuis et al., 2014). In addition, acute manipulation of GluN2A and GluN2B with biomimetic peptides that increase their surface diffusion alters GluN2A/GluN2B synaptic ratio, bi-directionally regulating LTP expression. Higher GluN2A surface diffusion induces an enrichment of GluN2B at the synapse and thus strengthens LTP expression. On the opposite, increasing GluN2B surface dynamics enhances GluN2A enrichment at the synapse, weakening LTP expression [START_REF] Kellermayer | Differential Nanoscale Topography and Functional Role of GluN2-NMDA Receptor Subtypes at Glutamatergic Synapses[END_REF].

Intracellular, transmembrane and extracellular modulators of NMDAR surface dynamics Intracellular

The lateral diffusion of NMDAR within the cell membrane is influenced by various intracellular interactions and molecular processes such as post translational modifications. As described before, NMDAR are anchored and stabilized at the synapse via the interaction between the CTD of GluN2 subunits and MAGUK such as PSD-95. Interestingly, displacing GluN2A receptors out of the synapse leads to a compensatory increase of synaptic GluN2B suggesting that these two subunits are anchored at the synapse through different mechanism [START_REF] Bard | Dynamic and specific interaction between synaptic NR2-NMDA receptor and PDZ proteins[END_REF]. One difference and therefore one possibility for such divergence is the interaction between CAMKII and GluN2B that have been described as a powerful modulator of NMDAR lateral diffusion. CAMKII cluster density is high at proximal synapses where GluN2B receptors display high surface dynamics and preventing CAMKII-GluN2B interaction decreases GluN2B surface dynamics at proximal locations [START_REF] Ferreira | Distance-dependent regulation of NMDAR nanoscale organization along hippocampal neuron dendrites[END_REF]. The modulation of GluN2B surface trafficking by CAMKII is dependent of its kinase activity since AIP2, a CAMKII inhibitor, affects both extrasynaptic and synaptic GluN2B by drastically decreasing their surface dynamics (Dupuis et al., 2014). Similarly, acute treatment with a PKC agonist increases extrasynaptic and synaptic NMDAR surface dynamics implying that PKC kinase activity can also modulate NMDAR surface lateral diffusion [START_REF] Groc | Differential activity-dependent regulation of the lateral mobilities of AMPA and NMDA receptors[END_REF]. These observations indicate that CTD phosphorylation by protein kinases is an important regulator of NMDAR lateral diffusion in a subunit dependent manner and, very interestingly, in both synaptic and extrasynaptic compartment. Additionally, activation of the proteasome leads to increased surface trafficking of GluN2B but not GluN2A [START_REF] Ferreira | Interplay between NMDA receptor dynamics and the synaptic proteasome[END_REF].

Downregulation of DISC1, a multi-scaffold for numerous synaptic proteins, leads to an alteration of GluN2B surface dynamics with a decrease of the mobile fraction and diffusion coefficient [START_REF] Espana | Alteration of NMDA receptor trafficking as a cellular hallmark of psychosis[END_REF].

Transmembrane

Interactions with transmembrane proteins play an important role in controlling NMDAR lateral diffusion especially given that this receptor display a large surface interactome (Petit-Pedrol and Groc, 2020). EphB2 receptor (EphB2R), a post-synaptic tyrosine kinase receptor, directly interact with NMDAR through positive surface charge of the hinge region of the NTD in the GluN1 subunit and the negatively charged phospho-tyrosine on EphB2R extracellular domain [START_REF] Hanamura | Extracellular phosphorylation of a receptor tyrosine kinase controls synaptic localization of NMDA receptors and regulates pathological pain[END_REF]Washburn et al., 2020). Ligand binding of EphB2R potentiates EphB2R-NMDAR interaction by phosphorylation on EphB2R Y 504 , favoring NMDAR retention at the synapse [START_REF] Dalva | EphB receptors interact with NMDA receptors and regulate excitatory synapse formation[END_REF][START_REF] Hanamura | Extracellular phosphorylation of a receptor tyrosine kinase controls synaptic localization of NMDA receptors and regulates pathological pain[END_REF][START_REF] Nolt | EphB Controls NMDA Receptor Function and Synaptic Targeting in a Subunit-Specific Manner[END_REF]. Activation of EphB2R induces GluN2B synaptic recruitment by phosphorylation of GluN2B subunits by Src and increases NMDAR-dependent Ca2 + influx [START_REF] Dalva | EphB receptors interact with NMDA receptors and regulate excitatory synapse formation[END_REF][START_REF] Nolt | EphB Controls NMDA Receptor Function and Synaptic Targeting in a Subunit-Specific Manner[END_REF][START_REF] Takasu | Modulation of NMDA receptordependent calcium influx and gene expression through EphB receptors[END_REF]. It has been shown that disrupting EphB2R-NMDAR interaction with an antibody targeting the extracellular part of EphB2R is sufficient to induce an increase in the mobility of synaptic GluN2A, in line with the anchoring role of EphB2R for the NMDAR (Mikasova et al., 2012). Recently, it has been proposed that EphB2R-dependent stabilization of

GluN2A-NMDAR at maturing synapses is regulated by GluN3A subunits. Indeed, GluN3A expression selectively regulates surface GluN2A dynamics : GluN3A knock-down decreases GluN2A surface trafficking which is associated with enhanced EphB2R-NMDAR interaction in GluN3-null mouse [START_REF] González-González | GluN3A subunit tunes NMDA receptor synaptic trafficking and content during postnatal brain development[END_REF]. NMDAR also directly interact with dopamine D1 receptor (D1R) which is involved in numerous brain functions, such as motor activity, emotions, cognition, and reward [START_REF] Wang | Interactions between NMDA and dopamine receptors: a potential therapeutic target[END_REF]. D1R interacts with GluN2A but not GluN2B receptors via GluN2A CTD [START_REF] Cahill | D1R/GluN1 complexes in the striatum integrate dopamine and glutamate signalling to control synaptic plasticity and cocaine-induced responses[END_REF][START_REF] Fiorentini | Regulation of dopamine D1 receptor trafficking and desensitization by oligomerization with glutamate N-methyl-D-aspartate receptors[END_REF][START_REF] Lee | Dual regulation of NMDA receptor functions by direct protein-protein interactions with the dopamine D1 receptor[END_REF][START_REF] Pei | Regulation of dopamine D1 receptor function by physical interaction with the NMDA receptors[END_REF]. Live imaging approaches in striatal and hippocampal neurons unveiled a temporal crosstalk between surface NMDAR and D1R (Ladepeche et al., 2013a;[START_REF] Scott | Allosteric changes of the NMDA receptor trap diffusible dopamine 1 receptors in spines[END_REF]. Their interaction favors the retention of NMDAR at extrasynaptic locations, increases D1R insertion into the cell membrane, and inhibits NMDAR currents and NMDARmediated excitotoxicity through a phosphatidylinositol 3-kinase (PI-3 kinase)-dependent pathway (Ladepeche et al., 2013b;[START_REF] Lee | Dual regulation of NMDA receptor functions by direct protein-protein interactions with the dopamine D1 receptor[END_REF][START_REF] Pei | Regulation of dopamine D1 receptor function by physical interaction with the NMDA receptors[END_REF]. Activation of D1R disrupts D1R-NMDAR interactions by phosphorylation of GluN1 subunit through the recruitment of cAMP/PKA signaling, Fynrelated pathways or alternatively via the activation of the PKC/Src cascades [START_REF] Trepanier | Regulation of NMDA receptors by the tyrosine kinase Fyn[END_REF]. As a result, NMDAR surface trafficking is increased as well as the synaptic content of NMDAR, promoting NMDAR-dependent LTP and working memory (Ladepeche et al., 2013b;[START_REF] Nai | Uncoupling the D1-Nmethyl-D-aspartate (NMDA) receptor complex promotes NMDA-dependent long-term potentiation and working memory[END_REF]. mGluR5 is also directly interacting with NMDAR, regulating NMDAR trafficking and activity. The direct interaction between mGluR5 and NMDAR is mediated through the GluN1 subunit and the C-terminal segment of mGluR5 which allow their physical cross-talk involved in their reciprocal constitutive inhibition [START_REF] Perroy | Direct interaction enables cross-talk between ionotropic and group I metabotropic glutamate receptors[END_REF]. SPT experiments demonstrated that GluN1 and mGluR5 colocalize at the surface of neurons, especially in synapses and their vicinities [START_REF] Aloisi | Altered surface mGluR5 dynamics provoke synaptic NMDAR dysfunction and cognitive defects in Fmr1 knockout mice[END_REF]. Activation of mGluR5

upregulates NMDAR surface expression in striatal neurons via CAMKII and promotes tyrosine phosphorylation of GluN2A and GluN2B-containing receptors in hippocampal neurons, regulating NMDAR involvement in NMDAR-mediated cell injury [START_REF] Jin | Metabotropic glutamate receptor 5 upregulates surface NMDA receptor expression in striatal neurons via CaMKII[END_REF][START_REF] Takagi | Metabotropic glutamate receptor 5 activation enhances tyrosine phosphorylation of the N-methyl-D-aspartate (NMDA) receptor and NMDA-induced cell death in hippocampal cultured neurons[END_REF]. Both activities of NMDAR and mGluR5 are required for the synaptic GluN2A/GluN2B ratio change following LTP induction and play a critical role in the experience-dependent regulation of NMDAR subunit composition [START_REF] Matta | mGluR5 and NMDA receptors drive the experience-and activity-dependent NMDA receptor NR2B to NR2A subunit switch[END_REF]. In addition to the modulation of NMDAR function and expression, mGluR5-NMDAR interaction also mediates NMDAR surface dynamics. Blocking mGluR5 activity during LTP prevents the increase of NMDAR surface diffusion of GluN2B normally triggered by an LTP stimulus (Dupuis et al., 2014).

In this section, only NMDAR interactors with a role in NMDAR surface trafficking are described.

However, a variety of others receptors and ion channels part of NMDAR interactome have been thoroughly reviewed in the literature : DR2, mGluR1, μ-Opioid receptor (µOR), Apolipoprotein E receptor 2 (ApoER2), nicotinic acetylcholine receptor (nAChR) ; neuroligin 1 (NL1), large conductance calcium-activated potassium (BK) channel, sigma 1 receptor (Sig1R), interleukin-1 receptor (Il-1R), histamine 3 receptor (H3R), purinergic P2X receptors (P2XR) and transient receptor potential melastatin cation channel subfamily members 4 (TRPM4) (Ladépêche et al., 2014;Petit-Pedrol and Groc, 2020). Whether they have a role or not in NMDAR surface trafficking is still to investigate, although this would not be surprising given the fact that they play a direct or indirect role in modulating NMDAR expression and function, as for EphB2R, mGluR5 and D1R. As most of NMDAR interactors are also located outside glutamatergic synapses (i.e DR, EphB2R, µOR, mGlur, nAChR…), the extrasynaptic compartment emerges as a major site of regulation for NMDAR surface diffusion. The multiplicity of interactions and binding partners suggests that membrane NMDAR are strategically positioned to integrate a multitude of signals through the presence of multiple extrasynaptic hubs. In addition, NMDAR diffusion is relatively slower than other neurotransmitter receptors suggesting that NMDAR are exposed to a higher level of regulation [START_REF] Ciappelloni | Dynamics of surface neurotransmitter receptors and transporters in glial cells: Single molecule insights[END_REF]. It remains to be fully elucidated to what extent extrasynaptic NMDAR form biological hubs with other interacting receptors and the functional consequences of these interaction on intracellular signaling cascades.

Extracellular

The extracellular environment also constitutes a major regulator of NMDAR surface diffusion with amino acids, steroids, proteases, and signaling proteins that potently increase or decrease NMDAR membrane diffusion. Reelin is an example of extracellular matrix (ECM) regulation: this secreted glycoprotein regulates GluN2B-containing NMDAR lateral diffusion. Indeed, reelin accumulates at developing synapses during development, increasing GluN2B surface diffusion. As a result, the synaptic density of GluN2B is lower, leading to a decrease in the participation of GluN2B to NMDAR-mediated synaptic currents. Inversely, reelin inhibition decreases GluN2B surface dynamics and prevents the maturation-dependent reduction in GluN2B-mediated synaptic currents [START_REF] Groc | NMDA receptor surface trafficking and synaptic subunit composition are developmentally regulated by the extracellular matrix protein Reelin[END_REF]. Matrix metalloproteinases (MMP) are extracellularly acting endopeptidases capable of cleaving ECM along with several types of adhesion molecules. Involvement of MMP-9 in NMDAR-dependent synaptic plasticity as well as its colocalization with NMDAR has been reported [START_REF] Gawlak | High resolution in situ zymography reveals matrix metalloproteinase activity at glutamatergic synapses[END_REF][START_REF] Meighan | Effects of extracellular matrix-degrading proteases matrix metalloproteinases 3 and 9 on spatial learning and synaptic plasticity[END_REF]. MMP-9 enzymatic activity increases NMDAR surface trafficking through an integrin β1dependent pathway [START_REF] Michaluk | Matrix metalloproteinase-9 controls NMDA receptor surface diffusion through integrin beta1 signaling[END_REF]. Tissue-type plasminogen activator (tPA) is a serine protease involved in synaptic plasticity, learning and memory processes and has been shown to be a modulator to NMDAR signaling [START_REF] Nicole | The proteolytic activity of tissue-plasminogen activator enhances NMDA receptor-mediated signaling[END_REF]. tPA interacts with NMDAR through a direct interaction within the NTD of the GluN1 subunit and increases extrasynaptic NMDAR surface diffusion, promoting NMDAR-dependent calcium influx and excitotoxic neuronal death both in vitro and in vivo [START_REF] Lesept | Tissue-type plasminogen activator controls neuronal death by raising surface dynamics of extrasynaptic NMDA receptors[END_REF]. The stress and sexual hormones (corticosterone and estrogen, respectively) also constitute robust regulators of receptor diffusion. Extracellular corticosterone specifically controls GluN2B dynamics through mineralocorticoid signaling and decreases its surface dynamics, trapping GluN2B within synapses [START_REF] Mikasova | Stress hormone rapidly tunes synaptic NMDA receptor through membrane dynamics and mineralocorticoid signalling[END_REF]. Estrogen acutely decreases synaptic GluN2B surface dynamics and GluN2A/GluN2B synaptic ratio. At long term, this sexual hormone induces strong anchoring of GluN2A and lateral displacement of synaptic GluN2B, increasing the synaptic GluN2A/2B ratio [START_REF] Potier | Temporal Memory and Its Enhancement by Estradiol Requires Surface Dynamics of Hippocampal CA1 N-Methyl-D-Aspartate Receptors[END_REF]. Although the molecular pathways underpinning these influences remain poorly characterized, their subunit-dependent differential effect on NMDAR surface trafficking suggest that it is not a mere lipophilic effect of these steroids in the plasma membrane. NMDAR co-agonists, glycine and D-serine, also regulate the surface diffusion of both synaptic and extrasynaptic NMDAR. Dserine and glycine differentially modulate the surface behavior of GluN2A and GluN2B subunits in an activity-independent manner, suggesting that they could actively contribute to the spatial segregation of NMDAR subtypes [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by different endogenous coagonists[END_REF]. Acute manipulations of co-agonist levels, both ex vivo and in vitro, unveil that D-serine alter the membrane dynamics and content of synaptic GluN2B, but not GluN2A, through a process requiring MAGUK proteins such as PSD-95 by inducing a conformational change of the GluN1 CTD [START_REF] Ferreira | Co-agonists differentially tune GluN2B-NMDA receptor trafficking at hippocampal synapses[END_REF]. Thus, local variations in glycine and D-serine extracellular concentrations produces receptor subunit-selective changes in synaptic and extrasynaptic NMDAR membrane diffusion. Finally, it has been shown that endothelial growth factor (VEGF) decreases GluN2B surface trafficking while the proinflammatory cytokine interleukin 1β (IL-1 β) is sufficient to increase GluN2B diffusion in glia-free neuronal cultures. Besides these physiological modulators of NMDAR surface trafficking, others regulators of NMDAR surface trafficking are also present in pathological conditions. Indeed, alteration of NMDAR surface dynamics have been described as a cellular hallmark of psychosis for anti-NMDAR encephalitis and schizophrenic patients.

These patients have in common the presence of circulating autoantibodies targeting the GluN1 subunit of NMDAR that bind to synaptic and extrasynaptic NMDAR, altering their surface trafficking. Typically, it has been proposed that binding of these autoantibodies increases synaptic NMDAR surface trafficking by disrupting interactions (such as NMDAR-EphB2R) and decreases extrasynaptic NMDAR surface dynamics because of a cross-linking effect, freezing the receptors together [START_REF] Espana | Alteration of NMDA receptor trafficking as a cellular hallmark of psychosis[END_REF][START_REF] Jézéquel | Dynamic disorganization of synaptic NMDA receptors triggered by autoantibodies from psychotic patients[END_REF]Mikasova et al., 2012). In addition, the envelope protein (Env) of human endogenous retrovirus (HERV) type W, which is normally silenced but expressed in patients with neuropsychiatric conditions, rapidly alters NMDAR surface trafficking within synapses, leading to a fast GluN2B dispersal followed by a relative increase in GluN2A [START_REF] Johansson | Human endogenous retroviral protein triggers deficit in glutamate synapse maturation and behaviors associated with psychosis[END_REF]. The impairment of NMDAR surface trafficking, in both pathological cases (i.e presence of autoantibodies or Env), is associated with an alteration in LTP induction leading to cognitive and behavioral deficits. 

CHAPTER II -AUTOIMMUNITY AND NMDAR IN BRAIN DISORDERS

The NMDAR is involved in learning and memory, synaptic plasticity but also in some neurological disorders such as Alzheimer's disease and stroke. Moreover, this receptor is now also known to be the target of autoimmune dysfunction, causing psychiatric disorders. A role for autoimmune dysfunction in psychiatric illness has been actively investigated since 1937, when autoantibodies were first reported in a schizophrenia patient [START_REF] Lehmann-Facius | Über die Liquordiagnose der Schizophrenien[END_REF]. In 2007, the discovery of anti-NMDAR encephalitis brought further attention to the implication of the NMDAR and role of autoimmune processes in psychiatric symptoms (Dalmau et al., 2007). In this condition, the immune system produces antibodies that target and disrupt NMDAR signaling in the brain, leading to a wide range of symptoms, including cognitive dysfunction, psychosis, seizures, movement disorders, and more. This disorder highlighted how NMDAR hypofunction can lead to a range of psychiatric and neurological symptoms, blurring the lines between purely psychiatric and neurological conditions.

Review : Autoimmunity and NMDA receptor in brain disorders: Where do we stand ? Over the past decades, the identification of autoimmune encephalitis in which patients express autoantibodies directed against neurotransmitter receptors has generated great hope to shed new light on the molecular mechanisms underpinning neurological and psychiatric conditions. Among these autoimmune encephalitides, the discovery of autoantibodies directed against the glutamatergic NMDA receptor (NMDAR-Ab), in the anti-NMDAR encephalitis, has provided some key information on how complex neuropsychiatric symptoms can be caused by a deficit in NMDAR signalling. Yet, NMDAR-Abs have also been detected in several neurological and psychiatric conditions, as well as in healthy individuals. In addition, these various NMDAR-Abs appear to have different molecular properties and pathogenicities onto receptors and synaptic functions. Here, we discuss the current view on the variety of NMDAR-Abs and, in particular, how these autoantibodies can lead to receptor dysfunction in neuronal networks. Since our mechanistic understanding on patients' NMDAR-Abs is still in its infancy, several complementary processes can be proposed and further in-depth molecular and cellular investigations will surely reveal key insights. Autoantibodies represent a great opportunity to gain knowledge on the etiology of neuropsychiatric disorders and pave the way for innovative therapeutic strategies. One sentence summary: Current view on patients' autoantibody against NMDAR.
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Introduction

In the vertebrate central nervous system, excitatory glutamatergic neurotransmission constitutes the vast majority of intercellular communication (Traynelis et al., 2010). Among the glutamatergic receptors underpinning fast transmission, NMDA receptors (NMDARs) play a key role in synaptic adaptation processes [START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF]Paoletti et al., 2013). Furthermore, dysfunctions of NMDAR signalling have been involved in the etiology of several major neurological and psychiatric disorders. NMDARs are heterotetramers composed of a combination of GluN1, GluN2, and GluN3 subunits. These subunit families contain several variants: the single GluN1 subunit with eight splice isoforms, four distinct GluN2 subunits (A-D), and two GluN3 subunits (Paoletti et al., 2013). The assembled NMDAR has a large extracellular domain, transmembrane loops, and an intracellular tail. The agonist, i.e. glutamate, binds to GluN2 subunits whereas the coagonist, i.e. glycine or D-serine, binds to GluN1 subunits. The GluN2 subunits provide specific biophysical and pharmacological properties to the receptor. In addition to their biophysical specificities, NMDAR subtypes exhibit different trafficking properties that have been thoroughly reviewed (Horak et al., 2014;[START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF][START_REF] Lussier | Dynamic regulation of N-methyl-daspartate (NMDA) and alpha-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors by posttranslational modifications[END_REF]Paoletti et al., 2013). Schematically, there is a large pool of GluN1 subunits in the endoplasmic reticulum that await assembly with GluN2 subunits. The correctly assembled receptors are intracellularly trafficked through the dendrite, carried along microtubules by molecular motor kinesins. After insertion into the plasma membrane, NMDARs laterally diffuse and explore large domains of neuronal dendrites [START_REF] Ladepeche | Surface trafficking of NMDA receptors: gathering from a partner to another[END_REF]. Upon entry into postsynaptic compartment, the NMDAR becomes anchored and stabilized by protein-protein interactions with various scaffold partners. In the extrasynaptic compartment NMDAR are endocytosed and eventually recycle to the plasma membrane through exocytosis, keeping the membrane pool rather constant. The surface dynamics of NMDAR is not only important to regulate the synaptic pool, it also plays a key role in the establishment of long-term synaptic plasticity in an unconventional process (Groc and Choquet, 2020).

Understanding the dysfunction of the NMDAR signalling in various brain disorders has captured a lot of attention over the past decades [START_REF] Hardingham | NMDA receptor C-terminal signaling in development, plasticity, and disease[END_REF][START_REF] Myers | Distinct roles of GRIN2A and GRIN2B variants in neurological conditions[END_REF][START_REF] Nakazawa | Spatial and temporal boundaries of NMDA receptor hypofunction leading to schizophrenia[END_REF]. From genetic mutations observed in patients with neurological and psychiatric conditions to drugs that target the NMDAR and trigger neuropsychiatric symptoms, several putative mechanism(s) underpinning NMDAR signalling dysfunction have been proposed. The direct role of NMDAR dysfunction in human brain disorders has recently gained strong support with the discovery of autoantibodies directed against the NMDAR (NMDAR-Abs). Dalmau et al. (2007) identified a patient cohort who presented initially with a viral-like prodromal phase. This condition was followed sharply by psychotic symptoms baring a striking resemblance to that of a first psychotic episode. It is then concurrent with subtle indicators of underlying neurologic pathology including dyskinesia [START_REF] Dalmau | Clinical experience and laboratory investigations in patients with anti-NMDAR encephalitis[END_REF]Dalmau et al., 2007). Later stages of the disease progression comprise a seizure phenotype and a worsening autonomic dysfunction often leading to fatality if untreated. It was later identified that the root of this disorder was by the pathogenic action of patient-generated NMDAR-Abs directed against the extracellular domain of the receptor (Dalmau et al., 2008;Gleichman et al., 2012;Hughes et al., 2010). The initial psychiatric phase is considerably heterogeneous between patients, experiencing symptoms of psychosis (auditory and visual hallucination), depression, mania, eating disorder and addiction [START_REF] Graus | A clinical approach to diagnosis of autoimmune encephalitis[END_REF]. Alarmingly, a large fraction of these patients were initially admitted to psychiatric institutions as opposed to neurological wards [START_REF] Graus | A clinical approach to diagnosis of autoimmune encephalitis[END_REF][START_REF] Lejuste | Neuroleptic intolerance in patients with anti-NMDAR encephalitis[END_REF][START_REF] Pollak | Autoimmune psychosis: an international consensus on an approach to the diagnosis and management of psychosis of suspected autoimmune origin[END_REF]. The question of whether different clinical expression of anti-NMDAR encephalitis exists is a current debate. For instance, NMDAR-Abs have been found in up 20% of patients diagnosed with schizophrenia [START_REF] Jezequel | Pathogenicity of antibodies against NMDA receptor: molecular insights into autoimmune psychosis[END_REF], suggesting that these autoantibodies can be expressed in patients with psychosis and/or in patients with anti-NMDAR encephalitis with prominent psychiatric features. Ongoing investigations will surely shed lights on this debate. Today, less than twenty different autoimmune encephalitic disorders had been identified in which autoantibodies are directed against synaptic receptors (i.e NMDAR, GABA receptor) or neuronal cell surface proteins (i.e LGI1, CASPR2) (Crisp et al., 2016). Brain-targeting antibodies have also been identified in non-encephalitic disorders. It is estimated that up to 70% of patients with autism spectrum disorder have systemic circulation of autoantibodies against brain targets. Also, in patients with systemic lupus erythematosus and a concurrent neuropsychiatric component (NPSLE), it has been shown that anti-double-stranded DNA antibodies (dsDNA-Abs) have cross-reactivity with NMDARs [START_REF] Brimberg | Antibodies as mediators of brain pathology[END_REF]. Adding still further complexity, brain-targeting autoantibodies have also been identified in the systemic circulation of healthy individuals, suggesting that -in a least some cases -such autoantibodies lack any observable pathogenicity. Given the association of NMDARreactive autoantibodies across many neuropsychiatric disorders, and its high prevalence in autoimmune encephalitis and NPSLE, we will dedicate our focus to the actions of two mechanistically opposing NMDAR-Abs, those found in encephalitis and NPSLE. As there is considerable heterogeneity in the mechanism of action for these NMDAR-Abs within different neurological conditions, we will discuss these various mechanisms of action and propose emerging working models.

