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Title Molecular mechanisms underlying the surface organization of NMDA receptors during 

development 

 

Abstract Understanding how neurons develop to form the organized pattern of synaptic 

connections remains a central question in neuroscience. The vast majority of excitatory synapses 

are formed early in development during a synaptogenesis window. N-methyl-D-aspartate 

receptors (NMDAR) have long been a strong candidate to drive synaptogenesis as both in vivo and 

in vitro data show a key role for NMDAR during that phase. Furthermore, the facts that NMDAR 

are found in the developmentally immature “silent” synapses and among the first receptors to 

accumulate at the site of nascent synapses together lead to the assumption that NMDAR’s 

clustering is a nucleation point. Yet, the mechanisms underpinning the early clustering of NMDAR 

into synaptogenic assemblies remain enigmatic. Evidences that NMDAR can directly interact with 

other surface proteins, including receptors, has promoted the possibility that surface protein-

protein interaction (PPI) represents a potent way to cluster receptors. Using a combination of live 

imaging and super-resolution microscopy, we observed that the interaction between D1R-GluN1-

NMDAR were promoted in immature neurons, during the synaptogenesis phase. We showed that 

the D1R-GluN1-NMDAR interaction directly shapes the organization of NMDAR, allowing their 

functional clustering and synaptogenesis. Indeed, preventing the interaction in immature neurons, 

and not in mature neurons, altered the formation of excitatory post-synapses. We then focused 

on the intracellular and extracellular regulatory mechanisms of the interaction. We demonstrated 

a role of metabotropic glutamate receptors (mGluR) and casein kinase 1 (CK1) in promoting the 

interaction between D1R and GluN1-NMDAR.  On the other hand, the facts that the hyaluronic 

acid (HA), one of the main components of the extracellular matrix (ECM), is enriched early in the 

immature brain and it regulates the surface diffusion of macromolecules opens the hypothesis 

that the ECM regulates the ability of NMDAR to interact with other surface macromolecules, 

including D1R. Yet, classical approaches have mainly focused on degrading the ECM. Herein, we 

aimed at increasing the ECM content in HA by over-expressing both the wild-type form of the rat 

hyaluronan synthase 2 (HAS2) or one bearing the two point-mutations present in the naked mole 

rat (NMR; N178S and N301S) which produces very high molecular weight HA (vHMW-HA). We 

observed that increasing the matrix impaired the development of the neuron and modified both 



 

 

the surface organization and trafficking of NMDAR. These findings validate our strategy, and open 

new paths for investigating the role of the ECM on neuronal development.  

 

Keywords NMDA receptor, protein-protein interaction, dopamine type I receptor, 

synaptogenesis, super-resolution microscopy, brain extracellular matrix, hyaluronic acid, 

naked mole rat 
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Titre Etude des mécanismes moléculaires responsables de l’organisation à la surface des 

récepteurs NMDA au cours du développement 

 

Résumé Comprendre comment les neurones se développent pour former le schéma organisé 

des connexions synaptiques reste une question centrale en neurosciences. La grande majorité des 

synapses excitatrices se forment tôt au cours du développement pendant une fenêtre de 

synaptogenèse. Les récepteurs N-méthyl-D-aspartate (NMDAR) sont depuis longtemps considérés 

comme un candidat important pour stimuler la synaptogenèse, car les données in vivo et in vitro 

montrent un rôle clé des NMDAR pendant cette phase. De plus, le fait que les NMDAR se trouvent 

dans les synapses « silencieuses », immatures sur le plan développemental, et parmi les premiers 

récepteurs à s'accumuler et s’agréger au site des synapses naissantes conduit à l'hypothèse que 

l'agrégation des NMDAR est un point de départ dans la formation des synapses. Cependant, les 

mécanismes moléculaires précoces sous-tendant l'agrégation des NMDAR en assemblages pro-

synaptogéniques restent peu connus. De précédents travaux montrant que les NMDAR peuvent 

interagir directement avec d'autres protéines de surface, y compris des récepteurs, ont favorisé 

la possibilité que les interactions protéine-protéine (PPI) à la surface des neurones représentent 

un moyen puissant pour agréger les récepteurs. En utilisant une combinaison d'imagerie en direct 

et de microscopie super-résolution, nous avons observé que l'interaction entre les D1R-GluN1-