Diversity in NMDAR autoantibody types and pathogenicity

The concept that autoantibodies contribute to the etiology of specific neurological and psychiatric conditions is almost a century old [START_REF] Jezequel | Pathogenicity of antibodies against NMDA receptor: molecular insights into autoimmune psychosis[END_REF]). Yet, since the identification of NMDAR-Abs in anti-NMDAR encephalitis more than a decade ago, the number of studies reporting NMDAR-autoimmunity in brain disorders has been exponentially growing [START_REF] Dalmau | An update on anti-NMDA receptor encephalitis for neurologists and psychiatrists: mechanisms and models[END_REF][START_REF] Ehrenreich | Autoantibodies against N-methyl-d-aspartate receptor 1 in health and disease[END_REF][START_REF] Jezequel | Pathogenicity of antibodies against NMDA receptor: molecular insights into autoimmune psychosis[END_REF]. The study of NMDAR-Abs has primarily focussed on neuropsychiatric diseases, since they were initially found in the serum and CSF of women presenting with prominent psychiatric symptoms and underlying ovarian teratoma [START_REF] Dalmau | An update on anti-NMDA receptor encephalitis for neurologists and psychiatrists: mechanisms and models[END_REF]. In anti-NMDAR encephalitis, the NMDAR-Abs are mainly of the IgG subtype, when compared to IgM and IgA subtypes which make up less than 10% (Fig. 1A). In patients suffering from psychotic disorders, including schizophrenia and bipolar disorder, the fraction of seropositive patients is variable between studies, with estimates ranging from few percent up to 20% [START_REF] Jezequel | Pathogenicity of antibodies against NMDA receptor: molecular insights into autoimmune psychosis[END_REF]. The immunoglobulin subtypes in seropositive psychotic patients also greatly varies between studies, with some reporting a high proportion of IgG, and others, a predominance of IgM/A subtypes [START_REF] Doss | High prevalence of NMDA receptor IgA/IgM antibodies in different dementia types[END_REF][START_REF] Ehrenreich | Autoantibodies against N-methyl-d-aspartate receptor 1 in health and disease[END_REF][START_REF] Hammer | Neuropsychiatric disease relevance of circulating anti-NMDA receptor autoantibodies depends on blood-brain barrier integrity[END_REF]) (Fig. 1A). The presence of NMDAR-Abs in a number of patients with variable dementias has also been reported; including progressive supranuclear palsy, corticobasal syndrome, Parkinson's disease-related dementia, primary progressive aphasia, ischemic stroke and amyotrophic lateral sclerosis [START_REF] Dalmau | An update on anti-NMDA receptor encephalitis for neurologists and psychiatrists: mechanisms and models[END_REF][START_REF] Ehrenreich | Autoantibodies against N-methyl-d-aspartate receptor 1 in health and disease[END_REF][START_REF] Jezequel | Pathogenicity of antibodies against NMDA receptor: molecular insights into autoimmune psychosis[END_REF]. In 2001, NMDAR-Abs were reported in patients with NPSLE. This autoimmune disease is first characterised by the presence of dsDNA-Abs. It has been proposed that a pentapeptide sequence in the extracellular portion of the NMDAR GluN2A/2B subunits is a molecular mimic of double-stranded DNA. This cross-reactivity between dsDNA-Ab and NMDAR GluN2A/2B subunits have been associated with cognitive defects in NPLSE patients, with approximately 30% of patients showing seropositivity for NMDAR-Abs against these GluN2 subunits (DeGiorgio et al., 2001) (Fig. 1A). It should be noted that the presence of NMDAR-Abs in NPSLE has been questioned [START_REF] Varley | Absence of neuronal autoantibodies in neuropsychiatric systemic lupus erythematosus[END_REF], calling for further in-depth investigations.

To add another layer of complexity, NMDAR-Abs have also been found in healthy individuals [START_REF] Dahm | Seroprevalence of autoantibodies against brain antigens in health and disease[END_REF][START_REF] Doss | High prevalence of NMDA receptor IgA/IgM antibodies in different dementia types[END_REF][START_REF] Hammer | Neuropsychiatric disease relevance of circulating anti-NMDA receptor autoantibodies depends on blood-brain barrier integrity[END_REF]Jezequel et al., 2017a;[START_REF] Pan | Uncoupling the widespread occurrence of anti-NMDAR1 autoantibodies from neuropsychiatric disease in a novel autoimmune model[END_REF], with a seroprevalence that has been proposed to increase with age and is slightly higher in male compared to female populations [START_REF] Hammer | Neuropsychiatric disease relevance of circulating anti-NMDA receptor autoantibodies depends on blood-brain barrier integrity[END_REF].

This extensive diversity in NMDAR-Ab subtypes and disease prevalence raises, among many others, two key questions: (i) whether currently-available techniques are reliable and reproducible measures of antibody prevalence, and (ii) whether all NMDAR-Abs have similar effects on their targets. Considering the former, various assays are used worldwide [START_REF] Sinmaz | Autoantibodies in movement and psychiatric disorders: updated concepts in detection methods, pathogenicity, and CNS entry[END_REF]. Recently, it has been shown that identical samples tested in different centres with different assays (e.g. live versus fixed heterologous cells) produced opposite outcomes (Jezequel et al., 2017b). It thus remains urgent to develop sensitive and reproducible methods to detect the presence, or absence, of NMDAR-Abs in the circulation of patients with different conditions. Secondly, considering the heterogeneity of antibody actions, the best characterised pathogenic mechanism comes from studies of anti-NMDAR encephalitis. Schematically, anti-NMDAR IgGs induce a massive hypofunction of synaptic NMDARs, leading to a decrease in NMDAR signalling (Dalmau et al., 2017) (Fig. 1B). This antibody effect is achieved by an alteration of the lateral displacement of synaptic NMDARs. Similarly, NMDAR-Abs from patients with psychotic disorders, induce an NMDAR hypofunction with comparably aberrant surface dynamics (Jezequel et al., 2017a). These major alterations of NMDAR signalling prevent NMDARdependent long-term synaptic plasticity and induce deficits in memory and cognitive functions [START_REF] Jezequel | Pathogenicity of antibodies against NMDA receptor: molecular insights into autoimmune psychosis[END_REF][START_REF] Planaguma | Ephrin-B2 prevents N-methyl-D-aspartate receptor antibody effects on memory and neuroplasticity[END_REF][START_REF] Planaguma | Human N-methyl D-aspartate receptor antibodies alter memory and behaviour in mice[END_REF]. NMDAR-Abs (IgG) from NPSLE patients induce a positive allosteric modulation of the NMDAR, leading to a NMDAR hyperfunction, and subsequent cell death (Chan et al., 2020) (Fig. 1B). Paradoxically, at the behavioural level, NMDAR-Abs from NPSLE patients also impair memory, promote psychotic symptoms and epileptic phenotypes, similarly to the antibody pathogenicity observed in anti-NMDAR encephalitis (Chan et al., 2020;[START_REF] Kowal | Human lupus autoantibodies against NMDA receptors mediate cognitive impairment[END_REF]. NMDAR-Abs from healthy individuals lack most of the molecular pathogenicity reported in anti-NMDAR encephalitis, NPLSE or any other NMDARautoimmune disorder [START_REF] Jezequel | Pathogenicity of antibodies against NMDA receptor: molecular insights into autoimmune psychosis[END_REF]. In addition, NMDAR-Abs from an autism spectrum disorder patient also failed to alter NMDAR synaptic trafficking [START_REF] Grea | Clinical and autoimmune features of a patient with autism spectrum disorder seropositive for anti-NMDA-receptor autoantibody[END_REF]. Still, the diversity of NMDAR-Ab pathogenicity goes even further. The production and isolation of monoclonal NMDAR-Abs from encephalitic patients unveiled that affinity is heterogeneous, with 2-order of magnitude difference in binding constants between monoclonal autoantibody groups (Kreye et al., 2016;Ly et al., 2018;[START_REF] Wenke | N-methyl-D-aspartate receptor dysfunction by unmutated human antibodies against the NR1 subunit[END_REF]. Furthermore, several distinct epitopes may be targeted by different NMDAR-Abs. The NMDAR-Abs of encephalitic patients were initially proposed to target the specific N368/ G369 region in the ATD domain of GluN1 subunit (Gleichman et al., 2012;[START_REF] Gresa-Arribas | Antibody titres at diagnosis and during follow-up of anti-NMDA receptor encephalitis: a retrospective study[END_REF]) (Fig. 1C). Immunization of mice with a short GluN1 peptide around the N368/G369 produce NMDAR-Abs and cognitive deficits associated to rodent models of anti-NMDAR encephalitis [START_REF] Wagnon | Autoimmune encephalitis mediated by B-cell response against N-methyl-d-aspartate receptor[END_REF]. However, this site appears to be recognised by only half of patient NMDAR-Abs [START_REF] Castillo-Gomez | All naturally occurring autoantibodies against the NMDA receptor subunit NR1 have pathogenic potential irrespective of epitope and immunoglobulin class[END_REF][START_REF] Gresa-Arribas | Antibody titres at diagnosis and during follow-up of anti-NMDA receptor encephalitis: a retrospective study[END_REF], strongly suggesting the presence of additional epitopes. In this line, an extracellular peptide sequence (RNPSDK) located on the S2 domain of the GluN1 subunit have been proposed to be targeted by a monoclonal NMDAR-Ab from anti-NMDAR encephalitis [START_REF] Amrutkar | Fine mapping of a monoclonal antibody to the N-methyl D-aspartate receptor reveals a short linear epitope[END_REF]. Using competition assays, it has also been shown that there is no epitope overlap on native NMDAR expressed in live neurons, between NMDAR-Abs isolated from patients with anti-NMDAR encephalitis versus psychotic disorder (Jezequel et al., 2017a). For NPSLE, the epitope targeted by NMDAR-Abs is the D/E,W, D/E,Y,S/G motif (DWEYS for short) located at the cleft of the aminoterminal domain (ATD) clamshells of GluN2A (sequence DWDYS) and GluN2B (sequence EWDYG) subunit (Faust et al., 2010), although only GluN2A-NMDARs appear to be functionally affected by antibody binding (Chan et al., 2020) (Fig. 1C). It could be mentioned here that antibodies raised against the extracellular GluN1 subunit region (amino acids 654-800; contributes to the glycine binding domain) were found to be seizure-protective and neuroprotective against excitotoxic challenges in rodent models [START_REF] Young | The NMDA receptor antibody paradox: a possible approach to developing immunotherapies targeting the NMDA receptor[END_REF]. Finally, antibodies raised against the extracellular GluN1 subunit region (amino acids 168-187) do not produce brain cell and behavioural alterations [START_REF] Wagnon | Autoimmune encephalitis mediated by B-cell response against N-methyl-d-aspartate receptor[END_REF]. Altogether, it is evident that NMDAR-Abs are significantly heterogeneous in their pathogenic (e.g. anti-NMDAR encephalitis, autoimmune psychosis, NPSLE), protective, or neutral (e.g. healthy individuals) capacity and binding properties, supporting the view that anti-NMDAR antibody diversity is accompanied by a corresponding variety in their mechanisms of action.

NMDAR-Ab-induced NMDAR signalling deficit: through which cellular pathway?

The synaptic signalling through the NMDAR population can be altered by changes in the ionotropic function of the receptor or its trafficking to/from the synapse. The development of single nanoparticle tracking unveiled that the synaptic NMDAR pool is dynamic and that NMDARs laterally exchange between synaptic and extrasynaptic compartments. Within the postsynaptic compartment, NMDARs are stabilized and anchored through protein-protein interactions; for instance, by the interaction with EphB2Rs due to negative charge on GluN1 extracellular domain and positive charge on EphB2R (Fig. 2A) (Washburn et al., 2020). In anti-NMDAR encephalitis, autoantibodies target the GluN1 subunit in surface NMDARs, causing a selective and reversible decrease in receptor surface density and synaptic localization (Dalmau et al., 2008;Hughes et al., 2010;Mikasova et al., 2012). The mechanism of this surface loss requires fully intact IgG and is observed in presence of an NMDAR antagonist (Hughes et al., 2010). Using a single nanoparticle tracking approach in hippocampal neurons, it was further shown that NMDAR-Abs, from encephalitic patients, impact the surface dynamics of synaptic and extrasynaptic NMDARs in opposing directions (Mikasova et al., 2012). For synaptic NMDARs, NMDAR-Abs destabilize NMDARs Fig. 2. Facts and models for the molecular mechanism behind NMDAR signalling in health and disease. A) In basal conditions, NMDARs are linked to anchor proteins, such as EphB2. The pool of NMDARs is dynamic, displaying surface trafficking between synaptic and extrasynaptic compartment, providing an equilibrium between the two pools of NMDARs. NMDARs go through endocytosis and exocytosis. B) The facts known in pathological conditions with NMDAR-Ab from AE patients are represented in this figure. It starts with the observation of a massive loss of synaptic and extrasynaptic NMDAR, while the intracellular pool remains the same. The surface trafficking of NMDAR is altered: NMDARs are more dynamic at the synapse and less dynamic at the extrasynaptic compartment where crosslinking events of extrasynaptic NMDARs leads to receptor internalisation. At the synapse, a disruption between NMDAR and EphB2 interaction is observed. These facts lead to global NMDAR hypofunction with decrease of synaptic NMDAR current and LTP as well as impact on the behaviour in rodent such as memory impairment. C) Two models can be built to explain these facts. If NMDAR-Ab can massively target the synapse, the key point [START_REF] Crisp | Autoimmune synaptopathies[END_REF] in NMDAR-Ab mechanism of action in the synaptocentric model is the disruption of interaction between NMDAR and EphB2. NMDAR is no longer anchored to the synapse, leading to its delocalization in the extrasynaptic part where it's crosslinked (2) and internalized [START_REF] Dalmau | An update on anti-NMDA receptor encephalitis for neurologists and psychiatrists: mechanisms and models[END_REF]. In the extrasynaptocentric model, it is considered that NMDAR-Ab mainly targets extrasynaptic NMDAR due to a better access than within the synaptic cleft. The key point is the crosslinking of extrasynaptic NMDAR by NMDAR-Ab (1). To refill the extrasynaptic pool, there is a massive NMDAR surface trafficking of NMDAR from the synapse to the extrasynaptic compartment [START_REF] Dalmau | Paraneoplastic anti-N-methyl-D-aspartate receptor encephalitis associated with ovarian teratoma[END_REF]. Then, the NMDAR that translocates to the extrasynaptic compartment is trapped and internalized (3). NMDAR-EphB2 disruption still occurs but its effect is minimal compared to the synaptocentric model. by preventing their association with EphB2 receptor, increasing their lateral diffusion and dispersion towards the extrasynaptic compartment. Whereas, for extrasynaptic NMDARs, diffusion was massively reduced in the presence of patient IgGs, consistent with previously described antibody-induced cross linking of surface receptors (Fig. 2B) (Dupuis et al., 2014;[START_REF] Groc | The stress hormone corticosterone conditions AMPAR surface trafficking and synaptic potentiation[END_REF][START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF].

In anti-NMDAR encephalitis, it has been proposed that NMDAR synaptic hypofunction is primarily due to a deficit in anchoring of the receptor at postsynaptic sites (Hughes et al., 2010;Mikasova et al., 2012). Indeed, it has been observed that synaptic expression of NMDARs decreases in the presence of NMDAR-Abs, and that this process is associated with the disruption of the NMDAR-EphB2R interaction, an increase of synaptic NMDAR dynamics and altered nanoscale organization within the synapse. A similar phenotype has been reported with NMDAR-Abs from patients diagnosed with psychotic disorders (Jezequel et al., 2017a). In mice infused with CSF from patients with anti-NMDAR encephalitis, administration of ephrin-B2 (ligand of EphB2R) prevents the pathogenic effect of NMDAR-Ab [START_REF] Planaguma | Ephrin-B2 prevents N-methyl-D-aspartate receptor antibody effects on memory and neuroplasticity[END_REF]. A positive allosteric modulator of the NMDAR has also been shown to prevent the pathogenic effect of NMDAR-Abs on the synaptic NMDAR content in rodents [START_REF] Mannara | Allosteric modulation of NMDA receptors prevents the antibody effects of patients with anti-NMDAR encephalitis[END_REF]. Furthermore, rodents immunized with NMDAR extracellular domain or amino acid sequences consistently develop NMDAR-dependent cellular and behavioural dysfunctions [START_REF] Jones | Autoimmune receptor encephalitis in mice induced by active immunization with conformationally stabilized holoreceptors[END_REF][START_REF] Wagnon | Autoimmune encephalitis mediated by B-cell response against N-methyl-d-aspartate receptor[END_REF]. The conventional approach, where focus is dedicated principally to the synaptic component of antibody action, has thus developed an expectantly "synaptocentric" model of the disease (Fig. 2C). However, such a deficit in synaptic NMDAR expression can also feasibly originate from a primarily extrasynaptic antibody action. Indeed, NMDARs traffic through the extrasynaptic compartment to reach the synapse and maintain a stable pool of synaptic receptors. Hence, a robust deficit in NMDAR trafficking outside the synapse would inevitably decrease the synaptic pool over time and also lead to a hypofunction of synaptic NMDAR transmission. Given that NMDAR-Abs demonstrate NMDAR cross-linking competence at extrasynaptic sites, the possibility that antibody-induced synaptic hypofunction instead originates from the disturbance at the extrasynaptic compartment should not be discarded. While not necessarily the exclusive mechanism of action, this hypothesis would constitute an alternative "extrasynaptocentric" model of pathogenesis (Fig. 2C). Compellingly, considering that the synaptic cleft is close in size to NMDAR-Abs (around 20 nm and 12 nm, respectively) and the substantially enriched molecular density, one could assume that NMDAR-Abs can more efficiently target extrasynaptic NMDARs, as compared to the synaptic population. This is further supported by studies showing that different monoclonal NMDAR-Abs can target preferentially extrasynaptic or presynaptic NMDARs rather than postsynaptic ones [START_REF] Sharma | Monoclonal antibodies from a patient with anti-NMDA receptor encephalitis[END_REF][START_REF] Wagner | Detailed morphological analysis of rat hippocampi treated with CSF autoantibodies from patients with anti-NMDAR encephalitis discloses two distinct types of immunostaining patterns[END_REF]. In this scenario, NMDAR-Abs will primarily cross-link extrasynaptic NMDARs, leading to a deficit in diffusion and synaptic incorporation, which by extension reduces the pool of synaptic NMDARs. Some NMDAR-Abs may also penetrate the synapse and destabilize the synaptic pool directly, but in this model such action would represent a simple a confounding effect, insufficient by itself of causing the behavioural pathology seen in encephalitic patients (Fig. 2C). Importantly, the interest to localise predominant antibody action to either synaptic or non-synaptic sites, is not a trivial one. Since NMDAR synaptic hypofunction constitutes the core etiology in major psychotic disorders, understanding the precise locus of NMDAR disorganization is of major translational interest. Following the synaptocentric dogma, the optimal therapeutic design strategy will consist of stabilizing NMDARs, favouring their retention at the synapse. However, in the exact contrary direction, the extrasynaptocentric model would promote the concept of NMDAR destabilisation as a therapeutic route, to negate the influence of crosslinking and favour their trafficking towards synaptic compartments. Ultimately, two molecular hypotheses suggesting two opposing therapeutic solutions. As such, defining the locus of origin for antibody-induced synaptic deficit is of prime importance for the future development of molecular interventions for neuropsychiatric conditions. Similarly, comparing the effect of NMDAR-Abs from patients with anti-NMDAR encephalitis or psychotic disorders provide further insights to the heterogeneity of antibody actions. As in encephalitis, NMDAR-Abs from patients with psychotic disorders also destabilize the synaptic NMDAR content, through a disruption of EphB2R interactions (Jezequel et al., 2017a). While the psychiatric component of anti-NMDAR encephalitis bears a striking resemblance to that of other psychiatric disorders, the additional symptomology of encephalitis, namely cognitive deficits, dyskinesia and seizure phenotypes, may be explained by differences in the principal subcellular site of antibody action. Conversely to encephalitic autoantibodies, NMDAR-Abs from patients with psychosis do not alter the extrasynaptic NMDAR content (Jezequel et al., 2017a(Jezequel et al., , 2017b)), further demonstrating that a refined focus on the extrasynaptic compartment could yield some important insights on the pathogenesis of NMDAR-Abs from different brain disorders. It is conceivable that the main mechanism of action of NMDAR-Abs, a least in the case of anti-NMDAR encephalitis, deviate from the currently accepted model of this disease, and instead follow this novel extrasynaptocentric model.

Cellular targets of NMDA-Abs

To date, the majority of antibody pathogenesis has been hypothesised solely on pyramidal cell populations. However, the inhibitory interneuron networks remain an underexploited area of investigation that we expect to be strikingly relevant to the disease mechanisms of NMDAR-Abs action. Although the possibility that interneuron dysfunction may contribute to NMDAR-Ab' pathogenesis has been proposed [START_REF] Masdeu | NMDA receptor internalization by autoantibodies: a reversible mechanism underlying psychosis?[END_REF], direct experimental investigations into this possibility are simply lacking. The interneuron population represents a relative minority in the hippocampus, yet the local inhibitory drive provided by this network forms a major contribution to the larger scale circuit behaviour of hippocampal networks and beyond [START_REF] Pelkey | Hippocampal GABAergic inhibitory interneurons[END_REF]. Particularly, hippocampal interneurons have been implicated in both psychotic disorder, where their ability to successfully regulate network oscillatory behaviour is compromised [START_REF] Heckers | GABAergic mechanisms of hippocampal hyperactivity in schizophrenia[END_REF][START_REF] Marin | Interneuron dysfunction in psychiatric disorders[END_REF] and in epilepsy, where a loss of inhibitory drive renders hippocampal networks susceptible to hyper-activation states and seizure generation [START_REF] Marx | Differential vulnerability of interneurons in the epileptic hippocampus[END_REF]. These findings, combined with our understanding of anti-NMDAR encephalitis and NPSLE presenting with major symptoms of psychosis and seizure, suggest that a substantial contribution to disease pathogenesis, may originate with a perturbation of hippocampal interneuron function. Recent investigations in the field of psychotic disorders have suggested that NMDAR hypofunction, specifically on interneuron populations, may be a key driver of psychosis phenotypes. Certain NMDAR antagonists are long-since known to acutely replicate poly-symptomatic psychotic disorders in humans, including hallucination, affect flattening and paranoia [START_REF] Javitt | Glutamate as a therapeutic target in psychiatric disorders[END_REF][START_REF] Nakazawa | Spatial and temporal boundaries of NMDA receptor hypofunction leading to schizophrenia[END_REF]. Beyond this behavioural homology, antagonist administration also reproduces the rise in extracellular glutamate of the medial prefrontal cortex seen in psychosis patients, and increases the activity of cortical principal cells in rodents [START_REF] Moghaddam | From revolution to evolution: the glutamate hypothesis of schizophrenia and its implication for treatment[END_REF]. Given that the application of antagonists, instead, promotes excitatory cell action and glutamate release, it is hypothesised that a principal route of psychotic disorders is mediated by a disinhibition across brain structures including the frontal cortex and limbic system. Further research has aimed to identify the source of this disinhibition, after the observation that local interneuron action is not a viable route to antagonist-induced activity increase in cortical structures [START_REF] Amat-Foraster | Modulation of thalamo-cortical activity by the NMDA receptor antagonists ketamine and phencyclidine in the awake freely-moving rat[END_REF]. However, local disinhibition has been demonstrated in the CA1 subfield of the hippocampus, and to effectively disinhibit the prefrontal cortex through disruption of downstream signalling [START_REF] Jodo | Activation of medial prefrontal cortex by phencyclidine is mediated via a hippocampo-prefrontal pathway[END_REF]. Applying this reasoning to the study of anti-NMDAR encephalitis, we might speculate that antibody-induced receptor hypofunction on interneurons is a principal mechanism for the generation of psychotic symptoms observed in the initial presentation of this disorder (Fig. 3). These findings are also congruent with the proposition that autoantibody actions are specific on hippocampal and limbic regions in encephalitic patients, albeit through an as yet unidentified mechanism (Dalmau et al., 2008). Conversely, the positive allosteric modulation of GluN2A-NMDARs by NMDAR-Abs in NPSLE, generates a similar phenotype, despite the directly opposing functional consequence of antibody binding (Chan et al., 2020). In this case, we expect that the pathogenesis is mediated by direct hyperactivation of the GluN2A-enriched principal cell populations (Fig. 3). These divergent autoimmune diseases, with paradoxically similar phenotypic disturbance, only demonstrate the need to further elucidate and expand our current models of anti-NMDAR antibody action, both at cellular and circuit levels.

Cell intrinsic properties of hippocampal interneurons

Parvalbumin expressing (PV+) interneurons exhibit local control over hippocampal excitation through a rapid and repetitive firing pattern. This interneuron population has gained significant traction in the field of psychosis, as this uniquely fast-spiking phenotype is known to exert control over high frequency gamma oscillations, that are also disrupted in psychotic patient electroencephalographs [START_REF] Marin | Interneuron dysfunction in psychiatric disorders[END_REF]. This suggests PV+ interneurons as a good candidate for the disinhibition model of psychosis in anti-NMDAR encephalitis. However, the question remains how encephalitic NMDAR-Abs, which presumably bind indiscriminately to NMDARs may demonstrate a targeted effect on interneurons, without a brain-wide activity depression by an equivalent effect on principal cells. One possibility is that the NMDAR itself serves a different functional purpose when expressed in interneurons or principal cells. Notably, interneuron populations demonstrate more depolarised resting membrane potentials than the surrounding pyramidal cell populations [START_REF] Lacaille | Local circuit interactions between oriens/alveus interneurons and CA1 pyramidal cells in hippocampal slices: electrophysiology and morphology[END_REF], and it has been further elucidated that the PV+ interneuron population is among the most depolarised of all cell types in the hippocampal structure, usually remaining around -55 mV [START_REF] Tricoire | A blueprint for the spatiotemporal origins of mouse hippocampal interneuron diversity[END_REF]. Despite this more depolarised resting potential, all interneuron families have an approximately equivalent threshold for action potential generation as pyramidal cells, at around -35 mV [START_REF] Tricoire | A blueprint for the spatiotemporal origins of mouse hippocampal interneuron diversity[END_REF], setting apart the PV+ interneuron subtype as they normally rest relatively close to spike threshold. It has been shown that PV+ interneurons display a significant enrichment of the magnesiuminsensitive GluN2D-containing NMDAR [START_REF] Akgul | Diverse roles for ionotropic glutamate receptors on inhibitory interneurons in developing and adult brain[END_REF]. The expression of this receptor subtype is known to contribute to resting membrane potential in early developmental stages in the cortex [START_REF] Hanson | Tonic activation of GluN2C/GluN2D-containing NMDA receptors by ambient glutamate facilitates cortical interneuron maturation[END_REF]. It is possible that a similar tonic current on PV+ interneurons, may represent a unique pathological avenue for encephalitic disease, whereby the internalisation of NMDARs on interneurons drives down the resting potential away from threshold, ablating the fastspiking phenotype and inhibitory drive. This remains to be examined in the context of exposure to encephalitic NMDAR-Abs, however it has encouragingly been demonstrated that genetic ablation of NMDARs on PV+ fast-spiking interneurons does significantly disrupt the characteristic firing pattern of this interneuron family [START_REF] Carlen | A critical role for NMDA receptors in parvalbumin interneurons for gamma rhythm induction and behavior[END_REF]. This differential subunit enrichment on interneurons is also consistent with the opposing action of NMDAR-Abs in NPSLE. These antibodies bind both GluN2A and GluN2B subunits, however the increased open probability via positive allosteric modulation is selective for the GluN2Acontaining receptor (Chan et al., 2020). While GluN2A-NMDARs are also expressed on hippocampal interneurons, the expression is significantly lower as compared to that on principal cells in the hippocampal structure [START_REF] Akgul | Diverse roles for ionotropic glutamate receptors on inhibitory interneurons in developing and adult brain[END_REF]. Hence, the relative reduction of GluN2A subunit expression on interneuron populations renders inhibitory activity unchanged in response to antibody exposure in NPSLE. However, the high GluN2A-NMDAR expression at pyramidal cell synapses is likely to shift the overall network behaviour in favour of direct hyperexcitation (Fig. 3). This is certainly interesting considering that the phenotype of NPSLE is similar to that observed in anti-NMDAR encephalitis. Demonstrating that even directly opposing action of antibody pathogenesis, hypo-versus hyper-function, can result in a comparable phenotypic outcome through discrete mechanisms, further highlighting the necessity to characterise the possible effects on NMDAR function on both excitatory principal cells and the concurrent balancing effect on local inhibitory networks.

Differential glutamatergic neurotransmission on hippocampal interneurons

Alongside the variable functional roles of NMDARs expressed on principal and interneuron cell types, glutamatergic transmission is itself mediated differently between these neural populations [START_REF] Pelkey | Hippocampal GABAergic inhibitory interneurons[END_REF]. Interneurons in the CA1 area of the hippocampus which receive Schaffer collateral inputs, maintain a GluN2B-NMDAR predominance at the synapse across all stages of development, differing from the pyramidal cell population which upregulates synaptic incorporation of GluN2A-NMDARs after early postnatal development [START_REF] Matta | Developmental origin dictates interneuron AMPA and NMDA receptor subunit composition and plasticity[END_REF]. Interestingly, the relative contributions of NMDA and AMPA receptor populations at these synapses is approximately equal, again differing from the pyramidal cell, where the AMPA receptor number greatly exceeds the NMDAR population [START_REF] Matta | Developmental origin dictates interneuron AMPA and NMDA receptor subunit composition and plasticity[END_REF]. Taken together, the maintenance of the GluN2B-NMDAR, with an endogenously increased current transfer and prolonged decay constant when compared to GluN2A-NMDARs, and higher ratio of NMDA-to-AMPA expression at interneuron synapses, indicates an increased reliance on NMDAR pools for hippocampal interneurons. It is therefore possible that a homogenous action of NMDAR-Abs in encephalitis, might induce a greater disruption to synaptic (tonic) function on interneurons over principal cells (Fig. 3). Considering this, in addition to the increased vulnerability of interneurons by the presence of tonic NMDAR currents, yields a significantly heightened susceptibility to perturbation by NMDAR-Abs. Genetic ablation of GluN2B subunits from interneurons in the CA1 subfield of the hippocampus causes a localised decrease in AMPA-mediated miniature excitatory postsynaptic currents in interneuron populations in the stratum oriens [START_REF] Kelsch | GluN2B-containing NMDA receptors promote glutamate synapse development in hippocampal interneurons[END_REF]. It was further demonstrated that this loss of excitatory drive onto inhibitory networks, not only developed into a local disinhibition of the CA1, but induced epileptiform activity [START_REF] Kelsch | GluN2B-containing NMDA receptors promote glutamate synapse development in hippocampal interneurons[END_REF]. Given this specific role of GluN2B-NMDARs on the hippocampal interneuron population, we might consider a route to seizure pathology in anti-NMDAR encephalitis, may be mediated by surface loss of GluN2B from interneuron synapses.

Regarding NPSLE, this disparity between the synaptic composition of NMDAR subtypes on principal cells and interneurons again suggests a selective shielding of interneurons from the hyperexcitation elicited by antibody binding; further shifting the overall balance towards hyperexcitation that is mediated by a relatively isolated impact at the pyramidal cell synapse (Fig. 3). We may further consider that this unbalancing of physiological excitatory-inhibitory action will develop into epileptogenic seizure generation in NPSLE, and prevent the correct level of interneuron control over network oscillations caused by the mismatch in cell perturbations which may contribute to the psychotic elements in this disease. However, one must note that this hypothesis is based on knowledge from antibody binding to NMDARs expressed in a heterologous system (Chan et al., 2020). It is therefore possible that while antibody binding to GluN2B-NMDARs does not induce any functional consequence to the channel, alterations to surface expression level or surface diffusion may well introduce a possible impact on this receptor population. This point is recapitulated by our knowledge that NMDAR-Abs in encephalitis do not produce a direct modulation of channel function, but instead elicit their effect via indirect perturbations to channel internalisation and altered stabilisation states in the cell membrane [START_REF] Jezequel | Pathogenicity of antibodies against NMDA receptor: molecular insights into autoimmune psychosis[END_REF].

Ultimately, there is a current challenge posed by directly opposing actions of autoantibodies in anti-NMDAR encephalitis and NPSLE, whereby the respective receptor hypofunction and hyperfunction generates a paradoxically similar phenotype between these two conditions. We would argue that the inclusion of inhibitory interneuron networks into the current disease models, not only forms a more comprehensive hypothetical model for NMDAR-Ab action, but is required to address this current challenge. In this case, exposure to NMDAR-Abs in encephalitis will result in divergent degrees of reduction in NMDAR signalling and perturbation of both principal cell and inhibitory interneuron action. Such a mismatch in the functional output between principal and interneuron networks will cause a synergistic disruption to the homeostatic excitatory-inhibitory balance. This reframing of encephalitic antibody action suggests that we should consider disinhibition as a major possible component to pathology of anti-NMDAR encephalitis, whereby relative network hyperfunction is a resulting feature of targeted -or dominant -NMDAR hypofunction on inhibitory interneuron networks. Such a hypothesis is in line with the observed increased action of cortical principal cells of rodent models of psychosis [START_REF] Moghaddam | From revolution to evolution: the glutamate hypothesis of schizophrenia and its implication for treatment[END_REF]. Moreover, this disinhibition hypothesis of encephalitis is also more intuitively consistent with the proposed action of NMDAR-Abs in NPSLE.

Here, we propose that antibodies act directly and exclusively on principal cell populations to drive a hyperexcitation and a similar unbalancing of the excitatory inhibitory drive as observed in encephalitis. Hence, while these NMDAR-Abs act through two distinct routes, we propose that the overall network perturbation and altered ratio of excitatory and inhibitory action is the driving factor for the observed phenotypic similarity of these two conditions.

Do NMDAR-Ab similarly hit different brain structures?

Since the identification of anti-NMDAR encephalitis, it has been noted that the binding of patient NMDAR-Abs appears substantially enriched in hippocampal and limbic structures as compared to cortical regions (Dalmau et al., 2017). This apparent hippocampal targeting has been corroborated by the observation that encephalitic patients display a marked reduction in NMDAR expression in hippocampus and memory impairments present as a primary symptom of disease in many cases (Dalmau et al., 2017). It has also been shown that hippocampal structures display a significant reduction in volume as a result of encephalitic disease and that such a reduction in volume and structural integrity across hippocampal subfields was predictive of the degree to memory impairment, cognitive deficit and disease severity in these patients (Finke et al., 2016). As such, it has remained an open question to validate the supposed targeting of patient autoantibodies to hippocampal NMDAR populations and to further elucidate a mechanism by which such a specificity in binding may arise. As previously discussed, GluN2 subunit expression is regionally and temporally controlled, such that principal cell expression of GluN2A and GluN2B forms the major fraction of channels throughout the brain, while the relative ratio is altered during an early postnatal switch, and potentially into adulthood (Paoletti et al., 2013). The less numerous interneuron populations are enriched in GluN2D-NMDARs and many show a reduction in expression of GluN2A as compared to the principal cell population [START_REF] Matta | Developmental origin dictates interneuron AMPA and NMDA receptor subunit composition and plasticity[END_REF][START_REF] Perszyk | GluN2D-containing N-methyld-aspartate receptors mediate synaptic transmission in hippocampal interneurons and regulate interneuron activity[END_REF]. GluN2C expression is confined mostly to cerebellar structures, however there is also evidence for enriched expression also on interneuron populations throughout the thalamus [START_REF] Alsaad | In the telencephalon, GluN2C NMDA receptor subunit mRNA is predominately expressed in glial cells and GluN2D mRNA in interneurons[END_REF]. While early work on anti-NMDAR encephalitis speculated a possible targeting of GluN2B-NMDARs, such expression profiles do not seem to bare any clear relationship to antibody specificity to the hippocampus. Moreover, the antigenic GluN1 subunit is also known to exist in eight distinct spice variants, determined by two possible deletions to the intracellular domain of the receptor and further by the exclusion or inclusion of a 21 amino acid sequence (N1 cassette) in the ATD, termed GluN1a and GluN1b, respectively (Paoletti et al., 2013). While the functional behaviour of these splice variants and their regional expression at the broad structural level during development has been well characterised (e.g. [START_REF] Liu | N-terminal alternative splicing of GluN1 regulates the maturation of excitatory synapses and seizure susceptibility[END_REF][START_REF] Sengar | Control of long-term synaptic potentiation and learning by alternative splicing of the NMDA receptor subunit GluN1[END_REF], there is comparatively less known regarding the endogenous subcellular organization and neuron subtype-specific expression profiles of these variants (Paoletti et al., 2013). Encouragingly however ho however, it has recently been demonstrated that excitatory cells and interneuron populations within the mouse cortex demonstrate differing levels of exon inclusion, such that interneurons are enriched for GluN1b relative to their principal cell counterparts, this difference was most striking in the PV+ interneuron population [START_REF] Huntley | Genome-wide analysis of differential gene expression and splicing in excitatory neurons and interneuron subtypes[END_REF]. We recognise that it is unlikely that variation within the intracellular C-terminal domain will have any effect on antibody action. However, we note that the localisation of the N1 cassette is of particular interest: at the interface between the GluN1-ATD and the GluN1/GluN2B ligand binding domains, and with relative proximity to a proposed epitope within the N368/G369 region of the GluN1 ATD (Gleichman et al., 2012;[START_REF] Regan | Structural mechanism of functional modulation by gene splicing in NMDA receptors[END_REF]. The inclusion of this sequence may therefore provide some subtle conformational differences between GluN1a and GluN1b splice variants in combination with GluN2 subunits that will shift binding efficacy for the antibody in favour of particular spice variants that are regionally targeted to hippocampal populations. Additionally, while we often consider channel function to be conferred solely by the inclusion of particular GluN2 subunits, it is important to consider that channel function can also be modulated reciprocally by the GluN1 subunit splice variant present in the channel [START_REF] Rumbaugh | Exon 5 and spermine regulate deactivation of NMDA receptor subtypes[END_REF]. Such factors may underpin the preferential effect of patient NMDAR-Abs for hippocampal and limbic regions in the brain. In addition to potential differences in subunit and splice variant expression, differing mechanisms for receptor turnover, internalisation and anchoring in hippocampal neurons may represent further mechanisms for the observed impact on hippocampal populations, but these remain to be further explored. While the imaging studies from encephalitic patients showing hippocampal degeneration is compelling for the hippocampal selectivity of NMDAR-Abs, it is however worth considering that reduced hippocampal volumes are not uncommon in epileptic pathologies where the hippocampus is expected to be the source of seizure generation (Finke et al., 2016). We might argue that antibody function across the brain will perturb local networks and neuronal functioning, while the microarchitecture of the hippocampusbeing rich in inhibitory interneurons and recurrent CA3 microcircuitsyields a propensity for sustained hyper-activation and epileptogenesis. In this case, the underlying cause of specific loss of hippocampal volumes may not be indicative of antibody targeting to hippocampal neurons, but simply that the result of antibody action in this region is such a significant disruption to homeostasis that the increase in activation becomes neurotoxic. Depletion of hippocampal volumes in this manner would sequentially explain the memory deficits observed in patients.

A further mechanism for antibody selectivity for NMDAR populations in limbic structures may reside in posttranslational modifications of the subunit proteins in these regions, however this remains to be explored. Typically, such modifications include receptor phosphorylation, ubiquitination and palmitoylation. Phosphorylation is known to occur extensively on the long intracellular tail of the GluN2B subunit, and such modification is understood to alter receptor currents, expression and diffusion in the membrane [START_REF] Sanz-Clemente | Diversity in NMDA receptor composition: many regulators, many consequences[END_REF]. However, it is difficult to conceptualise how such a modification, which is by nature intracellular, may impact antibody binding at the extracellular site. However, we might consider that antibody binding may work synergistically with phosphorylation processes that play a role in the lateral mobilisation of receptors and downstream internalisation mechanics. Similarly, ubiquitination as another intracellular modification that is important for protein degradation, may not have any substantive influence over antibody action in the internalisation of receptors, however it is tempting to postulate that there may exist some differences on the degradative and receptor turnover processes that make hippocampal neuron populations intrinsically less able to compensate for antibody-mediated receptor internalisation and surface loss. Again this would suggest however, that antibody action is not hippocampal selective per se, but instead that processes downstream of antibody action are the basis for the apparent perturbation of limbic structures. Differential glycosylation of the GluN1 extracellular domain between brain regions may constitute an additional possibility, although evidence is still lacking. Finally, the extracellular space of the brain parenchyma is a complex, tortuous and heterogeneous structure [START_REF] Nicholson | Brain extracellular space: the final frontier of neuroscience[END_REF]. Since it has been shown that the diffusion of immunoglobulins within the extracellular space greatly varies between brain areas [START_REF] Pizzo | Intrathecal antibody distribution in the rat brain: surface diffusion, perivascular transport and osmotic enhancement of delivery[END_REF], one may propose that limbic structures favour immunoglobulin retention due to extracellular space properties. In-depth investigations, at the single immunoglobulin level, are surely needed to tackle this question.

Conclusions and perspectives

The link between autoantibodies directed against neurotransmitter receptors and major brain disorders is emerging as a frontrunner in the field of neurology and psychiatry. The example of NMDAR-Abs is of particular interest as the pathogeny of the autoantibody has been wellestablished in anti-NMDAR encephalitis. The NMDAR-Abs impair NMDAR synaptic signalling, long-term synaptic plasticity, network activity, and associative memory. Yet, fundamental challenges remain in front of us. Defining the primary locus of action of the NMDAR-Abs, which would require us to identify whether synaptic or extrasynaptic NMDARs are the main disrupted pool, is still an open question that is often discarded. The number of B cell clones (expressing NMDAR-Abs) in each patient, the epitope(s) of the autoantibodies, their molecular pathogenicity, similarly remain exciting open questions. As most of the studies have employed the use of rodent biological substrate to unravel the mechanisms of human-generated NMDAR-Abs, exploring these questions using human-derived cells or neural tissue would also be of prime importance. Finally, when we consider the diverse array of mechanisms by which interneurons provide a local control of hippocampal network function, and the striking variety of functional roles for NMDAR populations expressed on these neurons, it is surprising that still relatively little is known about the possible contribution of different hippocampal cell types, such as interneurons, to anti-NMDAR antibody mediated pathologies. Particularly, given that it has long since been understood that interneuron dysfunction represents a significant contribution to both psychiatric and epileptic disorders with considerable symptom overlap with anti-NMDAR encephalitis.

Objective I -Underlying the mechanism of action of patients-derived NMDAR autoantibodies

In NMDAR encephalitis, the immune system produces autoantibodies that specifically target the GluN1 subunit of NMDAR, causing altered NMDAR signaling and a wide range of neurological and psychiatric symptoms. Since the discovery of this new brain disorder in 2007, studies have focused on the mechanism of action of these antibodies to understand how they can lead to NMDAR hypofunction.

Using CSF and purified IgG from encephalitis patients, previous works had mainly focused on the action of autoantibodies on NMDAR at the synapse, where NMDAR would be dissociated from their anchored proteins such as EphB2 receptor (EphB2R), displaced to the extrasynaptic compartment and internalized by crosslinking events. However, this model lacks i) the first attack of NMDAR-Ab and ii) the potential repercussions that these autoantibodies could have on other proteins and structures of the brain. In this work, we aimed to unravel new mechanisms of action of NMDAR autoantibodies using a specific tool: monoclonal NMDAR autoantibodies (NMDAR-Ab) derived from the CSF of patients with acute NMDAR encephalitis. To do so, we used a combination of live imaging and super-resolution microscopy to explore in a greater depth the specific action of NMDAR-Ab on NMDAR surface trafficking, interactome and neuronal surfaceome both in synaptic and extrasynaptic compartments.

In particular, we focused on several questions: Are synaptic or extrasynaptic NMDAR altered first by NMDAR-Ab? Time lapse imaging was performed on GluN2A-containing NMDAR during short incubation with NMDAR-Ab to assess their impact on synaptic NMDAR. Single molecule localization microscopy was also used to study synaptic and extrasynaptic NMDAR surface trafficking after acute exposure to NMDAR-Ab and decipher in which compartment NMDAR is affected first.

Is NMDAR-EphB2R interaction important for NMDAR pathogenicity? We worked with three different strategies to assess the effects of modulating this interaction on NMDAR-Ab action. We first used an antibody directed against the extracellular part of EphB2R to disrupt NMDAR-EphB2R interaction.

Secondly, we generated EphB2R mutants that bind strongly or weakly to NMDAR to study long term modification of NMDAR-EphB2R interaction. Lastly, we used a sh_RNA strategy to have a system with reduced EphB2R expression. Using these different approaches, we performed single particle tracking to study NMDAR surface trafficking and live imaging in presence of NMDAR-Ab to evaluate if the modulation of NMDAR-EphB2R interaction can interfere with NMDAR-Ab pathogenic action.

Is NMDAR interactome affected by NMDAR-Ab?

We developed a proximity biotin labeling assay to visualize NMDAR surface interactome. Super-resolution imaging was performed to uncover the nano-organization of synaptic and extrasynaptic NMDAR surface interactome after acute or long-term exposure to NMDAR-Ab compared with control condition.

Is neuronal surfaceome (all proteins) altered by NMDAR-Ab?

We labeled neuronal surface proteins and evaluated synaptic and extrasynaptic surfaceome nano-organization using super-resolution imaging after NMDAR-Ab short time incubation.

Are NMDAR-Ab crosslinkers antibodies? Some of our findings had led us to reconsider the crosslinking action of NMDAR-Ab. Using live imaging, we compared NMDAR-Ab with a crosslinker antibody to evaluate whether they have the same effect on synaptic, shaft NMDAR and internalization process.

We produced Fab fragment from NMDAR-Ab (NMDAR-Fab) which are unable to crosslink the NMDAR and compared NMDAR-Ab and NMDAR-Fab effects on NMDAR surface trafficking.

Is targeting only extrasynaptic NMDAR with NMDAR-Ab sufficient to induce the molecular pathogeny?

We coupled latex beads too large to enter inside the synaptic cleft to NMDAR-Ab to target only extrasynaptic NMDAR. These Ab-coupled beads were incubated on neurons and live imaging was performed to assess their effects on synaptic NMDAR.

Answering these questions will give a broader view on the effects of NMDAR-Ab on NMDAR and more generally on the organization of surface proteins in neurons. Since NMDAR altered signaling is involved in many brain disorders, unraveling new mechanisms in the context of anti-NMDAR encephalitis is a great opportunity to gain knowledge on the etiology of neuropsychiatric disorders and pave the way for innovative therapeutic strategies. interactome and the surfaceome. Strikingly, we showed that brief exposure to NMDAR-Ab targets the extrasynaptic compartment by altering NMDAR surface trafficking. We showed that these alterations

were not due to a crosslinking mechanism but mostly relies on surface proteins reorganization. Finally, we showed that targeting only extrasynaptic NMDAR with NMDAR-Ab is sufficient to recapitulate NMDAR synaptic loss. Collectively, we demonstrate that NMDAR-Ab acutely corrupts the extrasynaptic region. This extrasynaptic alteration ultimately propagates to the synapse, compromising synaptic NMDAR signalling.