NMDAR était favorisée dans les neurones immatures, pendant la phase de synaptogenèse. Nous 

avons montré que l'interaction D1R-GluN1-NMDAR façonne directement l'organisation des 

NMDAR, permettant leur agrégation fonctionnelle et la synaptogenèse. En effet, empêcher 

l'interaction dans les neurones immatures, et non dans les neurones matures, a altéré la formation 

des synapses excitatrices. Nous nous sommes ensuite concentrés sur les mécanismes de 

régulation intracellulaire et extracellulaire de l'interaction. Nous avons démontré un rôle des 

récepteurs métabotropes du glutamate (mGluR) et de la caséine kinase 1 (CK1) dans la promotion 

de l'interaction entre les D1R et les GluN1-NMDAR. D’autre part, le fait que l'acide hyaluronique 

(HA), l'un des principaux composants de la matrice extracellulaire (ECM), soit enrichi tôt dans le 

cerveau immature et régule la diffusion de surface des macromolécules ouvre l'hypothèse que 

l'ECM régule la capacité des NMDAR à interagir avec d'autres macromolécules de surface, y 

compris le D1R. Pourtant, les approches classiques se sont principalement concentrées sur la 



 

 

dégradation de l'ECM. Ici, nous avons visé à augmenter le contenu de l'ECM en HA en surexprimant 

à la fois la forme sauvage de la hyaluronane synthase de type synthase 2 de rat (HAS2) ou une 

forme portant les deux mutations ponctuelles présentes chez le rat-taupe nu (NMR; N178S et 

N301S) qui est connu pour produire de l'HA de très haut poids moléculaire (vHMW-HA). Nous 

avons observé que l'augmentation de la matrice entravait le développement des neurones et 

modifiait à la fois l'organisation et le trafic de surface des NMDAR. Ces résultats valident notre 

stratégie et ouvrent de nouvelles voies pour enquêter sur le rôle de l'ECM dans le développement 

neuronal. 

 

Mots clés Récepteur NMDA, interactions protéines – protéines, récepteur à la dopamine 

de type I, synaptogenèse, microscopie super-résolution, matrice extracellulaire, rat-taupe nu   



 

 

Acknowledgments 

 

I would like to express my gratitude to the members of the committee: Cécile Charrier, Sabine 

Levi, Alexander Dityatev, and Cyril Herry. Thank you for your time and your willingness to evaluate 

my PhD work.  

Un grand merci à toi Laurent. Merci de m’avoir accueilli au sein de ton équipe, mais surtout merci 

pour ta confiance, ton soutien, et la liberté presque totale que tu m’as accordé. Je ne pense pas 

avoir déjà eu un “non” de ta part, pas même quand mes idées étaient farfelues, et je t’en remercie.  

Merci à tous les membres de l’équipe, anciens et actuels. Ce fût un plaisir de travailler avec vous 

tout au long de ces années. A vous tous, Delphine, Julien, Olivier, Frédéric, François, Hélène, Joana, 

Emily, Ezequiel, Elise, Constance, Elodie, Morgane, Magalie, Flávia, Ivo, Juan, Zoë, Floriane, 

Dominique, Daniel, Mar, Léa, Adèle, Romain, Thomas L, Thomas G, Camille, Laurine, Carlos – et 

tous ceux que j’ai peut-être oublié.  Votre investissement, votre exigence et votre enthousiasme 

ont été, et resteront, un exemple. 

My PhD work relied on collaborations with many talented scientists from IINS to whom I am 

extremely grateful: Rémi Galland, Jean-Baptiste Sibarita, Corey Butler, Anushka Nair (I will never 

forget the night we saw this ridiculously dim band on the agarose gel…), Jonathan Elegheert. Je 

voudrais également remercier Christelle Breillat. Merci pour ton aide précieuse mais surtout pour 

ta bienveillance.   