Introduction

Over the past decades, the identification of an array of autoimmune neuropsychiatric disorders with patients expressing autoantibodies directed against membrane proteins has flourished 1 . The most prominent autoimmune brain disorder in this category is the N-methyl-D-aspartate receptor (NMDAR) encephalitis, in which patients develop antibodies directed against the extracellular N-terminal domain of the obligatory GluN1 subunit of the NMDAR (NMDAR-Ab) 2-5 . The patients present a spectrum of severe neurological and psychiatric symptoms that could result in a persistent coma, illustrating the complexity of the neuropsychiatric features induced by these NMDAR-Ab 6 . It has been proposed that NMDAR-Ab binding causes a synaptic destabilisation of the NMDAR through altered interaction with the EphB2 receptor (EphB2R) 7,8 . This destabilisation causes an increase in the surface dynamics of synaptic NMDAR, promoting their displacement to extrasynaptic sites 7,9 . Over time, the amount of plasma membrane NMDAR decrease, possibly through a promoted internalisation by crosslinking 5,10 .

These major alterations lead to a NMDAR hypofunction at hippocampal neurons, which has been related to many other neurological diseases and psychiatric disorders 11 .

Although a molecular model leading to NMDAR hypofunction has emerged, our understanding of the NMDAR-Ab-induced dysfunction of neurons and brain cell communication is still in its infancy.

Molecular investigations of NMDAR-Ab have reported disruption of surface trafficking 7 and nanoorganization 12 of both synaptic and extrasynaptic NMDAR, as well as synaptic plasticity and behavioural alterations, following few hours-to-weeks exposure. In the first minute time window, conflicting outcome have been provided. Indeed, few minutes incubation with NMDAR encephalitis patient cerebrospinal fluid (CSF) prevented synaptic long-term potentiation (LTP) in acute rodent slices 13 , whereas a similar short exposure with monoclonal autoantibodies from NMDAR encephalitis patients has no effect on NMDAR and synaptic transmission in cultured hippocampal neurons 14 . The first alteration on the NMDAR signalling induced by NMDAR-Ab is thus still unclear. Consistent with the fact that NMDAR interact with a dozen of transmembrane receptors/ion channels 11,15,16 , it has been described that NMDAR-Ab also alter dopamine receptors clusters and surface dynamics 17,18 as well as AMPA receptor (AMPAR)-mediated transmission 19 , indicating that NMDAR-Ab detrimental effect propagate to other membrane proteins. Therefore, the first locus of action and the crosstalk between proteins due to NMDAR-Ab pathogenic action is rather blurred and remains to be defined.

Here, we directly address these questions by exploring the molecular impact of patients derived monoclonal NMDAR-Ab in the acute phase, focusing on their first impact on NMDAR and others membrane proteins. Taking advantage of the single molecule-based super-resolution microscopy, we are in position to investigate the acute effect of NMDAR-Ab on synaptic and extrasynaptic membrane receptors and proteins, unveiling the location and disturbance of the primary NMDAR-Ab target(s).

Materials and methods

Preparation of mixed neuronal culture

Mixed cultures of hippocampal neurons and glia cells were prepared from 18 embryonic day (E18)

Sprague-Dawley rats as previously described 20 . Briefly, hippocampi were dissected and mechanically 

Plasmidic DNA

GluN2A-SEP, GluN1-SEP and GluN1-mEos3.2 were expressed in a pRcCMV plasmid with SEP and mEeos3.2 in N-terminal. Homer1c-dsRed and Homer1c-GFP were expressed in pcDNA3.1 with dsRed and GFP in N-terminal of the insert. Flag-EphB2R Y504E and Flag-EphB2R Y504 mutants were generated from Flag-EphB2R WT in a pcDNA3 plasmid and previously described 21 . sh_Control, sh_EphB2R were a gift from M. Dalva and were previously described (as EphB2.1shRNA) 22 . GluN1-V5-HRP was generated in a pcDNA3 vector with V5 tag and HRP enzyme in N-terminal. Clathrin Light Chain-mCherry in N-terminal was previously described 23 .

Monoclonal antibodies derived from encephalitis patients

Monoclonal human IgG1 reacting to the GluN1 subunit of NMDAR (NMDAR-Ab, clone #003-102) was obtained and cloned from the cerebrospinal fluid of B-cells derived from a patient with acute NMDAR encephalitis 24 . Expression vectors encoding for heavy and light chains of this clone was introduced into HEK293 cells through transient transfection. The supernatant was utilized to purify the recombinant autoantibody, following previously established methods 24 . Human control antibody (Control-Ab) is an antibody non-reactive to human tissue derived from mature B cells from the blood of healthy donor. 

Live imaging

Neurons were incubated with Control-Ab, NMDAR-Ab or GFP-Ab (Thermo Fisher Scientific, #A6455) in a wet chamber at 37°C for the indicated time and concentration. Coverslips containing neurons were then mounted in an open chamber (Ludin chamber, Life Imaging Services), with 500 ml of Tyrode solution. For time lapse imaging, NMDAR-Ab were directly added in the chamber. Microscope sessions were performed with an inverted confocal spinning-disk microscope Leica DMI8 equipped with 63X oil objective, a sCMOS Prime 95B camera (Photometrics) and an environmental chamber to control temperature and CO2 (37°C, 5 % CO2). A 488 nm laser was used for GluN2A-SEP and GluN1-SEP and a 561 nm laser for Homer-dsRed and CLC-mCherry. The laser power was kept the same between all conditions. The different analysis were done on ImageJ with a homemade macro. Density of GluN1-SEP and Homer clusters were calculated using the mean of clusters density from 2 ROI per neuron.

Immunocytochemistry

For live surface staining, neurons were incubated for 30min with NMDAR-Ab (1 µg/ml), EphB2R-Ab Buffer. Beads were mixed on a rotating wheel during 15 min. Activated beads were washed 3 times in PBS-0.0005% Tween20 after each centrifugation at 15000 g for 10 min. Activated beads were resuspended in 50 µl PBS and monoclonal antibodies were added at 1 mg/ml : Control-Ab, NMDAR-Ab, GluA2 (Merck Millipore,# MAB397). Beads with antibodies were mixed in a thermomixer at 1000 rpm during 4h. Beads coupled with antibody were washed 3 times in PBS-0.0005% Tween20 with a centrifugation after each wash then resuspended in 1 ml of PBS-BSA 1% and kept at 4°C. To assess absence of free antibody in the final beads solution, concentration of antibody was measured with Nanodrop in the supernatant just after coupling and after 3 washes. Immunostaining was performed on live hippocampal neuron by adding the supernatant of beads just after coupling and after 3 washes.

To evaluate the efficiency of the coupling, beads were mixed with secondary antibody Alexa 488

(1/500, anti-mouse #A11001, anti-human #A11013) during 15 min on a rotating wheel. Beads were washed 3 times with PBS-0.0005% Tween20 and centrifuged after each wash. Flow cytometry was performed at the TBM Core platform (Bordeaux). Beads coupled to antibody were applied on the neuron with a concentration of 40 µg/ml.

Fab fragment preparation

Fab fragment from monoclonal NMDAR IgG (clone #003-102) were prepared following manufacturer's instructions (Pierce™ Fab Micro Preparation Kit,Thermo Fisher Scientific,#44685). Briefly, IgG were digested for 3-4h with a digestion buffer in a column tube containing immobilized papain with a tabletop rocker at 37°C. Fab fragments were then purified from non-digested IgG and Fc fragments with a Protein A column. Digestion and purification were confirmed with a SDS-PAGE and Fab concentration was determined with absorption at 280nm.

Single quantum dot (QD) tracking

Neurons were first incubated 2h in medium from the cells containing 1 µg/ml anti-EphB2R antibody (R&D system, #AF467) in a wet chamber or directly incubated 10 min with Rabbit anti-GFP antibody 

Direct stochastic optical reconstruction microscopy (dSTORM )

After autoantibodies exposure, cells were incubated for 5min with non permeant Tyramide (300 µM, For NHS-Ester experiments, neurons were exposed to autoantibodies and then incubated 30 min at 37°C with a Tyrode solution containing Alexa 647 NHS-Ester (20 µg/ml, Thermo Fisher SCIENTIFIC, #A37573). After 3 quick washes in tyrode, neurons were fixed with PBS-4%PFA/4% sucrose solution for 15 min then washed several times with 50 µM NH4Cl solution and kept at 4°C until imaging.

Imaging sessions were also performed on the Nikon Ti Eclipse microscope with the same equipment as described before for sptPALM. Lateral drift was corrected using multicolor fluorescent microspheres (Life Technologies, #T7279 TetraSpeck).

For analysis, PALM-Tracer was used to extract exact coordinate of a localisation and SR-Tessler was used to quantify the clustering of proteins from the localization file as previously described 26 . Based on the background of each experiment, segmentation of clusters was performed with a density of 2 and minimum number of localisation of 10. For nanodomains, we used a density of 1 and a minimum number of localisation of 25. Synaptic clusters of proteins were determined using Homer-GFP as synaptic marker for GluN1-HRP and Homer/Gephyrin stainings for NHS-Ester experiments.

Extrasynaptic clusters were randomly determined using 5 regions on the dendrite lacking synaptic marker.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 10 (GraphPad Software, La Jolla, CA, USA).

Depending on the data distribution, Mann-Whitney U-test or the two-tailed Student t-test was used to test differences between two groups and One-way ANOVA followed by Tukey's post hoc test or Kruskal-Wallis tests followed by Dunn's post hoc test was used for multiple group comparisons. Twoways ANOVA followed by Tukey's multiple comparison test was used between groups that have been split on two independent variables. All datas were obtained from at least 3 independents experiments (cultures). Total internal reflection fluorescence (TIRF) illumination was used to mainly activate surface GluN1-mEos and track synaptic and extrasynaptic NMDAR with distinct behaviours. As expected, synaptic trajectories represented only approximately 20% of total trajectories and they were more confined (as indicated by the mean square displacement (MSD) curves) and less diffusive (shift toward blue colour in the diffusion map) than extrasynaptic ones (Fig. 1G, Supplementary Fig. 1B). In order to evaluate the acute effect of NMDAR-Ab, neurons were incubated with control-Ab or NMDAR-Ab for 30 min.

Synaptic NMDAR surface trafficking was not altered by NMDAR-Ab (Fig. 1H, Supplementary Fig. 1C). In contrast, extrasynaptic NMDAR surface trafficking was strongly increased by NMDAR-Ab: left shift in the MSD curve (less confined trajectories) and increased coefficient diffusion when compared to Control-Ab (Fig. 1I, Supplementary Fig. 1C). These data indicate thus that extrasynaptic NMDAR are affected before the synaptic receptor pool, with an impact on NMDAR surface dynamics strikingly different from the effects of crosslinkers antibodies (Supplementary Fig. 1D). Indeed, NMDAR-Ab increase the surface dynamics of extrasynaptic receptors, a phenomenon that is not explained by a crosslinking effect but rather by the disruption of a protein-protein interaction between NMDAR and a membrane partner. 15,16 

EphB2R is not required for NMDAR-Ab pathogenicity

Previous studies have proposed that disruption of synaptic NMDAR-EphB2R interaction is central for NMDAR-Ab pathogenicity and would constitute the primary locus of action of NMDAR-Ab 8,12,29 . In light of the above data showing an extrasynaptic first locus, we revisited this claim using three complementary strategies. First, surface staining of EphB2R shows that EphB2R is present at synapse as well as in the extrasynaptic compartment (Fig. 2A). Using an antibody directed against the extracellular part of EphB2R (EphB2R-Ab), which disrupt NMDAR-EphB2R interaction 29 , we investigated the impact of EphB2R-Ab on NMDAR surface trafficking using single Quantum Dot (QD) tracking. Neurons were incubated for 2h with either Control-Ab or EphB2R-Ab and single QD experiments were performed (Fig. 2B). EphB2R-Ab significantly increased synaptic and extrasynaptic NMDAR membrane dynamics (Fig. 2B,C, Supplementary Fig. 2A,B), consistent with the stabilizing role of the NMDAR-EphB2R interaction 30 . We then tested the role of this interaction over a long antibody incubation period (24h) by measuring, in live neurons, the synaptic content of membrane NMDAR (Fig. 2D). Compared to Control-Ab, incubation with NMDAR-Ab reduced by half the NMDAR synaptic density and decreased the cluster area (Fig. 2E). In contrast, synaptic NMDAR cluster density and area were not significantly altered by exposure to EphB2R-Ab, suggesting that disrupting NMDAR-EphB2R interaction is not sufficient to deplete NMDAR synaptic pool (Fig. 2E). Consistently, synaptic NMDAR cluster density and area in neurons exposed to both NMDAR-Ab and EphB2R were not different from NMDAR-Ab condition alone (Fig. 2E). In all conditions, the postsynaptic density (Homer 1c cluster) was not affected, indicating that the decrease of synaptic NMDAR is not due to the degradation of the PSD (Fig. 2F) 31 . To confirm this conclusion, we next used a genetic strategy to modify the interaction. EphB2R-NMDAR interaction is mediated through extracellular phosphorylation of a single tyrosine of EphB2R (p*Y504) 21 . We generated two EphB2R mutants, previously characterized 21 : EphB2R-Y504E that strongly binds to NMDAR and EphB2R-Y504F that weakly binds to NMDAR compared to EphB2R WT (Fig. 3A). NMDAR surface dynamics was decreased in neurons transfected with EphB2R-Y504E and increased in neurons expressing EphB2R-Y504F compared to EphB2-WT (Fig. 3B). Noteworthy, EphB2R surface trafficking was not altered by the genetic mutations (Supplementary Fig. 3A). Using live imaging, we then tested whether NMDAR cluster density and area were altered by mutants and/or NMDAR-Ab (Fig. 3C). As expected 21,30,32 , EphB2R mutants significantly altered the NMDAR and Homer1c cluster area, without affecting their linear density (Fig. 3D, Supplementary Fig. 3B). Similarly, NMDAR-Ab (24h incubation) decreased NMDAR cluster density and area (Fig. 3D, Supplementary Fig. 3B).

Interestingly, NMDAR-Ab-induced decrease in synaptic NMDAR pool was not altered by the EphB2R genotype (Fig. 3D, Supplementary Fig. 3B), suggesting that NMDAR-Ab action is independent on the state of the interaction between NMDAR and EphB2R.

Finally, we knocked down the expression of EphB2R using a previously validated shRNA directed against EphB2R 22 . Transfection with sh_EphB2R decreased by 50% the surface content of EphB2R when compared to sh_Control (Fig. 3E). Transfection with sh_EphB2R significantly decreases NMDAR synaptic cluster area without change in the linear density (Fig. 3G, Supplementary Fig. 3C). Incubation with NMDAR-Ab (24h) decreases synaptic NMDAR cluster area and cluster (Fig. 3G, Supplementary Fig. 3C). Yet, the same effects were observed in the sh_EphB2R group, with no interaction between the effects of NMDAR-Ab and EphB2R kock-down (Fig. 3G, Supplementary Fig. 3C). Taken together, these results indicate that although EphB2R tunes NMDAR membrane dynamics and synaptic content, NMDAR-Ab effects are mainly independent from the status of the EphB2R-NMDAR interaction. 

NMDAR-Ab disorganize NMDAR surface interactome

Whether NMDAR-Ab mediate their effect through altered NMDAR-protein interaction remains thus an open question. Since dozens of membrane proteins have been shown to interact with the NMDAR 33 , we intended to label the surface interactome of the NMDAR at the nanoscale and test whether it is impacted by NMDAR-Ab. To address this challenge, we first generated a construct for a proximity labelling assay which consist of a V5-tagged GluN1 subunit coupled to an HRP enzyme (GluN1-HRP).

After adding the biotin derivative non-permeant tyramide and H2O2, GluN1-HRP biotinylates only surface protein within a 20 nm radius, revealing the surface protein interactome of NMDAR (SPIN) (Fig. 4A). Neurons expressing GluN1-HRP in presence of tyramide displayed a surface biotinylation revealed by streptavidin, along the dendrite with accumulation in synapses (Fig. 4B). Without tyramide, the staining was virtually absent (Fig. 4B). To characterize the nanoscale organization of SPIN within synaptic and extrasynaptic compartments, neurons were also transfected with Homer-GFP and direct stochastic optical reconstruction microscopy (dSTORM) imaging was performed. Clusters of synaptic SPIN were larger and denser than extrasynaptic ones (Fig. 4C). Yet, extrasynaptic SPIN clusters were numerous, paving the whole dendritic surface. Then, neurons were incubated during 30 min or 24h with Control-Ab or NMDAR-Ab before SPIN labelling and imaging. The overall detections were increased in the SPIN after 24h exposure to NMDAR-Ab (Fig. 4D). Acutely, NMDAR-Ab had no effect on synaptic SPIN, consistent with the above data (Fig. 4E,F, Supplementary Fig. 4A). Strikingly, NMDAR-Ab increased extrasynaptic SPIN area both in clusters and nanodomains (Fig. 4G,H, Supplementary Fig. 4B). This increase in area was accompanied by a decrease in local density. These observations are fully consistent with the increased dynamics of extrasynaptic NMDAR following NMDAR-Ab exposure, fuelling the hypothesis that NMDAR-Ab rapidly disrupt extrasynaptic complexes of NMDAR and partners that dispersed within the membrane. On the long-term (24h), this extrasynaptic alteration fully remains, and propagate to the synaptic compartment where SPIN clusters density greatly increased (Fig. 4F,G,H). In addition, this chronic exposure to NMDAR-Ab altered the shape of synaptic SPIN clusters, which became fragmented into 2-3 nanodomains with increased local density and decreased area (Fig. 4E, Supplementary Fig. 3A). Collectively, these data indicate that a short exposure to NMDAR-Ab impair the nanoscale organization of extrasynaptic NMDAR and related partners, while over time these alterations propagate to the synaptic receptor pool. 

G I

Neuronal surfaceome is acutely altered by NMDAR-Ab

The fact that membrane NMDAR disorganization propagate from the extrasynaptic to synaptic pool opens the possibility that many other membrane proteins could be affected. We thus label all membrane proteins in live neurons using NHS-Ester 647 (Fig. 5A,B, Supplementary Fig. 5A). dSTORM experiments were then performed to access the nanoscale organization of all neuronal surface proteins at the surface of hippocampal neurons (Fig. 5C, Supplementary Fig. 5A,B). In the basal condition, we report that the proteic surfaceome was comparable between synaptic and extrasynaptic clusters in term of local density and area, indicating, to our surprise, that surface proteins are similarly packed within and outside synapses (Fig. 5D, Supplementary Fig. C,D). NMDAR-Ab (30 min incubation)

did not change the overall detection number of proteins at the whole surface (Fig. 5E). At synapses, NMDAR-Ab moderately impacted the protein distribution with a compaction of nanodomain (Fig. 5F,G, Supplementary Fig. 5E). However, NMDAR-Ab severely alter the extrasynaptic protein surfaceome.

Protein clusters and their nanodomains enlarged and their protein density massively dropped down (Fig. 5H,I,Supplementary Fig. 5E). Together, these data indicate that a short exposure to NMDAR-Ab is sufficient to strongly disorganize membrane proteins in the extrasynaptic compartment, with an overall de-clustering of proteins consistent with the above increase diffusion of receptors. 

NMDAR-Ab do not mimic artificial crosslinking

As mentioned above, NMDAR-Ab have been proposed to act as cross-linker on the receptors, favouring their internalization. Yet, our observations of NMDAR de-clustering and increase lateral dynamics are simply orthogonal to such a scenario. To tackle this discrepancy we exposed GluN1-SEP-expressing hippocampal neurons to either NMDAR-Ab or antibody against GFP (GFP-Ab), which is one of the most potent artificial cross-linker cross-linker 34 (Fig. 6A). As expected, an incubation with GFP-Ab (6h) strongly reduced NMDAR cluster density both in synapse and on the dendritic shaft, indicating an overall decrease in surface NMDAR (Fig. 6B). GFP-Ab had no effect on Homer1c clusters and on the fluorescence of the SEP (Supplementary Fig. 6A,B). On the other hand, NMDAR-Ab effects were quite different from the ones of GFP-Ab. While the linear density of synaptic NMDAR clusters decreased, the shaft content in NMDAR remains unaltered (Fig. 6B), suggesting that NMDAR-Ab (6h) disorganize surface NMDAR without altering their membrane content. To further test this possibility, neurons were simultaneously exposed to GFP-Ab and NMDAR-Ab in order to unveil putative competitive or additive effect. NMDAR-Ab and GFP-Ab decrease to a similar amount the linear density of synaptic NMDAR, revealing no additive effect (Fig. 6B). Yet, at the extrasynaptic membrane, the exposure of both NMDAR-Ab and GFP-Ab prevented the reduction in membrane NMDAR content induced by GFP-Ab alone (Fig. 6B). Importantly, these two antibodies were not competing each other for binding on the GluN1 subunit (NMDAR-Ab bind GluN1 subunit, GFP-Ab bind SEP) (Supplementary Fig. 6C). Thus, the GFP-Ab-induced cross-linking of NMDAR is distinct from the effects produced by NMDAR-Ab.

To further substantiate these observations, we measured the amount of NMDAR that colocalize with endocytotic pits, labelled by clathrin. For this, neurons were transfected with GluN1-SEP and clathrin light chain mCherry (CLC-mCherry) and exposed to the different antibodies for 6h (Fig. 6C). The cluster area of clathrin remain stable in all conditions (Fig. 6D). Then, we measured the percent of clathrincoated pits containing NMDAR. Neurons exposed to GFP-Ab displayed a significant increase in GluN1positive CLC-coated pits, indicating an upregulation of NMDAR internalization (Fig. 6D). On the other hand, the percent of GluN1-positive CLC-coated pits was unaltered in neurons exposed to NMDAR-Ab (Fig. 6D). When simultaneously exposing neurons to GFP-Ab and NMDAR-Ab, the percent of GluN1positive CLC-coated pits remain unaltered (Fig. 6D), indicating that the NMDAR-Ab prevented the GFP-Ab-induced internalization. These data indicate thus that NMDAR-Ab (6h) do not trigger a cross-linkinginduced NMDAR internalization, but rather a redistribution at the neuronal surface.

The cross-link effect of antibodies onto surface receptor relies on their divalency 31 . To test the effect of NMDAR-Ab divalency on the receptor membrane dynamics, we generated Fab fragment from NMDAR-Ab (NMDAR-Fab) (Fig. 6E). We first report that NMDAR-Fab binds to membrane receptor at high concentration (Supplementary Fig. 6E), consistent with the loss of affinity of Fab compared to full immunoglobulin (Fab2 + Fc) 35 . We then performed sptPALM experiments to investigate the impact of NMDAR-Ab or NMDAR-Fab (6h incubation) on the NMDAR surface trafficking (Fig. 6E). As previously reported, neurons incubated for hours with NMDAR-Ab have reduced NMDAR membrane dynamics 7 .

Interestingly, NMDAR-Fab similarly reduced NMDAR surface trafficking, as displayed by the significant decrease in MSD and coefficient diffusion (Fig. 6E,F). Altogether, these data indicate that NMDAR-Ab rapidly disorganize extrasynaptic NMDAR and reduce over time their membrane dynamics in a crosslinking independent manner.

Targeting only extrasynaptic NMDAR with NMDAR-Ab is sufficient to induce

NMDAR synaptic loss

Because extrasynaptic NMDAR are the prime locus of action of NMDAR, we finally tested whether acting specifically on these receptors is sufficient to produce NMDAR-Ab pathogenic effect. To tackle this question, we coupled latex beads (micron wide) to NMDAR-Ab in order to target only extrasynaptic NMDAR (synaptic cleft is 20 nm wide) (Fig. 7A). Using flow cytometry, we determined that 95% and 85% of the beads were successfully coupled to respectively NMDAR-Ab and Control-Ab, without free NMDAR-Ab in the solution (Fig. 7B, Supplementary Fig. 7A). Ab-beads incubation on the neurons resulted in accumulation of NMDAR-Ab beads but not Control-Ab beads, confirming the specificity and functionality of NMDAR-Ab (Fig. 7C). To determine the effect of NMDAR-Ab beads, neurons expressing GluN1-SEP were exposed to NMDAR-Ab-beads for 24h (Fig. 7D). Control-Ab beads had no effect on synaptic GluN1 clusters or Homer 1c, indicating that the treatment was not affecting neuronal viability (Supplementary Fig. 7B,C). Strikingly, NMDAR-Ab beads decreased synaptic NMDAR linear density and cluster area by more than 50%, without altering Homer1c clusters (Fig. 7D; Supplementary Fig. 7B,C).

As observed above, most of surface NMDAR were extrasynaptic after exposure to NMDAR-Ab-beads (Fig. 7D). This effect was specific to NMDAR-Ab since beads coupled to antibodies against the AMPA receptor subunit, GluA2, were without effect on synaptic GluN1 clusters (Supplementary Fig7. D,E).

Together, these results indicate that NMDAR-Ab targeting only extrasynaptic NMDAR are sufficient to trigger a full-blown cellular pathogenic effect, similar to that of free NMDAR-Ab targeting both extrasynaptic and synaptic receptors. 

Discussion

Understanding the mechanism underpinning the pathogenic effect of NMDAR-Ab from patients with encephalitis is essential for the development of innovative therapeutical strategies for autoimmune brain disorders, as well as for gaining further molecular insights into NMDAR-mediated neurological and psychiatric conditions. In this study, we demonstrate that NMDAR-Ab primarily target extrasynaptic NMDAR, and not synaptic receptors as previously thought. In the initial and acute phase, NMDAR-Ab greatly disorganize extrasynaptic NMDAR, membrane proteins in their close proximity, as well as most surface proteins. NMDAR-Ab increase the dynamics of NMDAR through an overall declustering of proteins. Over time, in the chronic phase, NMDAR-Ab increase both synaptic and extrasynaptic NMDAR interactome protein density, reducing the overall membrane diffusion of NMDAR in a cross-linking independent process. Functionally, a full-blown effect was observed when NMDAR-Ab only target extrasynaptic NMDAR. Collectively, these data fuel a model in which NMDAR-Ab alter NMDAR signalling by mainly acting at the extrasynaptic compartment (see model, Fig. 7F).

Since the NMDAR synaptic pool greatly depends on the lateral diffusion of extrasynaptic receptors, a corrupted trafficking and organization at the extrasynaptic locus will inevitably reduce synaptic NMDAR. Our data support thus the view that NMDAR encephalitis, at its early stage, is an "extrasynaptopathy", providing radically new perspective on the molecular mechanism and potential therapeutical perspective.

We and others have previously shown that NMDAR membrane dynamics and distribution is altered by NMDAR-Ab from patients with encephalitis and autoimmune psychosis 12,29,36 . Using single QD tracking to determine the lateral diffusion of membrane NMDAR exposed to NMDAR-Ab, we previously showed that NMDAR dynamics was upregulated following exposure to autoantibodies 7 . Yet, this approach allows to track, at a given time, only few NMDAR that exchange between the extrasynaptic and synaptic compartment. Here, we implemented another approach, i.e. sptPALM, since it has several key advantages for our specific question. First, sptPALM provides, at a given time, a large number of trajectories in each compartment, which strongly contrat with single QD tracking. Second, the small size of the mEos fluorophore (3-4 nm) favours the access to the synaptic cleft when compared to a QDantibody complex (up to 30 nm) 37 . Third, commercial anti-NMDAR antibodies used for single QD-NMDAR tracking may theoretically compete with NMDAR-Ab. Furthermore, sptPALM allows to study the impact of short time incubation with autoantibodies since there is no pre-coupling between nanoparticle and antibodies. Thanks to all these properties, it is now clearly demonstrated that the synaptic NMDAR pool is not altered by NMDAR-Ab within the first tens of minutes, or hour, contrasting with previous claims that did not have the required resolution 9,29 . Based on past mechanistic studies, NMDAR-Ab from NMDAR encephalitis patients are today classified as "crosslinker" antibodies. This was based on the observation that i) intact immunoglobulins from NMDAR encephalitis patient cerebrospinal fluid decrease synaptic NMDAR content whereas Fab fragment from these immunoglobulins fail to do so 31 , and ii) the dynamics of extrasynaptic NMDAR was strongly decreased following hours of incubation with immunoglobulins from NMDAR encephalitis patient 29 . The first series of evidence relied on the generation of Fab fragment from patients' immunoglobulins. However, the affinity of a Fab fragment is lower than that of a full immunoglobulin 35 , and the concentration of NMDAR-Ab/NMDAR-Fab from total patients' immunoglobulins was completely unknown. Thus, it was difficult to draw any solid conclusion from this experimental setting.

This drawback is now circumvented with the generation of monoclonal antibodies from NMDAR encephalitis patients. Indeed, the concentration of NMDAR-Ab/Fab is now perfectly controlled and adapted to optimal experimental setting. Expectedly, we had to increase to 10-fold the concentration of Fab fragments to obtain a staining similar to that of full immunoglobulins, which is consistent with the loss of affinity and avidity of Fab fragments. The second series of evidence supporting a crosslinking effect of NMDAR-Ab arise from our past study showing decreased extrasynaptic NMDAR surface trafficking in presence of purified immunoglobulins from encephalitis patients 7 , a phenotype mimicked by commercial anti-NMDAR antibody 38-40 . Yet, our current study indicates that a similar decrease in NMDAR surface diffusion is not necessarily associated with a crosslinking effect since monoclonal NMDAR-Fab produce the same effect within a time window of few hours. Future studies will be necessary to shed lights on the mechanism underpinning this NMDAR-Fab-induced slow-down of receptor membrane diffusion, and to evaluate whether, on a long-term, putative intracellular crosslinking effect might also corrupt NMDAR intracellular trafficking.

NMDAR-Ab induce a massive reorganization of extrasynaptic receptors and proteins. Although this observation may be expected for NMDAR and closely-related receptors, it is quite remarkable the whole protein pool is affected following 30min exposure. Indeed, NMDAR represent only one protein family among more than 900 families identified at the plasma membrane of cultured hippocampal neurons of this developmental stage 41 . One could have thus predicted that perturbation of the NMDAR surface trafficking and organization could go unnoticed within the whole protein surfaceome. However, we clearly show that NMDAR-Ab are sufficient to "de-clusterize" NMDAR, their interactome (SPIN), and even the whole surface protein pool in the extrasynaptic compartment. Since the NMDAR synaptic pool depends on a tight balance between extrasynaptic and synaptic receptor surface exchange 11 , our data are consistent with a corrupted balance initially based on the altered NMDAR extrasynaptic dynamics and organization, which inevitably propagate to the NMDAR synaptic pool.

Beyond the NMDAR, one may thus predict a wide range of alteration to other neurotransmitter receptors and signalling cascades, consistent with the recent study reporting changes in AMPA receptor-mediated transmission 19 . Further investigations are surely needed to disentangle the alteration of membrane protein organization in autoimmune brain disorders. Finally, our findings demonstrate that NMDAR-Ab are not acting as crosslinker in the first stage of exposition, but act rather as disorganizer of the extrasynaptic compartment in which other neurotransmitter and neuromodulator systems could be strongly impair as collateral damage. Our study points toward new therapeutic strategies in which stabilizing NMDAR at the extrasynaptic compartment may be of great interest, displacing the focus of interest from the synapse to the poorly-understood extrasynaptic compartment. Result II -Human cortical brain slices: from culture to high pressure freezing

Supplementary figures

Materials and methods

Human organotypic slices preparation

The human temporal lobe samples were obtained by surgical resections from seven patients treated [START_REF] Ting | Preparation of Acute Brain Slices Using an Optimized N-Methyl-D-glucamine Protective Recovery Method[END_REF]. While being submerged in NMDG solution, the block of tissue was cut into a square to remove meninges, capillaries and visibly damaged tissue and glued to the platform before performing the slicing with a Leica VT1200 vibratome in ice-cold NMDG solution (speed: 0.08mm/s; thickness: 350µm). Slices for culture were plated on an insert (#PICM0RG50, Millipore) in a 6-well plate containing 1ml of human cerebrospinal fluid (hCSF) obtained from hydrocephalus patients from the Centre de Ressources Biologiques (CRB) of Bordeaux.

Organotypic slices were kept for one week in an incubator at 37°C, 5% CO2. hCSF was changed the day after the slicing and three times per week thereafter. Slices for electron microscopy were transferred in NMDG solution to the Bordeaux Imaging Center (BIC) to perform High-Pressure Freezing (HPF).

Immunohistochemistry and imaging

After one week in culture, slices were fixed over night at 4°C in a 4% paraformaldehyde/4% sucrose-PBS solution and permeabilized for 7h in PBS-2% Triton at 4°C. The slices were removed from the insert before adding the blocking solution (10% normal goat serum-Triton 1%-PBS) over night at 4°C. The slices were then transferred in a 2ml tube to perform antibody incubation with anti-GluN1 (#AG 001, Alomone), anti-GFAP (#ab278054, Abcam), anti-Homer (#160-103, Synaptic System), anti-Gephyrin (#147-111, Synaptic System), anti-MAP2 (#ab5392, Abcam), anti-GABAA receptor (#AGA-005, Alomone)all at 1:400) in 1:10 blocking buffer-PBS during 2 days at RT on a rotating wheel. Slices were rinsed in PBS during one day before adding the secondary antibodies (Alexa 647 Goat anti-mouse #A21235, anti-chicken #A21449, anti-rabbit #A21244, all at 1:400) in 1:10 blocking buffer-PBS for 36h.

Slices were washed again during one day in PBS and were mounted with the clearing mounting reagent RapiClear 1.49 (#RC149001, SunJin Lab) on glass slides with a spacer of 0.25 mm (SunJin Lab). Imaging was performed using a confocal microscope Leica DM6 SP8 or a spinning disk microscope Leica DMI8 SR-Live.

High-pressure Freezing, freeze substitution and electron microscopy imaging

After slicing, human cortical slices were immediately transferred to a 400 µm-thick aluminium specimen carrier (6 mm diameter). Medium was cleared with a filter paper and the cavity filled with a solution containing 20% BSA-NMDG solution. The sample was sandwiched with a flat aluminium top plate and high-pressure frozen in a HPM100 device (Leica Microsystems). Samples were kept in liquid nitrogen until further processing.

Freeze-substitution was carried out in an AFS2 unit (Leica Microsystems). Frozen samples were incubated for 100 h using 0.1% tannic acid in anhydrous acetone at -90 °C, followed by four times 30 min of acetone washes at -90°C. Samples were then immerged in the second mix for 30 h containing 2% OsO4-0.1% uranyl acetate-5%H2O in anhydrous acetone at -90 °C. This step allows to fix lipids, proteins and to contrast the tissue. The temperature was then raised to -20 °C with periodic temperature transition gradients of 5°C/h and to -4 °C by 10°C/h. Samples were then washes in anhydrous acetone three times 20min at 4°C. Sample were then immersed in Epon resin/anhydrous acetone over 7 h (1:1 ratio) whilst temperature increased to 20 °C. Finally, samples were added to 100% Epon resin at room temperature once overnight and the second time for 6h prior to polymerization at 60 °C for 48 h. Ultrathin sections (70nm) were obtained with Ultramicrotome Leica UC7 and put on a copper grid before imaging with a transmission electron microscope (H7650, Hitachi) equipped with a SC1000 Orius camera (Gatan). Acquisitions were performed using Digital Micrograph (Gatan).

White and grey matter ECS dimensions

Estimation of extracellular space (ECS) dimensions was performed as previously described (Soria et al., 2020b). Briefly, ECS was manually segmented using an interactive pen tablet (Wacom) and binarized.

The ECS volume fraction was estimated by dividing the area of ECS compartments by the total area of the image. 

Results

Human cortical slices preparation for culture and cryo-electron microscopy

In neuroscience, a significant gap exists in replicating the intricate conditions of a living human brain.

Thus, different human brain slice cultures protocols have been developed since the past few years, using resected tissue from donors undergoing therapeutic resections for either epilepsy or glioblastoma [START_REF] Eugene | An organotypic brain slice preparation from adult patients with temporal lobe epilepsy[END_REF][START_REF] Nogueira | Modeling the Human Brain With ex vivo Slices and in vitro Organoids for Translational Neuroscience[END_REF][START_REF] Ravi | Human organotypic brain slice culture: a novel framework for environmental research in neuro-oncology[END_REF]. In order have access on this valuable tissue, we collaborated with the CHU of Bordeaux to recover brain resections from epilepsy patients undergoing surgery (Fig. 1A). This surgical intervention is used to treat individuals with pharmaco-resistant temporal lobe epilepsy which is often associated with hippocampal sclerosis. Since our goal is to have access to the healthiest possible tissue, we have chosen to keep only the cortex resections and not to use the sclerosed hippocampus. To transport the tissue from the hospital to the lab and perform the slicing while preserving its viability and structure, we used the protective NMDG solution (Fig. 1A). Numerous studies have validated the utility of this method for enhancing neuronal preservation and overall brain slice viability [START_REF] Ting | Preparation of Acute Brain Slices Using an Optimized N-Methyl-D-glucamine Protective Recovery Method[END_REF]. The transfer from the operating room to the lab has been optimized to not last more than 15 min in order to decrease potential damages to the tissue. Once in the slicing room, the block of cortex is cut into a square to remove meninges as well as visibly damaged tissue, and glued onto a platform before performing slicing with a vibratome in icecooled NMDG solution (Fig. 1A). Tissue blocks (1 cm × 1 cm) typically permits preparation of 10-15 slices. For culture, the slices were plated immediately after slicing on an insert in a plate containing human CSF (hCSF) (Fig. 1B). This hCSF has been obtained from hydrocephalus patients and selected for their clearance and absence of blood. The use of hCSF instead of classical culture medium has been motivated by studies showing that culture of brain slices in hCSF increases overall excitability of pyramidal cells and interneurons [START_REF] Bjorefeldt | Neuromodulation of fast-spiking and nonfast-spiking hippocampal CA1 interneurons by human cerebrospinal fluid[END_REF][START_REF] Bjorefeldt | Human cerebrospinal fluid increases the excitability of pyramidal neurons in the in vitro brain slice[END_REF]. For electron microscopy, the freshly sliced brain samples were transported in NMDG solution on ice and placed into a specimen carrier to immediately perform cryo-fixation with high-pressure freezing (HPF) (Fig. 1C). We estimated that the time between the recovery of the resected tissue and the HPF does not exceed one hour, and slices were always submerged in NMDG solution on ice to preserve them. The vitality and presence of cellular components of the brain have been reported in human organotypic slices up to two weeks. Indeed, quantification of neuronal nuclear protein (NeuN) positive neurons by immunostaining revealed that the rate of change in the number of neurons within the culture was maintained, with no drastic drops detected over the course of the culture period. The nuclei of neurons from organotypic human slices tend to have a round shape suggesting that cells were not stressed. In the same line, no significant difference in activated astrocytes over the course of the culture period was reported [START_REF] Eugene | An organotypic brain slice preparation from adult patients with temporal lobe epilepsy[END_REF][START_REF] Ravi | Human organotypic brain slice culture: a novel framework for environmental research in neuro-oncology[END_REF]. However, these studies were conducted on slices cultured in classical organotypic slice culture medium and not in hCSF, which can have a differential impact on the organotypic slices. In order to evaluate the quality of our culture method using hCSF, we assessed the presence of key components of slices maintained in culture in hCSF for one week. We conducted a series of immunohistochemistry experiments, starting with the labelling of neurons with the microtubule-associated protein 2 (MAP2) antibody. This staining revealed a preserved neuronal network with neurons displaying a well-developed dendritic tree (Fig. 2A). In addition, the staining of activated astrocytes with glial fibrillary acidic protein (GFAP) antibody showed a developed astrocytic network with astrocytes end-foot enwrapping the blood vessels (Fig. 2B).

Keeping these astrocytic structures intact is particularly interesting since this process is involved in many important functions such as regulation of the blood-brain barrier, cerebral blood flow, nutrient uptake and waste clearance [START_REF] Díaz-Castro | Astrocyte Endfeet in Brain Function and Pathology: Open Questions[END_REF]. After characterizing the presence of some key brain cells, we performed immunostaining of neurotransmitters receptors and their associated synaptic marker. Immunolabeling of the obligatory subunit GluN1 revealed a classic NMDAR staining in numerous clusters, some larger than others that could correspond to GluN1 subunits pools retained in the endoplasmic reticulum (Fig. 2C). Homer, one of the scaffolding proteins present in excitatory synapses and often used as a synaptic marker, was also successfully immunolabeled (Fig. 2C). In addition, the inhibitory synaptic scaffold protein Gephyrin and GABAAR, the most prominent inhibitory neurotransmitters receptors in the CNS, were revealed (Fig. 2C). Taken together, these results show that after one week in culture the overall cell components, synapses and receptors of the CNS are present and well preserved. 

High pressure freezing reveals intact brain ultrastructure

HPF is a crucial sample preparation technique in cryo-electron microscopy (cryo-EM) that allows to capture biological samples in a near-native state for high-resolution imaging. HPF aims to rapidly immobilize biological specimens while minimizing the formation of ice crystals and other structural artefacts that can occur during traditional freezing or fixative methods. It takes advantage of the fact that when water is subjected to extremely high pressures, it can be supercooled without freezing. By rapidly cooling the sample in liquid nitrogen (-196°C) under high pressure (~2100 bars), the water in the sample is converted into vitreous ice, with the same volume than liquid water which preserves the native structure of biological materials (Fig. 3A) [START_REF] Moor | Theory and Practice of High Pressure Freezing[END_REF][START_REF] Vanhecke | Close-to-native ultrastructural preservation by high pressure freezing[END_REF]. Following HPF, frozen samples undergo freeze substitution (FS). They melt very slowly into a fixative solution, replacing melting water molecules with organic solvent while depositing heavy metals for contrast and fixing everything in place. HPF is particularly of interest for brain tissue due to its complex cellular organization and high lipid content. However, to our knowledge, this technique has only been used on post-mortem human brain tissue, which are usually mildly chemically fixed at autopsy before HPF, limiting ultrastructure preservation [START_REF] Sele | Optimization of ultrastructural preservation of human brain for transmission electron microscopy after long post-mortem intervals[END_REF]. Indeed, we compared the structures of freshly cryo-fixed and chemically fixed human cortical slices imaged with electron microscopy. As a result, the structure of the brain slice fixed by the conventional aldehyde method was radically altered, with significant tissue shrinkage, distortion and extraction (Fig. 3B). This is due to the dehydration process, for which FS has been described to be the least harmful due to a very low starting temperature and the very slow (hours or days) warming up period of the samples [START_REF] Möbius | Cryopreparation of biological specimens for immunoelectron microscopy[END_REF]. In comparison, cryofixed human cortical slices prepared with FS exhibit intact tissue, with clear arrangements between the various structural elements of the brain (Fig. 3B). This was confirmed by the low-magnification acquisition showing the complete organization of the human brain in a near-native state, with discernible components thanks to the good preservation of the plasma membranes (Fig. 3C). Among these components, vesicles containing neurotransmitters are electron-dense, indicating that they have not been emptied of their contents during sample preparation, as is typically the case with chemical fixation. The mitochondria were correctly preserved, with a well-rounded shape and the presence of mitochondrial cristae in their inner membranes. Synapses composed of a pre-synaptic and a postsynaptic element with the post-synaptic density are conserved, as is the membrane network of the rough endoplasmic reticulum studded with ribosomes. Finally, the typical organization of myelin was preserved with the multiple layers generated by oligodendrocytes (Fig. 3C). Overall, these results

showed that the cortical brain samples are in good structural condition after slicing, which is encouraging for the quality of the organotypic culture. In addition, these data confirmed that HPF on fresh alive human brain tissue allows near-native preservation of the brain tissue, keeping intact its complex organization. Combining the use of fresh human brain slices and HPF followed by FS will open new doors for the study of human brain structure in both physiological and pathological conditions. 

HPF preserves brain ECS, unveiling differences between human brain white and gray matter

In addition to preserving essential brain components in their near-native state, cryofixation followed by FS is the gold standard method allowing to image and visualize the brain extracellular space (ECS) geometry. Indeed, it is now well established that chemical fixation and conventional tissue processing techniques reduce the ECS volume considerably by tissue swelling and sample dehydration, while HPF prevents water loss and immobilizes structures in their hydrated state [START_REF] Korogod | Ultrastructural analysis of adult mouse neocortex comparing aldehyde perfusion with cryo fixation[END_REF]. Using HPF, brain ECS has been described as a dynamic compartment composed of minute widths individuals channels (few tens of nanometres wide) [START_REF] Korogod | Ultrastructural analysis of adult mouse neocortex comparing aldehyde perfusion with cryo fixation[END_REF]Soria et al., 2020b;[START_REF] Vanharreveld | A STUDY OF EXTRACELLULAR SPACE IN CENTRAL NERVOUS TISSUE BY FREEZE-SUBSTITUTION[END_REF]. These structural dynamics were observed in the case of sleep-wake cycle: natural sleep or anaesthesia are associated with a 60% increase in the brain ECS [START_REF] Xie | Sleep Drives Metabolite Clearance from the Adult Brain[END_REF]. In the cortex, gray and white matters are two different tissue types on the macroscopic and microscopic scales. Indeed, white matter contains oligodendrocytes, which wrap myelin sheath around axons, as well as fibrous astrocytes and microglia. Gray matter contains mainly neurons, protoplasmic astrocytes, and microglia [START_REF] Linka | Unraveling the Local Relation Between Tissue Composition and Human Brain Mechanics Through Machine Learning[END_REF]. Extracellular matrix composition also varies between these two matters [START_REF] Lau | Pathophysiology of the brain extracellular matrix: a new target for remyelination[END_REF]. Based on these differences, we aimed to determine whether gray and white matter in the human brain display differences in ECS geometry. To do so, we performed HPF and FS on human cortical gray and white matter and imaged brain areas where membranes were easily discernible. ECS was delineated, binarized and analysed according to different parameters (Fig. 4A). The relative ECS area showed no significant differences between white and gray matter, although white matter clearly tends to have larger ECS volume fraction (~15%) than gray matter (~10%) (Fig. 4B). By skeletonizing the binary images, we were able to have an estimation of the length of the ECS compartments. As a result, white matter ECS displayed significantly shorter compartments than these of the gray matter (Fig. 4B).

In addition, we generated local widths map that revealed larger ECS widths in the white matter when compared to gray matter (Fig. 4C). In conclusion, these results strongly suggest that the ECS in the human brain cortex is heterogenous, with white matter displaying shorter but larger ECS compartments than gray matter.

Conclusion and discussion

To summarise this section, blocks of cortex from epilepsy patients were collected in a highly conservative NMDG solution and sliced either for culture or cryo-fixation with HPF. After one week in culture, immunostainings revealed the presence of neuronal and astrocytic networks, inhibitory and excitatory synapses and neurotransmitters receptors such as NMDAR and GABAAR. Fixation with HPF followed by freeze substitution on freshly sliced human tissue remarkably preserved the ultrastructure of the brain, with key structural elements such as synapses, mitochondria, endoplasmic reticulum, myelin and the ECS. To our knowledge, this is the first time that the combination of fresh, living human brain tissue and HPF has been used, enabling access to a structure close to the native state of the human brain. The only study that comes closest to our method is a very recent one where they performed HPF on "fresh" human brain from autopsy, however these samples are acquired 7 to 28h postmortem, leaving doubt about the real freshness of the sample [START_REF] Creekmore | Native ultrastructure of fresh human brain vitrified directly from autopsy revealed by cryo-electron tomography with cryo-plasma focused ion beam milling[END_REF]. Further analysis of the dimensions of the ECS showed that ECS volume fraction varies from 10% to 15% for respectively gray and white matter. These estimations are slightly lower than those calculated for rodents brain ECS (15-20%) (Soria et al., 2020a). This encourages the development of structural studies to reveal potential differences between the brains of widely used animal models and human brains.

We also found that ECS geometry differs between the gray and white matter of the human cortex, with a gray matter exhibiting longer but thinner ECS compartments. Taken together with variation in ECS volume fraction, these results suggesting heterogeneity of the ECS in a given brain region are not surprising. Indeed, it has recently been described that the hippocampal ECS is heterogenous between CA1 and CA3 areas, with further differences between stratum oriens, stratum pyramidale and stratum radiatum layers [START_REF] Grassi | Nanoscale and functional heterogeneity of the hippocampal extracellular space[END_REF]. HPF is restricted to small tissue volumes, thus it would be highly interesting to take advantage of the fact that we collected an entire block of tissue and visualize the ECS throughout an entire sample of human brain as described in a recent study performed in an entire rodent brain [START_REF] Lu | Preserving extracellular space for high-quality optical and ultrastructural studies of whole mammalian brains[END_REF]. Additional experiments using super-resolution microscopy modalities such as carbon nanotubes and QD tracking or super-resolution shadow imaging (SUSHI) will be required to confirm the differential geometry observed between white and gray matter of the human brain (Soria et al., 2020a). Although it is a relevant model, the use of ex vivo human brain slices exhibits some limitations. The first one is the availability of this tissue, which is not constant over time because it is dependent on planned surgeries, making its routine use challenging. Moreover, we achieved successful HPF on a limited proportion of collected cortex, indicating that further development of the protocol is necessary. Intriguingly, we noticed that the structural quality and culture performance often exhibited improvement when the tissue was obtained from a young child in comparison to an adult. Finally, we only assessed the structural preservation of the tissue, without considering its DISCUSSION AND

PERSPECTIVES

IgG or CSF for the reasons given above, in our study it was an instrumental tool with considerable advantages. Indeed, we did not focus on the action of NMDAR-Ab solely on the NMDAR but also on NMDAR-Ab effects at larger scale. We tested the impact of NMDAR-Ab on the nano-organization of surface NMDAR interactome and of overall surface proteins, the surfaceome. We discovered that NMDAR-Ab are able to disorganize, even acutely, NMDAR interactome but also the neuronal surfaceome. Such findings would not have been specific of NMDAR-Ab with the use of purified IgG or CSF that contain others IgG or soluble components that would inevitably interfere with others proteins.