A special thanks to my past and current, quite extraordinary, office-mates and friends: Floriane, 

Zoë, Flávia, Dominique, Morgane, Ivo, and Juan. Thank you for the countless coffee breaks and 

discussions, but most of all, for your kindness and support. 

 

Finalement, merci à ma famille et à toi, Sylvain. Merci pour votre soutien sans faille.   

 

 



 

 

  



 

 

Table of content 

 
INTRODUCTION .............................................................................................................................................................. 1 

CHAPTER 1. NMDAR ............................................................................................................................................................ 3 

 Composition, structure, and expression of NMDAR ......................................................................................... 4 

 Functional properties of NMDAR ...................................................................................................................... 7 

 NMDAR surface expression ............................................................................................................................ 12 

 NMDAR membrane organization ................................................................................................................... 15 

 NMDAR surface dynamics .............................................................................................................................. 18 

 Methods to investigate protein-protein interactions. ................................................................................... 35 

CHAPTER 2. THE CHEMICAL SYNAPSE ..................................................................................................................................... 45 

 Synapse organization ...................................................................................................................................... 45 

 Synapse formation .......................................................................................................................................... 53 

 Dendritic spine morphogenesis ...................................................................................................................... 62 

 Regulators of synapse formation ................................................................................................................... 64 

CHAPTER 3. THE EXTRACELLULAR MATRIX ............................................................................................................................... 74 

 ECM composition ........................................................................................................................................... 74 

 ECM in brain development ............................................................................................................................. 81 

 ECM and neuronal activity ............................................................................................................................. 87 

 Naked-mole rat and naked mole rat hyaluronic acid .................................................................................... 88 

OBJECTIVES OF THE THESIS .......................................................................................................................................... 90 

RESULT 1. NON-CANONICAL INTERPLAY BETWEEN D1R AND GLUN1-NMDAR TUNES SYNAPTOGENESIS ...................... 94 

DISCUSSION AND PERSPECTIVES ........................................................................................................................................... 127 

 Protein-protein interactions (PPI) between surface receptors: beyond the controversy .......................... 127 

 PPI: membrane receptor organizers in immature neurons ......................................................................... 129 

 Role of dopamine (DA) in the regulation of D1R-GluN1-NMDAR interaction and the D1R-GluN1-NMDAR-

mediated synaptogenic effect ................................................................................................................................ 132 

RESULT 2. THE EXTRACELLULAR MATRIX TUNES GLUTAMATERGIC RECEPTOR SURFACE ORGANIZATION IN 

HIPPOCAMPAL NEURONS ........................................................................................................................................... 134 

ABSTRACT ........................................................................................................................................................................ 136 

INTRODUCTION ................................................................................................................................................................. 137 

MATERIAL AND METHODS.................................................................................................................................................. 139 

 Cultures ......................................................................................................................................................... 139 



 

 

 HAS2-encoding plasmids .............................................................................................................................. 139 

 Transfection .................................................................................................................................................. 140 

 Immunofluorescence .................................................................................................................................... 140 

 Spinning disk ................................................................................................................................................. 141 

 SPT-Palm ....................................................................................................................................................... 141 

 dSTORM ......................................................................................................................................................... 141 

 Antibodies ...................................................................................................................................................... 142 

 Statistical Analyses ....................................................................................................................................... 142 

 Author contributions ..................................................................................................................................... 143 

RESULTS .......................................................................................................................................................................... 144 

 GluN1-NMDAR surface nano-organization is disrupted upon acute HA degradation .............................. 144 

 HA regulates GluN1-NMDAR organization at the neuronal membrane .................................................... 146 

 HAS2 and HAS2-NMR expression alters neuronal development ................................................................ 150 

 HA hinders the diffusion of membrane macromolecules ............................................................................ 152 

SUPPLEMENTARY FIGURES .................................................................................................................................................. 156 

DISCUSSION AND PERSPECTIVES .......................................................................................................................................... 160 

 Transfecting cultured hippocampal neurons with HAS2- and HAS2-NMR increases the ECM content in HA 

in vitro...................................................................................................................................................................... 160 