By using monoclonal antibody, we show for the first time that only altering the NMDAR is sufficient to corrupt the organization of the proteins present at the surface of the neuron. At the end, having several proteins impacted could also lead to the development of the panel of symptoms differently described in patients suffering from NMDAR encephalitis. Besides the implication of these findings for NMDAR encephalitis, this opens new doors for the study of others neurological diseases that originate from alteration in NMDAR signalling. Yet, it is evident that reproducing experiments with patient CSF, purified IgG from serum or a combination of different monoclonal autoantibodies with different affinities will be of prime interest, such as studying NMDAR surface trafficking after short-time incubation. Reproducing experiments that investigate the impact of autoantibodies on NMDAR interactome and the surfaceome using patients CSF or purified IgG will certainly lead to the same result than with monoclonal antibodies, with a probable stronger effect since others neuronal proteins will be targeted. In conclusion, using a monoclonal antibody in this study has probable limitations in capturing the full-spectrum of the disease, but was a highly useful tool to measure the specific impact of NMDAR-Ab on other proteins such as the crosslinking effect (discussed in the section below).

NMDAR-Ab : more disorganizers than crosslinkers?

In the context of NMDAR encephalitis, NMDAR-Ab are commonly described as crosslinkers antibody that "freeze" the membrane receptors and trigger their internalization, leading to a reduction in surface NMDAR clusters. But were does this statement come from? To our knowledge, two observations generated the idea that NMDAR-Ab crosslink the NMDAR. The first dates back to 2010, when Hughes and al. prepared Fab fragments from serum purified autoantibodies of NMDAR encephalitis patients and shown that they did not decrease surface NMDAR density. Subsequent crosslinking with anti-Fab antibodies recapitulated the decrease in surface NMDAR, mirroring the effect caused by intact patient NMDAR antibodies (Hughes et al., 2010). Yet, some considerations are worth discussing. The concentration of NMDAR-Ab is unknown, particularly relative to other IgG. The concentration of Fab fragments generated from NMDAR autoantibodies is thus also unknown, complicating any strong conclusion out of these experiments. In addition, Fab fragments have lower affinity and avidity for their target and a shorter serum half-life due to the lack of protective Fcfragment when compared to a full IgG (Gil and Schrum, 2013;[START_REF] Tajima | Development and characterization of functional antibodies targeting NMDA receptors[END_REF]. This could provide an alternative explanation as to why the Fab fragment can no longer induce internalization of NMDAR.

To get a clearer picture, we reproduced experiments performed in their study and we focused on the binding capability of the Fab fragments (Annexe Fig. 1). We took advantage of using monoclonal NMDAR-Ab to overcome the issues listed above generated by the use of purified IgG : the final concentration of NMDAR-Fab is known and the reconstitution of a full-like IgG with anti-Fab cannot generate a complex with different Fab. We found that a high concentration of NMDAR-Fab is required to display a significant staining, at least 10 times more than full IgG (Annexe Fig. 1.A,B,C). Interestingly, we also reproduced the experiment to recreate a full-like IgG with anti-Fab and we found that this Fab+anti-Fab complex regained its ability to bind the NMDAR in a similar way that NMDAR-Ab (Annexe The second observation that suggested a crosslinking effect arise from study of NMDAR surface trafficking when exposed to purified IgG from encephalitis patients for hours (Mikasova et al., 2012).

A marked drop in NMDAR surface trafficking, similar to that obtained in a crosslinking experiment using a commercial anti-GluN1 antibody, was observed (Dupuis et al., 2014). However, a population of NMDAR showed an upregulated diffusion in the extrasynaptic compartment, inconsistent with such a crosslinking effect (Mikasova et al., 2012). Our findings revealed that prolonged incubation with NMDAR-Fab also leads to a reduction in NMDAR surface trafficking, mirroring the effects observed with NMDAR-Ab during long exposure. This further suggests that the altered surface dynamics is not a crosslinking effect. We hypothesised that this change in surface trafficking can originate instead from modification of NMDAR interactome. We showed that NMDAR interactome is less dense after short time incubation but denser after long-time exposure to NMDAR-Ab when compared to control condition. Thus, NMDAR-Ab would disorganize NMDAR and its interactome by first disrupting interactions in the extrasynaptic compartment, leading to higher NMDAR surface dynamics.

Eventually, the interactome will become denser probably because the NMDAR will find new binding partners, provoking a decrease in surface trafficking. In the future, identifying which actors are modified by NMDAR-Ab in NMDAR interactome using, for instance mass-spectrometry, will be of major interest to highlight perturbation in cellular pathways.

One may even propose that perturbation in the interactome that propagates to the surfaceome will trigger intracellular signalling that could in turn favour NMDAR internalization. Consistently with this hypothesis, we show that after 6h incubation a crosslinker antibody is able to significantly decrease surface NMDAR clusters through clathrin-mediated endocytosis whereas NMDAR-Ab only deplete NMDAR from the synapse. This suggests that a longer time is needed for NMDAR internalization, in line with the proposed scenario implying intracellular signalling. Interestingly, it was recently described that the hippocampi of mice infused with NMDAR-Ab undergo proteome remodelling, with a plethora of dysregulated proteins part of central hubs of intracellular signalling [START_REF] Ceanga | Human NMDAR autoantibodies disrupt excitatory-inhibitory balance leading to hippocampal network hypersynchrony[END_REF].

Extrasynaptic NMDAR as the first target of NMDAR-Ab

Previous studies have constructed an expected synaptocentric model of the mechanism of action of NMDAR-Ab, placing NMDAR-EphB2R synaptic interaction as the primary target of this autoantibody.

However, reinforcing this interaction with the administration of ephrin-B2 only partially prevented autoantibody-mediated effects at multiple levels from behaviour to synaptic plasticity, suggesting the implication of others mechanisms [START_REF] Planagumà | Ephrin-B2 prevents N-methyl-D-aspartate receptor antibody effects on memory and neuroplasticity[END_REF]. In our study, we show that disrupting, weakening, strengthening this interaction and even reducing EphB2R expression does not interfere with NMDAR-Ab effects, indicating that this interaction is not required for NMDAR-Ab pathogenicity.

Thus, we aimed to revisit the synaptocentric model based on this interaction and we shifted our focus toward a more extrasynaptcncetric model. We described for the first time a primary impact of NMDAR-Ab in the extrasynaptic compartment. Indeed, very short time incubation with NMDAR-Ab induce altered surface trafficking only for extrasynaptic NMDAR. In addition, extrasynaptic NMDAR surface interactome is impacted after short time exposure to NMDAR-Ab and overall surface proteins are severely disorganized in the extrasynaptic compartment with a more moderate effect in the synapse.

The fact that NMDAR-Ab targets first extrasynaptic NMDAR is not surprising given the hindrance generated by the high density of post-synaptic proteins and the narrowness of the synaptic cleft. To go further and have a precise view on where NMDAR-Ab first bind (i.e in the synaptic cleft or in the extrasynaptic region), we incubated organotypic rat hippocampal slices with NMDAR-Ab and performed immunostaining using gold nanoparticles before preparing the samples for electron microscopy (Annexe Fig. 2A). However, these experiments failed so far due to the non-specificity of gold particles, the low concentration of NMDAR-Ab penetrating the slices and a significant extraction of material (Annexe Fig. 2B). Further development of this experiment will be of major interest to assess if NMDAR-Ab can enter rapidly or not in the synaptic cleft by increasing NMDAR-Ab concentration and the incubation time, and resolving the specificity issue using other labelling procedures. For example, high-pressure freezing can be combined with immunogold electron microscopy which can constitute an interesting approach to avoid a conformational modification of the antibodies after chemical fixation that can create the problem in specificity of immunogold labelling and has the advantage of keeping the tissue structure intact [START_REF] Hess | Combining high-pressure freezing with pre-embedding immunogold electron microscopy and tomography[END_REF].

In using gold nanoparticles larger than the synaptic cleft that can selectively target extrasynaptic NMDAR [START_REF] Savchenko | Nanostructured Antagonist of Extrasynaptic NMDA Receptors[END_REF]. It would therefore be conceivable to conjugate NMDAR-Ab with gold beads and assess ex vivo in brain slices the quantity of synaptic NMDAR clusters and possible functional alteration using electrophysiology. As gold nanoparticles have been increasingly used as in vivo carriers due to their general non toxic properties, the next step would be to infuse animals with this construct and perform behavioural studies [START_REF] Perrault | Mediating Tumor Targeting Efficiency of Nanoparticles Through Design[END_REF].

Unsuspected extrasynaptic organisation

One interesting aspect of this work relates to the extrasynaptic compartment, which is more enriched in proteins and organised at the nanoscale than previously thought. We used a strategy with a GluN1-HRP construct to label the surface proteins interactome of NMDAR (SPIN). We explored the nanoorganization of this group of proteins in the synapse and in the extrasynaptic compartment using the super-resolution imaging dSTORM. We found that the dendrites of neurons were scattered with both extrasynaptic and synaptic SPIN clusters, with larger and denser synaptic SPIN clusters. Interestingly, extrasynaptic and synaptic SPIN shared similarities in their nano-organization, such as the presence of one nanodomain in most cases. This number of nanodomains is similar or slightly lower compared to what has been described for GluN1, which typically consists of one or more nanodomains depending on the study [START_REF] Kellermayer | Differential Nanoscale Topography and Functional Role of GluN2-NMDA Receptor Subtypes at Glutamatergic Synapses[END_REF][START_REF] Willems | ORANGE: A CRISPR/Cas9-based genome editing toolbox for epitope tagging of endogenous proteins in neurons[END_REF]. And even if this number were lower, it could be explained by the biotinylation radius of GluN1-HRP and the surface dynamics of NMDAR, which could eventually lead to the fusion of different nanodomains. Indeed, the areas of synaptic and extrasynaptic SPIN clusters and nanodomains are significantly higher than these of GluN2A and GluN2B-containing NMDAR [START_REF] Kellermayer | Differential Nanoscale Topography and Functional Role of GluN2-NMDA Receptor Subtypes at Glutamatergic Synapses[END_REF]. This observation also suggest that SPIN nanoorganization does not result from autobiotinylation of the NMDAR, which is currently being confirmed by mass spectrometry analysis that identified known interactors of the receptor. The observation that the extrasynaptic NMDAR surface interactome exhibits organization and characteristics similar to synaptic SPIN aligns with the concept of extrasynaptic hubs proposed in certain studies (Dupuis et al., 2023;Petit-Pedrol and Groc, 2020). Membrane hubs represent the first regulatory level of NMDAR surface trafficking, thereby elevating the extrasynaptic compartment to a higher level of influence over NMDAR dynamics.

To go further, we labelled surface neuronal proteins (the surfaceome) using the NHS-Ester Alexa 647 reagent and performed dSTORM. Here, it was striking that the nano-organization of excitatory and inhibitory synapses surfaceomes are similar to that of extrasynaptic surface proteins, with comparable clusters density and area. This observation challenges the fundamental notion we had about the neuronal membrane, often characterized by organized protein-enriched synapses and a less dense and less organized extrasynaptic membrane. Instead, the neuronal membrane can be conceptualized as a space where surface proteins are selectively enriched in both the synapse and extrasynaptic areas, exhibiting precise localization through surface trafficking regulations. These observations reinforce the notion that disrupting a plasma membrane protein can generate a ripple effect in the overall protein organization, as we have demonstrated in the case of NMDAR-Ab effects. Using a temporally-resolved surfaceome analysis of primary neuron cultures, Van Oostrum and al. revealed substantial remodeling of the surfaceome during development (van Oostrum et al., 2020). Thus, it would be interesting to use our method to explore the nano-organization of the surfaceome, both in the synaptic and extrasynaptic compartments, during critical developmental window such as synapses formation.

technique, a methodology that has been previously employed for tagging of endogenous receptors in neurons [START_REF] Getz | High-resolution imaging and manipulation of endogenous AMPA receptor surface mobility during synaptic plasticity and learning[END_REF][START_REF] Willems | ORANGE: A CRISPR/Cas9-based genome editing toolbox for epitope tagging of endogenous proteins in neurons[END_REF].

Combining human brain slices organotypic culture and NMDAR-Ab study

The development of the organotypic culture and protocols for different imaging techniques were interesting for human brain characterization. It was also a way of optimizing and becoming familiar with methods to study NMDAR-Ab effects directly on the humain brain. The first step in validating NMDAR-Ab action on human organotypic slices would be to incubate these autoantibodies and investigate whether they can promote a reduction in synaptic NMDAR, which is characteristic of the disease. Thus, validating the specificity of anti-GluN1 and Homer antibodies was of prime importance on this tissue.

In addition, we are interested in the capacity of NMDAR-Ab to modify the dimensions and geometry of the ECS. Indeed, accumulating evidence of a change in the volume fraction of the ECS has been described in the past few years in the context of seizures, a symptom frequently found in patients with NMDAR encephalitis [START_REF] Cooray | Characterising seizures in anti-NMDA-receptor encephalitis with dynamic causal modelling[END_REF]. It is known that the ECS shrinks by about 35% of its normal size for the duration of the epileptiform activity [START_REF] Lux | Ionic changes and alterations in the size of the extracellular space during epileptic activity[END_REF][START_REF] Slais | Brain metabolism and diffusion in the rat cerebral cortex during pilocarpine-induced status epilepticus[END_REF][START_REF] Tønnesen | Super-Resolution Imaging of the Extracellular Space in Living Brain Tissue[END_REF]. ECS shrinkage facilitates the generation of hyperexcitability and synchrony by increasing the extracellular concentration of neuroactive substances [START_REF] Andrew | Imaging cell volume changes and neuronal excitation in the hippocampal slice[END_REF][START_REF] Kilb | Hypoosmolar conditions reduce extracellular volume fraction and enhance epileptiform activity in the CA3 region of the immature rat hippocampus[END_REF].

However, it has been shown that hippocampal mean diffusivity (MD) was increased in patients with NMDAR encephalitis when compared to control subjects (Finke et al., 2016). MD is a measure of the mean motion of water molecules in tissue, thus higher MD indicates expansion of ECS unlike what has been described in the context of seizures. Thus, incubating NMDAR-Ab on human organotypic slices and analysing ECS dimensions will constitute an interesting step in underlying NMDAR-Ab mechanism of actions to unravel if and how they can modify the ECS.

The current evidence points toward NMDAR-Ab action specifically on neurons located in limbic structures (Dalmau et al., 2008). Yet, NMDAR are strongly expressed in other brain areas that appear to be less targeted by NMDAR-Ab. To tackle this issue, it has been proposed that the ECS dimensions strongly affect the dynamics and accumulation of IgG. Indeed, IgG tend to accumulate more and diffuse less in the stratum radiatum of CA1 region, which is a compartment with narrow ECS dimensions compared to others hippocampal area [START_REF] Grassi | Nanoscale and functional heterogeneity of the hippocampal extracellular space[END_REF]. Thus, studying whether NMDAR-Ab accumulates more in gray matter than in white matter of human cortical slices would provide further evidence in favour of this explanation. 

  Fait surprenant, les clsuters du surfaceome synaptique et extrasynaptique présentaient une organisation nanoscopique similaire, avec une taille et une densité protéique comparables. Une désorganisation significative du surfaceome extrasynaptique a été induite par une brève exposition(30 min) aux Ac-RNMDA, entraînant une augmentation de la taille des clusters et une diminution de leur densité, avec un effet moins marqué sur le surfaceome synaptique. Ces découvertes renforcent l'idée que les Ac-RNMDA ciblent principalement les RNMDA extrasynaptiques, perturbant leur interactome ainsi que leur surfaceome. Nos observations de la désorganisation du surfaceome et de l'interactome, ainsi que de l'augmentation de la dynamique membranaire du RNMDA, ne sont pas cohérentes avec l'effet couramment décrit de crosslinking des Ac-RNMDA. Pour clarifier, nous avons exposé des neurones hippocampiques exprimant GluN1-SEP soit aux Ac-RNMDA, soit à un anticorps dirigé contre la GFP (Ac-GFP), l'un des agents de crosslinking artificiel les plus puissants des récepteurs GluN1-SEP. Ces deux anticorps avaient des effets différents après 6h d'exposition, moment auquel les effets connus du crosslinking commencent, tels que l'internalisation des récepteurs. Les Ac-GFP réduisaient la quantité totale de GluN1-SEP, tandis que les Ac-RNMDA réduisaient les clusters synaptiques mais pas l'intensité de GluN1-SEP sur le shaft. Cela suggère que les Ac-RNMDA désorganisent les RNMDA de surface sans altérer leur contenu membranaire. De plus, la co-incubation de ces deux anticorps n'a pas eu d'effet cumulatif, fournissant ainsi des preuves supplémentaires de mécanismes distincts par lesquels ces anticorps affectent le RNMDA. L'internalisation des RNMDA est principalement médiée par l'endocytose dépendante de la clathrine. Par conséquent, nous avons cotransfecté des neurones avec GluN1-SEP et la chaîne légère de la clathrine-mCherry (CLC-mCherry) et les avons exposés aux différents anticorps pendant 6h avant de réaliser une imagerie en direct. Les Ac-GFP ont provoqué une augmentation significative des clusters GluN1 positifs à la clahtrine, suggérant une augmentation de l'internalisation du RNMDA. En revanche, le pourcentage de clusters GluN1 positifs à la clahtrine n'était pas différent de la condition contrôle. Lorsqu'ils étaient exposés simultanément, les Ac-RNMDA empêchaient l'internalisation des RNMDA induite par les GFP-Ab. Dans l'ensemble, ces données comparant les effets de GFP-Ab et des Ac-RNMDA indiquent que les Ac-RNMDA ne déclenchent pas une internalisation des RNMDA induite par un crosslinking, mais plutôt une redistribution des récepteurs à la surface des neurones. Enfin, des études antérieures ont associé l'effet de crosslinking avec une diminution du trafic de surface des RNMDA, qui a déjà été rapportée après une exposition prolongée aux Ac-RNMDA. En utilisant la microscopie à localisation de particules individuelles photoactivée (sptPALM), nous avons confirmé que l'exposition de 6h aux Ac-RNMDA réduit considérablement la dynamique de surface des RNMDA. Comme l'effet de crosslinking des anticorps sur les récepteurs de surface repose sur leur divalence, nous avons généré des fragments Fab à partir des Ac-RNMDA (RNMDA-Fab). Fait intéressant, les RNMDA-Fab réduisent le trafic de surface des RNMDA de manière similaire aux Ac-RNMDA. Cela suggère qu'une diminution du trafic de surface n'est pas nécessairement associée à un effet de crosslinking. Dans l'ensemble, ces données indiquent que les Ac-RNMDA désorganisent rapidement les RNMDA extrasynaptiques et réduisent au fil du temps leur dynamique membranaire d'une manière indépendante du crosslinking. Enfin, en utilisant des billes de latex couplées aux Ac-RNMDA, nous avons montré que le ciblage uniquement des RNMDA extrasynaptiques était suffisant pour induire une diminution des clusters de RNMDA synaptiques. Cela suggère que l'impact dans la région extrasynaptique ne constitue pas seulement une attaque primaire, mais aussi une attaque suffisante pour provoquer l'effet pathologique des Ac-RNMDA. Tous ces résultats convergent vers un nouveau modèle dans lequel les Ac-RNMDA cibleraient d'abord les RNMDA extrasynaptiques, altérant le trafic de surface des RNMDA par le biais d'un mécanisme non lié au crosslinking. Nous proposons que cette augmentation de la dynamique de surface des RNMDA extrasynaptiques résulte de la désorganisation de l'interactome des RNMDA et du surfaceome. Au fil du temps, une plus grande dynamique des RNMDA conduirait à la découverte de nouveaux partenaires, limitant le trafic de surface observé après une exposition prolongée aux Ac-RNMDA. Cette refonte globale de la membrane plasmique se propagerait inévitablement jusqu'aux synapses, provoquant une altération synaptique de la signalisation des RNMDA. Cette vision élargie des mécanismes d'action des Ac-RNMDA nous a amenés à développer un modèle de tranches organotypiques cérébral humain pour étudier plus en détail les effets des Ac-RNMDA à plus grande échelle directement sur le cerveau humain. Pour ce faire, des échantillons corticaux du cerveau humain de patients épileptiques ayant subi une intervention chirurgicale ont été collectés à l'hôpital et fraichement tranchés. Les tranches de cerveau humain ont ensuite été immédiatement cryofixées pour la microscopie électronique par congélation sous haute pression (HPF), ce qui permet une préservation ultrastructurale de haute qualité du tissu par rapport aux méthodes de fixation conventionnelles, ou ii) cultivées dans un liquide céphalorachidien humain (hCSF) pour la culture et des immunomarquages ultérieures. La cryofixation par HPF sur les tissus humains fraîchement tranchés a remarquablement préservé l'ultrastructure du cerveau, avec des éléments structurels clés tels que les synapses, les mitochondries, le réticulum endoplasmique et la myéline. De plus, cette méthode permet la visualisation de l'espace extracellulaire du cerveau (ECS). Nous avons montré que la matière grise et la matière blanche présentaient des différences dans la géométrie de leur ECS. Les tranches corticales ont été cultivées avec succès pendant une semaine et immunomarqués, révélant la présence de réseaux neuronaux et astrocytaires, de synapses inhibitrices et excitatrices et de récepteurs à neurotransmetteurs tels que les RNMDA et les RGABAA. Dans l'ensemble, le travail de ma thèse apporte un nouvel aperçu, inattendu, du mécanisme d'action des Ac-RNMDA chez les patients atteints d'encéphalite, ouvrant de nouvelles perspectives pour corriger les déficits de la signalisation des RNMDA. À l'avenir, l'exploration des effets des Ac-RNMDA directement sur les tissus humains sera d'un grand intérêt, ouvrant de nouvelles perspectives pour la caractérisation du cerveau humain dans des conditions physiologiques ou pathologiques.

  membrane and the presence of the ECM give the extrasynaptic region a crucial role in maintaining overall neuronal activity levels. Together with the glutamatergic synapse, they are a fundamental component of neural communication in the brain, playing a central role in various cognitive functions and behaviors. Perturbation in their functioning can generate major dysfunctions in synaptic transmission which are associated with many neurological disorders.

Figure 1 :

 1 Figure 1 : The glutamatergic synapse and its extrasynaptic environment. (A) Cartoon of two neurons connected by a synapse (inset). (B) Electron micrograph of a synapse in the human brain, with the pre-synapse (Pre) filled with neurotransmitterscontaining vesicles and the post-synapse (Post) with an electron-dense zone, reflecting the high protein density: the PSD (post synaptic density). (C) Image representative of a synapse and the extrasynaptic compartment with their different actors. The PSD is composed of four layers: 1) Membrane receptors (e.g. AMPAR, NMDAR), ions channels (potassium channel) and transmembrane cell adhesion molecules (e.g. Neuroligin, EphB receptor) 2) Scaffold proteins with the Membrane-Associated Guanylate Kinase (MAGUK) family of proteins, in particular PSD-95 3) Shank and guanylate kinase-associated protein (GKAP)family proteins 4) Actine cytosqueleton and in the dendrite the microtubules (MT). In the extrasynaptic compartment, transmembrane receptors are found (NMDAR, AMPAR, mGluR), transmembranes signaling proteins such as EphB2R and calcium/calmodulin-dependent protein kinase II (CAMKII). The extracellular matrix (ECM) is surrounding the synapse and the extrasynapse by a vast network of proteins. (Adapted from Feng and Zhang, 2009).