 HAS expression alters neuronal dendritic development.............................................................................. 161 

 The ECM regulates the organization and the diffusion of NMDAR ............................................................ 162 

ANNEXES .................................................................................................................................................................... 167 

ANNEX 1 ......................................................................................................................................................................... 168 

ANNEX 2 ......................................................................................................................................................................... 169 

ADDITIONAL PUBLICATIONS ....................................................................................................................................... 170 

ADDITIONAL PUBLICATION 1 ............................................................................................................................................... 171 

ADDITIONAL PUBLICATION 2 ............................................................................................................................................... 173 

ADDITIONAL PUBLICATION 3 ............................................................................................................................................... 175 

BIBLIOGRAPHY ........................................................................................................................................................... 177 

 



1 

 



1 

 

Introduction 
 

  



2 

 

Overall context. The purpose of the introduction section is to outline our current understanding of 

the glutamatergic synapse, its components, focusing mainly on the glutamatergic NMDA receptor, 

and how these elements assemble during the formation of synapses. Many fundamental questions 

on these topics remain obviously without answers, my PhD project aiming to shed new light on a 

specific question: how the glutamatergic NMDA receptor cluster at the surface of immature 

neurons? 

Generally, the brain is composed of billions of neuronal cells, also known as neurons, that are 

tightly inter-connected to one another and serves as the fundamental basis for all cognitive 

processes. Each neuron makes thousands of connections with cognate neurons from the same or 

distant regions, creating sophisticated neural networks. Within those networks, neurons 

communicate through a process known as synaptic transmission. Nerve impulses are conveyed as 

electrical signals, along the neuronal axons, in the form of action potential before being passed to 

a second neuron through a synapse (figure 1). Chemical synapses are the main type of synapses 

in the central nervous system (CNS). In opposition to electrical synapses, chemical synapses are 

composed of two highly specialized compartments, known as the pre- and post-synapse, that are 

separated by the synaptic cleft.  

 

Figure 1. The chemical synapse. Initially considered as an 

artifact from the Golgi staining, spines were first described 

by Ramon y Cajal. In opposition to the reticular theory, this 

observation changed the field of neuroscience: neuronal 

cells are independent units. In comparison to intestinal 

villi, Ramon y Cajal proposed that such extensions of the 

membrane allow to increase its surface, therefore 

increasing the capacity to connect. a, Ramon y Cajal 

drawing of dendritic spines. Adapted from (Yuste, 2015) b, 

First electron microscopy image of a synapse. PSN post-

synaptic neuron, PSD post-synaptic density, PRSN pre-

synaptic neuron, SV synaptic vesicles. Adapted from (De 

Robertis and Bennett, 1955) c, 3D-reconstruction of 

synaptic contacts from the mouse neocortex. In this example, a single axon connects with several dendritic 

a 

c 

b 

PSN 

PRSN 
PSD 
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spines from the same neuron (noted from 1 to 5); the arrows show synaptic contacts with spines from other 

neurons. Adapted from  (Kasthuri et al., 2015). 

 

The propagation of an action potential in the pre-synapse leads to the release of 

neurotransmitters in the synaptic cleft that bind to their receptors located onto the post-synapse 

membrane within the post-synaptic density (PSD). The activation of neurotransmitter receptors 

then generates a specific response within the receiving neuron. The efficacy of the synaptic 

transmission can be modified, either enhanced (e.g. long-term potentiation, LTP) or reduced (e.g. 

long-term depression, LTD). These mechanisms, collectively known as synaptic plasticity, are 

considered as the molecular basis for learning and memory.  The efficacy of synaptic transmission 

R is determined by presynaptic transmitter release properties (number of active zones n and 

probability of release p) and post-synaptic receptor numbers and properties (e.g. through post-

translational modifications) q, which gives the equation: 𝑅 =  𝑛𝑝𝑞 

The glutamatergic synapse is the main excitatory synapse in the vertebrate brain. Glutamate 

receptors can be divided into two groups, the ionotropic (iGluR) and metabotropic (mGluR) 

receptors. iGluR are composed by N-Methyl-D-Aspartate Receptors (NMDAR, GluN1-3), α-Amino-