Figure 2 :

 2 Figure 2 : NMDAR topology. (A) Linear representation of the NMDAR subunits polypeptide chain and their isoforms present in humans. NMDAR subunits are composed of the N-terminal domain (NTD), S1 and S2 segments that form the ligand binding domain (LBD), three transmembrane helices (M1, M3, and M4) and a membrane reentrant loop (M2), and the intracellular carboxyl-terminal domain (CTD). The N1 cassette (red) is 21 amino acids in the NTD encoded by exon 5. The C1 cassette (dark green) is 37 amino acids in the CTD encoded by exon 21, while the C2 cassette (green) is 38 amino acids in the CTD encoded by exon 22. Deletion of exon 22 creates a shift in the open reading frame, resulting in the alternate exon 22' that encodes the C2' cassette (ligh green; 22 amino acids). (B) Modular architecture of GluN1/GluN2 NMDAR the simplified architecture of their four different domains highlighted with the same colors than in (A) and their respective agonist (D-Serine, glycine for GluN1 and glutamate for GluN2). (C) 3D crystal structure of the NMDAR and its associated cartoon showing each protein chain in different colors (adapted from Hanson et al.,2023).

Figure 3 :

 3 Figure 3 : Regional and developmental expression profiles of GluN1 and GluN2 subunits in embryonic, post-natal and adult rodent.(A) X-ray film autoradiography illustrating distribution of transcripts encoding the NMDA receptor subunits GluN1, GluN2A, GluN2B, GluN2C, and GluN2D in sagittal sections of E17 and E19 rat embryos. Abbreviations: cb, cerebellum; cx, cortex; co, colliculi; hi, hippocampus; hy, hypothalamus; sc, spinal cord; st, striatum; t, thalamus. Scale bar = 2 mm (adapted from[START_REF] Monyer | Developmental and regional expression in the rat brain and functional properties of four NMDA receptors[END_REF]. (B) Negative film images of in situ hybridization in parasagittal sections through the brains postnatal and adult rats, showing the distributions of mRNAs for the five NMDAR receptor subunits. Typically, specific signals of mRNAs for GluN1, GluN2A, and GluN2C increase during development, whereas those of mRNAs for GluN2B and GluN2D decrease after postnatal day 14. Scale bar = 10 mm (adapted fromAkazawa et al., 1994).

Figure 4 :

 4 Figure 4 : NMDAR functional properties. (A) Schematic representation of the activation of a full-length GluN1/GluN2 NMDAR. Because two adjacent LBD pair through their top lobes, clamshell closure induced upon glutamate and co-agonists (glycine or D-serine) binding translates into separation between the LBD bottom lobes, which in turn pulls on the TMD, eventually leading to channel gate opening. The NTD sits on top of the LBD, resulting in extensive contact between the NTD and LBD layers. This dense NTD-LBD coupling likely relates to the unique role of NMDAR NTD in allosteric modulation and controls gating properties (adapted from Dupuis et al., 2023). (B) Representative assemblies of GluN2-containing di-or tri-heteromeric NMDAR known to exist in the mammalian CNS with the schematic diagram depicting relative differences in their differential properties (adapted from Vieira et al., 2020).

Figure 5 :

 5 Figure 5 : NMDAR non-ionotropic role in LTD and LTP. During LTP, calcium influx triggers the metabotropic role of NMDAR in recruiting specific intracellular partners for insertion of new receptors at the membrane and spine growth. These newly inserted receptors, together with CAMKII, are trafficked to the synapse where they are stabilized with MAGUK. Nonionotropic NMDAR signals participate in intracellular signaling and spine shrinkage supporting LTD. Adapted from Dupuis et al., 2023.

Figure 6 :

 6 Figure 6 : Schematic diagram of NMDAR trafficking from the endoplasmic reticulum to the synapse.In the canonical secretory pathway (blue arrows), assembled NMDAR are trafficked from the ER to the TGN, where they are sorted and packaged into transport vesicles with motor proteins (KIF) to be delivered on microtubules to the plasma membrane near synapses. NMDAR association with MAGUK and the exocyst complex starts in the somatic ER. Part of the NMDAR are diverted from the somatic ER into a specialized dendritic ER sub-compartment (dER) that bypasses TGN, merging instead with dGolgi outposts on their path to the synapse (orange arrows). This alternative path is usually exerted by receptors transported inside the dER all the way to the dGolgi outposts. Accumulation of the receptors in the dER allows for faster local processing in the dGolgi and synaptic delivery. Another non-canonical trafficking path was demonstrated for GluN2B where they bypass the TGN, through vesicles transported by motor proteins (KIF17) along microtubules, to reach the dGolgi (green arrows). Sorting of GluN2B into this pathway is coordinated by SAP-97:CASK and involves a KIF17-containing complex. Adapted from[START_REF] Ishchenko | Regulation of the NMDA receptor by its cytoplasmic domains: (how) is the tail wagging the dog?[END_REF] 

Figure 7 :

 7 Figure 7 : Synaptic and extrasynaptic NMDAR are involved in the fine tuning of neuronal survival/death balance trough different intracellular signals. (A) Typical experimental setup to selectively stimulate synaptic or extrasynaptic NMDAR. Bicuculline alone or with 4-aminopyridine (4-AP) is used to enhance network activity, thereby increasing the presynaptic release of glutamate to stimulate only synaptic receptors. The irreversible use-dependent NMDAR antagonist MK-801 is then applied, selectively inhibiting synaptic NMDAR. After washout of the unbound MK-801, bath application of NMDA can now act selectively on extrasynaptic receptors. (B) Using this method, it has been shown that stimulation of synaptic NMDAR activates prosurvival and inhibits prodeath intracellular signaling, whereas extrasynaptic NMDAR activation does the opposite. Black and red text denotes an increase and decrease, respectively, in the activation, expression, or function of a particular intracellular signal after selective NMDAR stimulation. Adapted from Parsons et al., 2014

Figure 8 :

 8 Figure 8 : Nano-organization of synaptic and extrasynaptic NMDAR. (A) Representative image of a hippocampal neuron immunostained for Homer as a synaptic marker and NMDAR (upper image). NMDAR colocalizing with Homer are synaptic NMDAR (red circle), while extrasynaptic NMDAR are not colocalizing with the synaptic marker (blue circle). Using STORM and the SR-Tessler software, the super resolution map of NMDAR can be resolved as shown in the representative image (lower panel). Scale bar = 5µm. (B) Representative clusters of synaptic and extrasynaptic NMDAR with their nanodomains. Synaptic NMDAR clusters are denser with a higher number of nanodomains than extrasynaptic NMDAR. Scale bar = 100 nm.

Figure 9 :

 9 Figure 9 : Methods for studying NMDAR surface trafficking. (A) In fluorescence recovery after photobleaching (FRAP), fluorescently labeled receptors are locally photobleached and the recovery of fluorescence levels in the bleached area measures both the rate of movement of the receptors and the fraction of immobile receptors. (B) Irreversible open channel blockers can be used to block specifically synaptic receptors opened upon transmitter release. The rate of recovery of synaptic responses upon washout of the blocker measures the exchange rate of synaptic receptors. (C) The complex antibody-QD in single particle tracking (SPT) allows to track surface NMDAR for a long time, resulting in long trajectories. The mean square displacement (MSD) curve reflects the confinement of the receptor: synaptic NMDAR trajectories are much more confined that the extrasynaptic ones, because of their stabilization at the synapse with anchoring partners. (D) In single-molecule localization microscopy, the diffraction-limited fluorescence spot emitted by a single dye can be fitted by a Gaussian curve whose centroid localizes the dye with a precision proportional to the square root of the number of emitted photons. Sequential localization of thousands of dyes allows reconstitution of a super-resolved image. GluN1 coupled to the photoconvertible fluorescent protein mEos allows to track individual NMDAR in live neurons. The diffusion coefficient, which is the apparent speed of displacement of the molecule, is extracted from the MSD curve. In line with confined synaptic trajectories in C), synaptic NMDAR diffuse less than extrasynaptic ones. Adapted from Groc and Choquet, 2020.

Figure 10 :

 10 Figure 10 : Modulators of NMDAR surface trafficking. (A)The surface diffusion of NMDAR is under the influence of intracellular, transmembrane, and extracellular modulators. The surface diffusion can be increased (+) or decreased (-) by these factors, with potential differences between their regulation on synaptic and extrasynaptic NMDAR (adapted fromDupuis and al. 2023). (B) Among these modulators, it has been proposed that surface interactions play an important role in regulating NMDAR lateral diffusion. In particular, a significant number of interactions takes place in the extrasynaptic compartment, suggesting the presence of extrasynaptic modulatory hubs (adapted from Petit and Groc, 2020). (C) NMDAR diffusion is relatively slower than other neurotransmitter receptors suggesting that NMDAR are exposed to a higher level of regulation (adapted from Petit and Groc, 2020).
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Fig. 1 .

 1 Fig. 1. Illustrations of the diversity of NMDAR-Ab. A) NMDAR-Ab are detected in the CSF (upper panel) and/or the serum (lower panel) of healthy subjects and neuropsychiatric patients (AE, SCZ, NPSLE). NMDAR-Ab are represented by a large diversity of immunoglobulin (Ig) classes with different seroprevalence represented by a lower and higher font size. B) Representation of a post-synaptic compartment and the modulation of NMDAR signalling (blue arrow) by NMDAR-Ab from different diseases. NMDAR-Ab have different impacts on NMDARs compared to basal conditions. In anti-NMDAR encephalitis, a hypofunction (represented by a smaller arrow) is induced by NMDAR-Ab while a hyperfunction (bigger arrow) occurs in NPSLE patients with NMDAR-Ab. C) Representative structure of NMDAR in 3D with proposed epitopes of NMDAR-Ab. The epitope of NMDAR-Ab from encephalitic patients is located at the 368 N/369G region of the GluN1 subunit. In NPSLE, the NMDAR epitope for NMDAR-Ab is located on GluN2A/B subunits, at an extracellular DWEYS motif. Abbreviations: anti-NMDAR encephalitis (AE); schizophrenia (SCZ); neuropsychiatric systemic lupus erythematosus (NPSLE); amino terminal domain (ATD); ligand-binding domain (LBD); transmembrane domain (TMD). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3 .

 3 Fig. 3. Schematic model of network disturbance by discreet NMDA receptor autoantibodies. The centre panel denotes a simple schematic network comprised of two pyramidal cells (green) and an interneuron (purple); the left on this panel demonstrates a model of disinhibition hypothesised to underpin network dysfunction in anti-NMDAR encephalitic patients (AE, red), the right describing a model of hyperexcitation in lupus patients (NPSLE, blue). The phasic action on interneuron synapses is shown in (A), where AE antibodies (red) induce a GluN2B-NMDA receptor hypofunction and lupus antibodies (blue) bind but elicit no change in these receptors. B) The impact of antibody exposure on the tonic current of interneurons, where AE antibodies again induce further hypofunction of the GluN2D-NMDARs but lupus antibodies show no action or binding on this receptor subtype. C) The action at a glutamate synapse onto a pyramidal cell dendrite enriched in GluN2A-NMDAR expression, where the action of antibodies from AE induce a synaptic hypofunction; and NPSLE antibodies promote an opposing hyperfunction of synaptic NMDAR signalling. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

  -D-aspartate receptor autoantibodies (NMDAR-Ab) are pathogenic antibodies that target the NMDAR, playing a central role in the pathogenesis of NMDAR encephalitis. NMDAR autoantibodies induce NMDAR hypofunction through a massive decrease of cell-surface NMDAR, contributing to neuropsychiatric manifestations in patients. Molecular investigations described a mechanism of NMDAR-Ab focused on the synaptic impact solely on the NMDAR. Yet, NMDAR-Ab first locus of action and their potential repercussion on others membrane proteins are still unknown. Here, we investigated the acute impacts of patient-derived monoclonal NMDAR-Ab on the NMDAR, its

  dissociated after 15 min treatment at 37 °C with 0.05% Trypsin-EDTA 1X (Thermo Fisher Scientific, #25300-054) solution containing Penicillin-Streptomycin (Thermo Fisher Scientific, #15140-122) and HEPES (Thermo Fisher Scientific, #15630-056). Cells were plated at a density of 275,000 cells per dish onto poly-L-lysine (1 mg/ml, Sigma-Aldrich, #P2636) pre-coated glass coverslips in 60 mm Petri dishes in Neurobasal™ Plus Medium (Thermo Fisher Scientific, #A3582901) supplemented with 0.5 mM GlutaMAX (Thermo Fisher Scientific, #35050-038), 1X B-27™ Plus Supplement (Thermo Fisher Scientific, #A3653401) and 1,5 % horse serum (Thermo Fisher Scientific, #26050088). Cultures were kept at 37 °C in 5 % CO2. At DIV3, medium is replaced with the same medium without serum to slow down the growth of glia cells.
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 1 200, R&D system, #AF467), anti-Flag for Flag-EphB2R WT or Flag-EphB2R mutants (1/1000, Sigma-Aldrich, #F2555) or NMDAR-Fab fragment at 37°C. Cells were fixed for 15 min in 4% paraformaldehyde (PFA, Sigma-Aldrich, #P6148/4% sucrose (Sigma-Aldrich, #0389) in PBS then washed several times with PBS supplemented with 50 mM NH4Cl (Sigma-Aldrich, #A4514). Neurons were fixed with a blocking solution containing PBS and 3 % Bovine serum albumin (BSA, Sigma-Aldrich, #A3059) for 1h at RT and incubated for 1h at RT with secondary antibodies (1/500, Alexa 647 Goat anti-Human #A21445, Alexa 488 Donkey anti-Goat # A11055, Alexa 488 Goat anti-Rabbit # A11008, Thermo Fisher Scientific) in blocking solution. For intracellular staining, cells were fixed in 4% PFA/4% sucrose, blocked, permeabilized with a PBS-0.1% TritonX-100 (Sigma-Aldrich, #T9284) solution and incubated with MAP2 antibody (1/5000, Abcam, #ab5392) for 1h at RT or Homer antibody (1/400, Synaptic Systems, #160004) and Gephyrin antibody (1/400, Synaptic Systems, #147 111) over night at 4°C in blocking solution. Neurons were then incubated with secondary antibody (1/500, Alexa 488 Goat anti-Chicken #A11039, Alexa 568 Goat anti-Guinea Pig #A11075, Alexa 488 Goat anti-Mouse #A11001, Thermo Fisher Scientific) in blocking solution for 1h at RT. Coverslips were mounted with Fluoromount (Invitrogen, #00-4958-02) and kept at 4°C until imaging.Coupling of latex beads with antibodies and evaluation of the efficiency of the coupling 4 µg of CML Latex Beads 1.0 µm (Invitrogen, #C37483) were centrifuged at 15000 g for 10 min and washed in 1 mL MES Coupling Buffer (MES 50 mM pH 6; EDTA 1 mM; 0.0005% Tween 20 (Sigma-Aldrich, #P9416)) 3 times. Beads were resuspended in 300 µl MES Coupling Buffer and carboxyl group were activated by adding 120 µl of freshly prepared 50 mg/ml EDAC (#E6383, Sigma-Aldrich)-MES
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 1 photoconverted single molecule fluorescence was excited with a 561 nm laser. Both 405 nm and 561 nm lasers illuminated the sample simultaneously. To keep the number of the stochastically activated molecules constant and well separated during the acquisition, the 405 nm laser power was adjusted.Acquisition was done with Metamorph software, with 2000 frames and exposure time of 50ms with a TIRF illumination to track surface GluN1-mEos. Detection and reconnection of trajectories (>10 frames)

  coefficient of synaptic and extrasynaptic GluN1 trajectoires. MSD are expressed as mean ± SEM and diffusion coefficient median as median ± min to max. Each dot represent the diffusion coefficient median per neuron (Control-Ab : N =36 neurons, n= 9783 synaptic and 62969 extrasynaptic trajectories ; NMDAR-Ab : N = 33, n = 9007 and 65339, ***P<0.001 by Kolmogorov-Smirnorv test for MSD and *P<0.05 by Mann-Whitney for the diffusion coefficient).

Figure 2 :

 2 Figure 2 : Differential effects of NMDAR-Ab and EphB2R-Ab on GluN1 synaptic content. (A) Portion of dendrite of hippocampal neurons immunostained for Homer (magenta) and surface EphB2R (cyan). The line scan intensity indicates that EphB2R is present at the synapse but also in the extrasynaptic compartment. Scale bar = 10 µm. (B) Experimental design of surface tracking of GluN1-SEP using anti-GFP antibody (GFP-Ab) and a quantum dot (QD) on neurons incubated with Control-Ab or EphB2R-Ab for 2 h (1 µg/ml). Example trajectories of GluN1-SEP at the surface of neurons incubated with the different conditions are also shown. Neurons were transfected with Homer-dsRed to delimit the gluatamatergic synaptic area (in grey). Scale bar = 500 nm. (C) Synaptic GluN1 MSD and diffusion coefficient of neurons treated with Control-Ab or EphB2R-Ab (2 h, 1 µg/ml). Curves of MSD are represented as mean ± SEM and diffusion coefficients are represented as median ± IQR 25%-75% (Control-Ab : N = 55 neurons, n = 356 trajectories, EphB2R-Ab : N = 50, n = 340, **P<0.01 by Kolmogorov-Smirnorv test for MSD and by Mann-Whitney for the diffusion coefficient). (D) Representative live imaging of hippocampal neurons expressing Homer-dsRed (magenta) as synaptic marker and GluN1-SEP (cyan) for surface NMDAR. Neurons were treated with Control-Ab, NMDAR-Ab, EphB2R-Ab or NMDAR-Ab+EphB2R-Ab (1 µg/ml, 24 h). Scale bar = 10 µm, 1 µm. (E-F) Quantification of synaptic GluN1 and Homer clusters density and area of neurons treated with the different conditions. Clusters density are represented as mean ± SEM, **P<0.01,***P<0.001 by One-way ANOVA test and clusters area as median ± min to max, ****P<0.0001 by Mann-Whitney (Control-Ab: N = 21 neurons, n = 1072 synaptic GluN1 clusters and 1188 homer clusters; NMDAR-Ab : N = 22, n =589 and 1212; EphB2R-Ab: N = 25, n = 1140 and 1306; NMDAR-Ab+EphB2R-Ab : N = 24, n = 545 and 1128).

Figure 3 :

 3 Figure 3 : Genetic alterations of EphB2R-NMDAR interaction impacts NMDAR dynamics but does not interfere with NMDAR-Ab. (A) Schematic representation of the basal interaction between NMDAR and EphB2R (EphB2R WT), strong interaction with EphB2R-Y504F mutant and weak interaction with EphB2R-Y504F mutant. Surface immunostaining of EphB2R WT or EphB2R mutants in neurons are also shown. Scale bar = 50 µm (B) Example surface GluN1 trajectories of neurons expressing EphB2R, EphB2R Y504E or EphB2R Y504F and their associated MSD and diffusion coefficient. MSD are represented as mean ± SEM,**P<0.01,****P<0.0001 by Kolmogorov-Smirnorv and diffusion coefficient are represented as median ± IQR 25%-75%, ****P<0.0001 by Kruskall-Wallis (WT: N = 33 neurons, n = 1030 trajectories; Y504E: N = 34, n = 1070; Y504F: N = 33, n = 1380). Scale bar = 500 nm (C) Representative live imaging of hippocampal neurons expressing GluN1-SEP, Homer-dsRed and EphB2R WT, EphB2R Y504E or EphB2R Y504F. Cells were incubated with Control-Ab or NMDAR-Ab (1 µg/ml, 24 h). Scale bar = 10 µm, 1 µm. (D) Quantitication of synaptic GluN1 clusters area (left) and density (right) of neurons transfected with the different EphB2R constructs and treated with Control-Ab or NMDAR-Ab (1 µg/ml, 24 h). Datas are represented as mean ± SEM, two-ways ANOVA test (Control-Ab/WT: N = 23 neurons, n = 1712 clusters; /Y504E: N = 31, n = 2421; /Y504F: N = 30, n = 2452; NMDAR-Ab/WT: N = 17, n = 917; /Y504E: N = 27, n = 1450; Y504F: N = 25, n = 1372). (E) Representative images of hippocampal neurons co-transfected with soluble GFP, EphB2R-Flag and sh_Control or sh_EphB2R. Scale bar = 10 µm. On

Figure 4 :

 4 Figure 4 : NMDAR surface interactome nano-organization is modified by NMDAR-Ab incubation (A) Schematic describing the proximity labelling assay using the GluN1-V5-HRP construct. In presence of H2O2 (2 µM) and the biotin derivative nonpermeant tyramide (300 µM) for 5 min, the HRP enzyme biotynilates proteins surrounding the NMDAR within a limited radius. (B) Representative images of neurons expressing the GluN1-HRP construct as indicated by the V5 staining. Addition of tyramide induces surface biotynilation as shown by the line scan intensity on the portion of dendrite. Scale bar = 40 µm, 5 µm. (C) The super-resolution imaging STORM reveals synaptic (within the Homer-GFP mask) and extrasynaptic SPIN nanoorganization with clusters and nanodomains obtained with SR-Tessler. Scale bar = 3 µm, 1 µm, 250 nm. (D) Quantification of the number of detections per SPIN cluster area in neurons treated with Control-Ab or NMDAR-Ab (1 µg/ml, 30 min or 24 h),

Figure 5 :

 5 Figure 5 : NMDAR-Ab alter the nano-organization of all surface proteins (A) Experimental design to label all surface proteins using NHS-Ester Alexa 647. (B) Neurons incubated in live with NHS-Ester display surface staining as shown with the line scan intensity. Scale bar = 20 µm, 2 µm. (C) Endogenous staining of Homer and super-resolved image of NHS-Ester staining using SR-Tessler on a portion of dendrite. The red arrows indicate synapses. Scale bar = 5µm. (D) Local density distribution of synaptic and extrasynaptic surfaceome clusters labelled with NHS-Ester with their respective cluster representation. The mean of the gaussian fit is indicated. (E) Quantification of the number of detection per surfaceome cluster area of neurons incubated for 30 min with Control-Ab or NMDAR-Ab (1 µg/ml) (mean ± SEM, N = 5 neurons). (F-I) Representative clusters of synaptic and extrasynaptic surface proteins after Control-Ab and NMDAR-Ab incubation (1 µg/ml, 30 min) and quantification of clusters area and local density (median ± min to max, **P<0,01, ***P<0,001, ****P<0,0001 by Mann-Whitney, Control-Ab: N = 5 neurons, synaptic : n = 276 clusters and 244 nanodomains, extrasynaptic: n = 597 and 638; NMDAR-Ab: N = 5, synaptic: n = 123 and 144, extrasynaptic: n = 335 and 836).

Figure 6 :

 6 Figure 6 : NMDAR-Ab alter NMDAR internalization and dynamics differently from a crosslinker antibody (A) Example images of live neurons expressing Homerds-Red and GluN1-SEP incubated for 6 h with 5 µg/ml of Control-Ab, NMDAR-Ab, GFP-Ab or NMDAR-Ab+GFP-Ab. Scale bar = 10 µm. (B) Quantification of synaptic GluN1 cluster density (mean ± SEM, ****P<0.0001 by ANOVA one-way, Control-Ab n = 31 neurons, GFP-Ab n = 27, NMDAR-Ab n = 37, NMDAR-Ab+GFP-Ab n = 30) and GluN1 shaft intensity (****P<0.0001 by Kruskall-Wallis) with the different conditions. (C) Live imaging of neurons expressing clathrin light chain (CLC)-mCherry and GluN1-SEP with the different conditions. Scale bar = 5 µm. (D) Quantification of CLC-mCherry cluster area (median ± min to max) and percentage of GluN1 clusters colocalizing with CLC-mCherry (mean ± SEM, *P<0.05, ****P<0.0001 by One-way ANOVA). Control-Ab: n = 15 neurons, GFP-Ab: n = 22; NMDAR-Ab: n = 34; NMDAR-Ab+GFP-Ab: n = 26. (E) Diffusion maps of GluN1 after 6 h incubation with Control-Ab, NMDAR-Ab (5 µg/ml) and NMDAR-Fab (40 µg/ml) obtained with sptPALM. Scale bar = 5 µm (F) GluN1 diffusion coefficient median (median ± min to max,**P<0.001, ****P<0.0001 by Kruskall Wallis and MSD curves (mean ± SEM, **P<0.01, ***P<0.001 by Kolmogorov-Smirnov) both normalized to Control-Ab condition. Control-Ab: n = 20 neurons, NMDAR-Ab: n = 13, NMDAR-Fab: n = 21.