3-hydroxy-5-Methyl-4-isoxazolePropionic Acid Receptors (AMPAR, GluA1-4), Kainate Receptors 

(KAR, GluK1-5) and delta glutamate receptors (GluD1 and 2). iGluR generate a fast response by 

fluxing cations into the cell whereas G protein-coupled receptor (GPCR), e.g. metabotropic 

glutamate receptors or mGluR (type I mGluR 1/5, type II mGluR 2/3, type III mGluR 4/6-8), are 

responsible for slower changes by generating protein G-mediated signal transduction cascades. 

Similarly, inhibitory transmission is mediated through γ-aminobutyric acid (GABA)-ergic synapses. 

Inhibitory signals are transduced by two classes of receptors, the metabotropic GABAB receptors 

and the ionotropic GABAA receptors which are permeable to the anion chloride. The balance 

between excitation and inhibition is central to the normal functioning of the brain and its 

disruption is associated to neurodevelopmental disorders. Noteworthy, I will only focus the 

introduction on the excitatory glutamatergic synapse, hence referred to as synapse.   
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Chapter 1. NMDAR 

 

 Composition, structure, and expression of NMDAR 

 

 NMDAR composition 

NMDAR are heterotetrametric assemblies consisting of two obligatory D-serine or glycine-binding 

GluN1 subunit and two glutamate-binding GluN2 (A, B, C, or D) subunits, two glycine-binding 

GluN3 (GluN3A and GluN3B) subunits or a mixture of GluN2- and GluN3-subunits (reviewed in 

(Hansen et al., 2018; Paoletti et al., 2013; Pérez-Otaño et al., 2016). The GluN1 subunit is encoded 

by a single gene (GRIN1) with 8 splice variants (figure 2A) (Durand et al., 1992; Hollmann et al., 

1993; Nakanishi et al., 1992; Sugihara et al., 1992). This alternative splicing is due to the alternative 

inclusion of the exon 5 in the N-terminal domain (NTD), and of the exons 21 (which encodes the 

cassette C1) and 22 (which encodes the cassette C2 or C2’ as a result of alternative splicing) in the 

carboxyl terminal domain (CTD). The GluN2 subunits (A-D) also encoded by a single gene (GRIN2A, 

GRIN2B, GRIN2C, GRIN2D). The human GluN2A subunit has 2 splice variants (GluN2A-Full and 

GluN2A-short) of different CTD length. The GluN3 subunit is encoded by two genes (GRIN3A and 

GRIN3B). In rodents, both GluN3A and GluN3B subunits are undergoing alternatively splicing with 

2 splice variants for GluN3A subunit (long and short) and five splice variants for GluN3B subunit. 

As a result, there may be as many as 300 unique NMDAR expressed across the CNS. The subunit 

composition of NMDAR varies depending on the central nervous system (CNS) region, 

developmental stage, neuronal subtype or disease state (Akazawa et al., 1994). ). In the 

hippocampus and cortex, which are the brain structures that have been most studies over the past 

decades, synapses primarily exhibit GluN2A and GluN2B subunits (Paoletti et al., 2013) ) in a 

dihetero- or triheteromeric form (Chazot and Stephenson, 1997; Hansen et al., 2018; Luo et al., 

1997). 
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 Structure of NMDAR 

Each NMDAR subunit can be divided into 4 domains (figure 2B). The extracellular portion of the 

NMDAR is composed by an N-terminal domain (NTD, also known as amino-terminal domain, ATD) 

and a ligand-binding domain (LBD, also known as agonist-binding domain, ABD) attached by a 

linker. The NTD is composed of two glomerular segments and contributes (1) to the assembly of 

NMDAR within the endoplasmic reticulum, (2) to extracellular protein-protein interactions and (3) 

to allosteric modulations of the receptor (Atlason et al., 2007; Gielen et al., 2009; Yuan et al., 

2009). The LBD (or ABD) is composed of two discontinuous segments S1 and S2 where agonists 