Figure 7 :

 7 Figure 7 : Targeting only extrasynaptic NMDAR with NMDAR-Ab bead is sufficient to induce synaptic NMDAR loss. (A) Schematic representation of NMDAR-Ab coupled to 1 µm latex bead that can only bind to extrasynaptic NMDAR. (B)The flow cytometer experiment validates the efficiency of the Ab-bead coupling, in the dot plot graph the red population corresponds to non-aggregated latex beads. From this population is extracted the fluorescence of Anti-human 488 antibody incubated with the different bead conditions : latex bead only, Control-Ab bead and NMDAR-Ab bead. NMDAR-Ab bead and Control-Ab bead curves shifts on the right meaning that the coupling was efficient with respectivly 95 % and 85 % of the total beads that
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 S1S2S3 Figure S1 : Extrasynaptic NMDAR surface trafficking is acutely altered by NMDAR-Ab. (A) Example images of immunostaining on HEK cells transfected with GluN1-mEos/GluN2A-SEP incubated or not with NMDAR-Ab (1 µg/ml). Scale bar = 40 µm. (B) Image of neuron expressing Homer-GFP with ROIs defining real synapse (green) or false synapse (red). MSD of GluN1 trajectories inside the different ROI are represented and expressed as mean ± SEM (****P<0.0001 by Kolmogorov-Smirnov test, N = 5 neurons, real synapse: n = 3992 trajectories, false synapse: n = 1373). Scale bar = 5 µm. (C) Distribution of diffusion coefficient of extrasynaptic and synaptic GluN1 trajectories after short time incubation with Control-Ab or NMDAR-Ab (1 µg/ml). (Control-Ab : N = 36 neurons, n = 9783 synaptic and 62969 extrasynaptic trajectories ; NMDAR-Ab : N = 33, n = 9007 and 65339). (D) Diffusion coefficient distribution and MSD curves of total GluN1 trajectories of neurons incubated with Control-Ab, GFP-Ab or GluN2B-Ab in cross-linking condition (30 min, 1/10 e , MSD as mean ± SEM, Control-Ab : N = 11 neurons, n = 17291 trajectories; GFP-Ab : N = 12, n = 28269; GluN2B-Ab: N = 9, n = 12709).

Figure S4 :

 S4 Figure S4 : NMDAR surface interactome nano-organization is modified by NMDAR-Ab incubation. (A-B) Quantification of synaptic and extrasynaptic SPIN nanodomains area , local density and distribution of the number of synaptic SPIN nanodomains after exposure to Control-Ab or NMDAR-Ab ( (median ± min to max, *P<0.05, ****P<0.0001 by Kruskall-Wallis, Control-Ab: N = 21 neurons, synaptic nanodomains: n = 562, extrasynaptic: n = 501; NMDAR-Ab 30 min: N = 8, n = 247, 259; 24 h: N = 7, n = 211, 316).

Figure S5 :

 S5 Figure S5 : NMDAR-Ab alter the nano-organization of all surface proteins. (A) Quantification of the fluorescence intensity (mean ± SEM) and local density (cumulative distribution) of surface NHS-Ester staining on neurons with different NHS-Ester concentration (40 µg/ml n = 4 neurons, 20 µg/ml n = 7, 4 µg/ml n = 8, 0.8 µg/ml n = 3, ****P<0.0001 by Kolmogorov-Smirnov test). (B) Clusters area and number of clusters detected over 100 000 frames acquisition of NHS-Ester STORM imaging. The red arrow indicates the number of frames chosen to perform analysis. (C) Clusters area distribution of synaptic and extrasynaptic surfaceome clusters labelled with NHS-Ester (20 µg/ml) with their respective cluster representation. The mean of the gaussian fit is indicated. (D) Local density distribution of surfaceome clusters of Gephyrin (inhibitory) synapse labelled with NHS-Ester with cluster representation obtained with SR-Tessler. The mean of the gaussian fit is indicated. (E) Number of nanodomains distribution of synaptic and extrasynaptic surfaceome after 30 min exposure to Control-Ab or NMDAR-Ab (1 µg/ml, 24 h).

Figure S6 :

 S6 Figure S6 : NMDAR-Ab alters NMDAR organization and internalization differently from crosslinker antibody. (A) Quantification of homer cluster density (mean ± SEM, one-way ANOVA) and homer cluster area (cumulative distribution, Kolmogorov-Smirnov test, Control-Ab: N = 31 neurons, n = 2365 clusters; GFP-Ab: N = 27, n = 2022; NMDAR-Ab: N =37, n =2545; NMDAR-Ab+GFP-Ab: N = 30, n = 2132). (B) Quantification of GluN1-SEP normalized intensity in live imaging before and after 1 h of buffer or GFP-Ab incubation (5 µg/ml). n = 6 neurons. Scale bar = 10 µm.(C) Competition assay between GFP-Ab and NMDAR-Ab for GluN1-SEP. Neurons were incubated for 30 min with 5 µg/ml of GFP-Ab alone or with different concentrations of NMDAR-Ab. Immunostaining was perform on GFP-Ab , GFP-Ab cluster area and intensity were quantified per neuron (mean ± SEM, One-way ANOVA, GFP-Ab only: n = 21 neurons; GFP-Ab+NMDAR-Ab 1 µg/ml: n = 35; 5 µg/ml: n = 27; 1 µg/ml: n = 28). (D) Same experiment was performed as positive control to show competition between two different GFP-Ab : Rabbit (Rb) GFP-Ab and Chicken (Ck) GFP-Ab. (mean ± SEM, **P<0.01, ***P<0,001, ****P<0.0001 by One-way ANOVA, Rb GFP-Ab only: n = 13 neurons; Rb GFP-Ab+Ck GFP-Ab 5 µg/ml: n = 11; 10 µg/ml: n = 11). (E) Representative images of neurons immunostained for MAP2, NMDAR-Ab and NMDAR-Fab. Scale bar = 50 µm.

Figure S7 :

 S7 Figure S7 : Targeting only extrasynaptic NMDAR with NMDAR-Ab bead is sufficient to induce synaptic NMDAR loss. (A) Representative images of neurons incubated 30 min with the supernatant of the beads either just after coupling with antibodies of after 3 washes post-coupling. Neurons were stained with anti-human antibody (NMDAR-Ab in cyan) and for Homer (magenta). The supernatant contains NMDAR-Ab just after coupling but the staining is lost after 3 washes. Scale bar = 20 µm. (B-C) Quantification of synaptic GluN1 and homer clusters density and area of neurons incubated with latex bead only, Control-Ab bead or NMDAR-Ab bead (40 µg/ml, 20 h). For cluster density, datas are represented as mean ± SEM, One way ANOVA. For aera, the cumulative distribution is represented (Kolmogorov-Smirnov, No bead N = 20 neurons, n = 2483 synaptic GluN1 clusters, 1563 homer clusters; Control-Ab bead: N = 25, n = 2262, 1133; NMDAR-Ab bead: N = 30, n = 1112 homer clusters). (D-E) To test the specificity of NMDAR-Ab bead effect on GluN1-SEP clusters, beads were also coupled to GluA2 antibody with 97 % efficiency and synaptic GluN1 clusters density and area were quantified after GluA2-bead incubation (20 h, 40 µg/ml, for density mean ± SEM and Student t-test, for area cumulative distribution and Kolmogorov-Smirnov test, Control-Ab bead: N = 13 neurons, n = 807 clusters; GluA2-bead: N = 20, n = 1167).
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 12 Figure 1: Different steps from human cortical tissue recovery in hospital to culture and HPF. (A) In the operating room, epilepsy patients undergo a cortectomy. The piece of temporal lobe is immediately submerged in ice-cold NMDG solution and transported to the lab for slicing in 15 min maximum. The slicing is performed with a vibratome in NMDG solution cooled by ice placed around the buffer tray. After slicing, the slices are either (B) put in culture for one week in human CSF at 37°C or (C) rapidly transferred in ice into a specimen carrier for further cryo-fixation with high-pressure freezing . Scale bar = 2,5 mm.

Figure 3 :

 3 Figure 3 : Cryofixation with HPF preserves the ultrastructure of human cortical slices. (A) Phase diagram of water. The water contained in biological samples normally cooled in liquid nitrogen (-196°C) at ambient pressure turns into crystalline ice with higher volume than liquid water, generating tissue distortion. At high pressure (~2kBar), the possibility for supercooling which is the process of lowering the temperature of a liquid below its freezing point without it becoming a solid, is maximized. By combining high pressure and fast cooling in liquid nitrogen, the water is transformed into vitreous ice with the same volume than liquid water, keeping the structure of the tissue intact. (B) Electron micrographs of cortical human slices fixed and dehydrated with classic aldehyde fixation (left) or cryo-fixed with HPF (right). The dehydration, which is a necessary step for electron microscopy, produces a massive tissue extraction (arrow) in chemical fixation altering the ultrastructure of the sample. With HPF followed by freeze substitution, the vitreous water is progressively replaced by acetone keeping the native organization of the tissue. (C) Panel of micrographs showing the whole organization of the brain at low magnification and zoomed on different structures of interest at high magnification. ves: neurotransmitters-containing pre-synaptic vesicles, mit: mitochondria, syn: synapse, ER: endoplasmic reticulum, rib : ribosome, mye: myelin.

Figure 4 :

 4 Figure 4 : White and grey matter of the human brain differ in the geometry and distribution of their ECS. (A) Examples micrographs of human white and grey matter after cryo-fixation with HPF with their associated binarized images of the ECS. (B) ECS volume fraction in the white and the grey matter and cumulative distribution of the compartment's lengths obtained after skeletonization (two-tailed Student's t test and Kolmogorov-Smirnov test). (C) ECS local width maps from white and grey matter showing the characteristic channels-and-pools configuration of the ECS, revealing higher ECS widths in white matter confirmed by the cumulative distribution of the local widths on the right (Kolmogorov-Smirnov test).0 nm
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 1 Fig.1.D,E,F). These findings indicate that the conclusions of the original study make sense, Fab fragment are not able to induce a reduction in surface NMDAR compared to NMDAR-Ab or reconstituted NMDAR-Ab with Fab+anti-Fab. However, our interpretations are different: while they suggested that it was related to the loss and recovery of the crosslinking effect, we show that these observations are in fact based on Fab which cannot bind NMDAR whereas NMDAR-Ab and NMDAR-Fab+anti-Fab can.

  addition to being the first target of NMDAR-Ab, we have shown that targeting only extrasynaptic NMDAR with NMDAR-Ab by coupling these autoantibodies to latex beads is sufficient to induce downregulation of synaptic NMDAR clusters. These results are consistent with the hypothesis that alterations in the extrasynaptic compartment can propagate to the synapse. Since NMDAR surface trafficking is regulated by a tight balance between the pools of extrasynaptic and synaptic NMDAR, corrupting the extrasynaptic pool will inevitably induces leakage of synaptic NMDAR and thus induce the synaptic loss of NMDAR. Two limitations are worth discussing. First, only imaging techniques were performed, lacking functional studies such as electrophysiology. If possible, it would be valuable to determine what is primarily affected by the antibodies: NMDAR-mediated synaptic currents or the tonic currents generated by NMDAR extrasynaptic receptors. In addition, it would be interesting to assess the effects of targeting only extrasynaptic NMDAR with NMDAR-Ab beads on NMDAR synaptic currents. Secondly, these conclusions were observed in vitro on dissociated hippocampal neurons. It would be of great interest to reproduce these experiments in vivo. Typically, in 2016, Savchenko and al. generated a construct

Figure annexe 1 :Figure annexe 2 :

 12 Figure annexe 1 : NMDAR-Ab Fab fragments lose their ability to bind to NMDAR. (A) Experimental design to determine the binding of Fab fragment to NMDAR in live using a secondary anti-Human IgG. Neurons were incubated in live for 30 min with the different condition, anti-Hu was added after a quick wash in live. Neurons were then fixed and imaged. (B) Representative images of hippocampal neurons immunostained for full NMDAR-Ab (4 µg/ml), NMDAR-Ab Fab (4 µg/ml or 40 µg/ml) and MAP2. (C) Quantification of fluorescence intensity normalized to no primary condition. One-Way ANOVA, n = 30 cells per condition. (D) Experimental design to determine the binding of Fab fragment to NMDAR using a secondary antibody antihuman Fab. Neurons were exposed to full IgG, Fab or Fab+anti-Fab in live for 30 min. After a rapid wash, anti-Fab was added to IgG or Fab for 30 min and after fixation a secondary anti-mouse was used to reveal the staining. (E) Examples images of neurons immunostained for MAP2 and full NMDAR-Ab (4 µg/ml), Fab (4 µg/ml) or Fab+anti-Fab (4 µg/ml+4 µg/ml). Scale bar = 50 µm and 10 µm. (F) Quantification of binding intensity of the different conditions normalized to no primary condition. One-Way ANOVA, n = 30 cells per condition
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  for intractable epilepsy with hippocampal sclerosis at the Service de Neurochirurgie B in the Centre Hospitalier Universitaire (CHU) of Bordeaux. Patients gave their written, informed consent and protocols were declared to the Centre National Informatique et Libertés (CNIL). The resected tissue

	was immediately submerged in ice-cold protective recovery N-methyl-D-glucamine (NMDG) solution
	(2.5mM KCL, 98mM NMDG, 25mM D-Glucose, 20mM HEPES, 5mM Na-ascorbate, 3mM Na-pyruvate,
	12mM N-acetyl cysteine, 2mM thiourea, 30mM NaHCO3, 1.25mM NaH2PO4, 0.5mM CaCl2, 10mM
	MgSO4•7H2O) bubbled with carbogen (95% O2 and 5% CO2) adjusted to 247mOsm and 7.35 pH and
	transported from the operating room to the lab in 15 min

  To estimate the length of ECS compartments, binary images were skeletonized and the longest shortest path was calculated in ImageJ. ECS local widths were calculated by measuring iteratively the diameter of the largest circle fitting each portion of the ECS compartment, using a 2D implementation of the Local Thickness plugin (ImageJ). The distribution of pixel values obtained from the histograms of ECS local thickness maps was converted to dimensional values using the image pixel size(1.42 nm).
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OBJECTIVES OF THE THESIS

General aim

This work aims to provide new insights on the mechanism of action of NMDAR autoantibodies not only focused on the NMDAR at the synapse but also on the extrasynaptic membrane.

Objective II -Preparation of cortical human slices for culture and electron microscopy In the realm of neuroscience, there is a notable lack of models that faithfully replicate the intricate conditions found within a living human brain. Living neuronal tissue stands out as the most accurate approximation of the in vivo human brain, bridging the gap between experimental models and the complexities of a living human brain. This is why, in parallel with the characterization of the mechanism of action of NMDAR-Ab on neuronal cultures, we aimed to develop and characterized a model of organotypic human brain slices for the study of brains disorders. In order to achieve this goal, we developed a protocol with the Centre Hospitalier Universitaire (CHU) of Bordeaux with the collaboration of surgeons and clinical research associates to retrieve cortical resection from epilepsy surgery. A slicing protective recovery method was used to prepare human brain slices for culture. For characterization of these cortical samples, a series of immunostainings was performed to assess the presence of key cellular and synaptic elements of the brain after one week in culture. In addition, a cryo-fixation method was used on freshly sliced human brain sample to have access to the ultrastructure of the tissue close to its native state using electron microscopy. This technique allowed the visualization of brain structural components and specifically of the brain extracellular space, which we described in the gray and white matter. 

RESULTS

Author affiliations:

Results

Acute exposure with NMDAR-Ab alters only extrasynaptic NMDAR surface trafficking

Although the long-term effect of NMDAR-Ab onto synaptic receptor pool, transmission, and plasticity has been thoroughly investigated 27 , our understanding of the attack phase, i.e. the first minutes after exposure to NMDAR-Ab, is still limited. To tackle this question, we exposed cultured hippocampal neurons to either control monoclonal antibodies (Control-Ab) purified from the serum of a healthy donor or NMDAR monoclonal autoantibodies (NMDAR-Ab) derived from NMDAR encephalitis patients (Fig. 1A). As expected, NMDAR-Ab label synaptic and extrasynaptic NMDAR following a 30 min incubation (Fig. 1B,C). To test whether NMDAR-Ab rapidly alter the NMDAR synaptic pool, we performed a time-lapse imaging on hippocampal neurons expressing GluN2A subunit tagged with a super ecliptic pH-sensitive GFP (SEP) at its extracellular N-terminus, which mainly highlight surface GluN2A-NMDAR 28 (Fig. 1D). Over the first 30 min of exposure with NMDAR-Ab, synaptic NMDAR fluorescence intensity was unaffected (Fig. 1E,F), indicating that the NMDAR synaptic pool was not yet affected by NMDAR-Ab in this time window. Although we previously demonstrated that NMDAR-Ab alter NMDAR trafficking in the very first hours 7 , the used method (i.e. single nanoparticle tracking) could not specifically pinpoint the locus of prime alteration. We therefore selected another approach that could give us access to a high number of trajectories in each specific compartment (i.e. synaptic and extrasynaptic) in the same time. For this, we used the super-resolution microscopy technique single particle tracking photoactivated localization microscopy (sptPALM) which fulfil these criteria.

Hippocampal neurons were transfected with Homer 1c-GFP as a synaptic marker and with GluN1 coupled to the photoconvertible protein mEos3.2 which can be effectively targeted by NMDAR-Ab (Fig. 1G, Supplementary Fig. 1A). 

Monoclonal NMDAR autoantibodies: advantage or limitation?

Initially, the molecular mechanisms of NMDAR-Ab were characterized using the CSF or purified IgG from the serum or CSF of patients suffering from NMDAR encephalitis. Both of these samples contain autoantibodies directed against the NMDAR with markedly greater sensitivity of CSF antibodies compared with serum [START_REF] Warren | Serum and CSF Anti-NMDAR Antibody Testing in Psychiatry[END_REF]. In the brain, these autoantibodies are pathogenic, as shown using in vitro experiments in cultured neurons exposed to CSF or purified IgG from NMDAR encephalitis patients. NMDAR-Ab caused a decrease in total and synaptic surface NMDAR, a reduction of NMDAR-mediated synaptic currents and altered NMDAR surface dynamics (Hughes et al., 2010;Mikasova et al., 2012;[START_REF] Moscato | Acute mechanisms underlying antibody effects in anti-N-methyl-D-aspartate receptor encephalitis[END_REF]. These effects correlated with the antibody titers, were reversed after the antibodies were removed, and did not affect cell survival (Hughes et al., 2010). The pathogenicity of autoantibodies contained in these samples was confirmed later in vivo with models of cerebroventricular transfer of patients CSF and purified IgG to mice. Animals infused with patients but not control CSF developed progressive memory deficits and anhedonic and depressive-like behaviors [START_REF] Planagumà | Human N-methyl D-aspartate receptor antibodies alter memory and behaviour in mice[END_REF]. In addition, mice perfused with purified IgG from encephalitis patients had increased seizure susceptibility [START_REF] Wright | Epileptogenic effects of NMDAR antibodies in a passive transfer mouse model[END_REF]. Using these autoantibodies gives a physiological approach of the disease with the presence of a wide repertoire of pathogenic IgG targeting different epitopes on the NMDAR and also others proteins. Moreover, soluble components of the CSF could participate in the etiology of the disease. As an example, it was suggested that NMDAR encephalitis results from any primary brain inflammation and that the presence of autoantibodies only modify the disease by enhancing the psychosis-like phenotype [START_REF] Wilke | Autoantibodies against NMDA receptor 1 modify rather than cause encephalitis[END_REF]. Altogether, polyclonal IgG and CSF solubles components probably participate to the variety of symptoms found in NMDAR encephalitis patients.

The development of monoclonal antibodies directed against the GluN1 subunit (NMDAR-Ab) proved for the first time that autoantibodies are sufficient for encephalitis pathogenesis (Kreye et al., 2016;[START_REF] Malviya | NMDAR encephalitis: passive transfer from man to mouse by a recombinant antibody[END_REF]. NMDAR-Ab replicate in vitro findings such as downregulation of synaptic NMDAR clusters and subsequent disruption of NMDAR synaptic currents. In addition, injections of NMDAR-Ab in rodent induce memory defects and spontaneous epileptic seizures, two main symptoms of NMDAR encephalitis [START_REF] Malviya | NMDAR encephalitis: passive transfer from man to mouse by a recombinant antibody[END_REF][START_REF] Steinke | NMDA-receptor-Fc-fusion constructs neutralize anti-NMDA receptor antibodies[END_REF][START_REF] Wright | Multimodal electrophysiological analyses reveal that reduced synaptic excitatory neurotransmission underlies seizures in a model of NMDAR antibodymediated encephalitis[END_REF]. In this work, we decided to work with a high-affinity monoclonal autoantibody derived from a patient with acute NMDAR encephalitis. We used a concentration of 1 µg/ml as the half maximal concentration of this monoclonal antibody's binding curve has been estimated to 1.17 µg/ml (Ly et al., 2018). Interestingly, the clone used in our study is the only one that can hypothetically equal NMDAR autoantibodies concentration in patients CSF, on the contrary with lower affinities clones (Ly et al., 2018). Although the use of a monoclonal antibody may have limitations in faithfully reproducing the disease compared with purified

Technical discussion on methods

As mentioned in the introduction, the question of choosing the most appropriate method for monitoring NMDAR surface traffic is not a trivial one and depends of the biological question. To study the impact of NMDAR-Ab on NMDAR surface trafficking, we used single particle tracking photoactivated localization microscopy (sptPALM) which presents advantages for this biological question compared to single particle tracking using quantum dot (QD). First, sptPALM allows to obtain a large number of synaptic trajectories compared to QD experiments due to the small size of the mEos fluorophore (3-4nm) compared to a QD-antibody complex (up to 32nm) that limits the access to the synaptic cleft (Dupuis and Groc, 2020). Secondly, the commercial anti-NMDAR antibody used for QD experiment could enter in competition with NMDAR-Ab, possibly interfering with NMDAR-Ab effects.

Finally, QD experiments require two steps of incubation time (one for the antibody, one for the QD) which makes impossible very short time incubation, unless NMDAR-Ab are added in the imaging chamber but this would require a significant amount of autoantibodies. In brief, sptPALM allows to [START_REF] Crisp | Autoimmune synaptopathies[END_REF] work with a high number of synaptic and extrasynaptic receptor trajectories, with (2) no interference on NMDAR-Ab pathogenicity, (3) with very short time incubation and ( 4) reasonable amount of NMDAR-Ab. In addition, using QD experiments is actually limited by the lack of commercially available NMDAR antibodies targeting the extracellular part of the receptor. However, sptPALM can also present limitations. One concern is that neurons are transfected with the GluN1-mEos construct resulting in an overexpression system that may interfere with physiological NMDAR surface dynamics. Yet, by using a recombinant GluN1 subunit, this obligatory subunit can only combine with the endogenous quantity of GluN2 subunits, thereby theoretically maintaining a normal level of NMDAR surface expression [START_REF] Mcilhinney | Assembly of N-methyl-D-aspartate (NMDA) receptors[END_REF]. This observation also applies to the experiments involving neurons expressing GluN1-SEP which was motivated by the absence of a reliable commercial NMDAR antibody. Secondly, the use of sptPALM may lead to potential contamination with intracellular GluN1-mEos, as this fluorophore can also be activated within the cell. We have indications suggesting that, if this intracellular contamination exists, it is minimal: : first, we used total internal reflection fluorescence (TIRF) microscopy illumination to restrict the excitation and detection of the mEos fluorophore to a thin region on the neuron, focusing here on its surface [START_REF] Fish | Total Internal Reflection Fluorescence (TIRF) Microscopy[END_REF]. Secondly, intracellular trafficking exhibits directed motion, in contrast to the confined motion observed in both synaptic and extrasynaptic trajectories [START_REF] Zhang | Intracellular transport dynamics revealed by singleparticle tracking[END_REF]. Finally, a study conducted on neurons expressing GluA1-mEos with a TEV protease cleavage site between mEos and the GluA1 N-terminus resulted in a 90-95%

reduction in single molecule fluorescence when incubated with the active protease, indicating that most GluA1-mEos fluorescence was on the cell surface [START_REF] Nair | Super-Resolution Imaging Reveals That AMPA Receptors Inside Synapses Are Dynamically Organized in Nanodomains Regulated by PSD95[END_REF]. It is clear that the optimal approach would involve genetic modification of the NMDAR to introduce an mEos tag through CRISPR

General conclusion

In summary, the work of my thesis has offered new and unexpected insights into the mechanism of action of NMDAR-Ab. We revealed that NMDAR-Ab first alter extrasynaptic NMDAR by a mechanism based on protein-protein interactions and not by a crosslinking effect. This extrasynaptic corruption propagates to all surface proteins and inevitably to the synapse, inducing the characteristic NMDAR synaptic loss. These findings indicate that altering only NMDAR in the extrasynaptic region is sufficient to reconfigure the entire protein organisation. This notion completely challenges the current view on neuronal plasma membrane organization, opening exciting perspective to correct deficit in NMDAR signaling. In the future, the use of organotypic human brain slices will be of significant interest to reveal more deeply the broad spectrum of action of NMDAR-Ab.

ANNEXES