(NMDA or glutamate) or co-agonists (glycine and D-serine) bind to the GluN2 and to the obligatory 

GluN1- or the GluN3 subunits, respectively. The transmembrane domain (TMD) is made of three 

helices (M1, M3 and M4) as well as one re-entering loop (M2) that forms the cation-permeable 

pore of the receptor (with a magnesium block at resting membrane potential) (Karakas and 

Furukawa, 2014; Lee et al., 2014; Wollmuth, 2018). The intracellular C-terminal domain (CTD) 

differs substantially in size depending on the subunit with GluN1 subunit exhibiting a much shorter 

CTD than those of the GluN2-subunits. The CTDs are important for receptor assembly and 

trafficking to the plasma membrane, for its stabilization at synapses, and for modulations of the 

receptors through post-translational modifications, interactions with other proteins, and/or 

degradation (Aman et al., 2014; Lussier et al., 2015; Traynelis et al., 2010).  

  

Figure 2. NMDAR topology. A, The obligatory GluN1 subunit is encoded by a single gene (GRIN1) with 8 splice 

variants. This alternative splicing is due to the alternative inclusion of the exon 5 in the N-terminal domain 

(NTD), and of the exons 21 (which encodes the cassette C1) and 22 (which encodes the cassette C2 or C2’ 
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as a result of alternative splicing) in the carboxyl terminal domain (CTD).  B, Organization of the different 

domain of the NMDAR. it is composed by a N-terminal domain (also known as amino-terminal domain, ATD) 

that is linked to a ligand-binding domain (also known as agonist-binding domain) where glutamate bind to 

the obligatory GluN1 subunit or the non-obligatory GluN3-subunit, and the co-agonist D-serine or glycine to 

the GluN2-subunits, four transmembrane domain and a C-terminal tail or C-terminal domain (CTDs). 

Adapted from (Paoletti et al., 2013). 

 

 NMDAR expression 

The obligatory GluN1 subunit is expressed across development, brain regions and cell types (Laurie 

and Seeburg, 1994; Monyer et al., 1994; Paupard et al., 1997). On the other hand, the expression 

patterns of GluN2 and GluN3 subunits vary depending on the brain region, the developmental 

state, the neuronal subtype as well as the disease state (figure 3). GluN2A and GluN2B subunits 

are the prevalent non-obligatory subunits in higher brain structures (e.g. cortical and hippocampal 

regions) (Monyer et al., 1994; Paoletti et al., 2013; Watanabe et al., 1992). The GluN2B subunit is 

highly expressed early during brain development and its predominance progressively decreases 

with the incorporation of GluN2A-containing NMDARs during the second and third post-natal 

weeks in rodents (known as the GluN2B-to-GluN2A shift). In adulthood, the forebrain is the 

structure that retains the highest levels of GluN2B subunit. GluN2A subunit expression is 

widespread in the adult brain. The GluN2C subunit appears after the first week of development in 

rodent, and is mainly contained in the cerebellum and olfactory bulb whereas GluN2D subunit 

expression is high during the first postnatal week, with low level of expression in adult, in the 

diencephalon, brainstem, cerebellum and spinal cord. The GluN3A subunit is expressed early 

during brain development, with a maximum expression around the second and third postnatal 

week, and is rather expressed across all brain regions (Pérez-Otaño et al., 2016). 
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Figure 3. Developmental profile of NMDAR expression. The expression of NMDARs changes across brain 

regions and developmental state. In the hippocampus, our main region of interest, GluN2B- and GluN2A-

containing NMDARs are prominent. Early in development, NMDARs are mainly composed by the non-

obligatory subunit GluN2B whereas they are mainly composed by GluN2A-containing NMDAR in the mature 

hippocampus.  Adapted from (Paoletti et al., 2013). 

 

 Functional properties of NMDAR 

 

 NMDAR activation 

At hyperpolarized resting membrane potential, NMDARs are closed due to the trapping of 

magnesium ions inside their cation-permeable channel pore. Their activation required coincident 

presynaptic and postsynaptic activity, with the concomitant binding of both the co-agonist glycine 

or D-serine and glutamate to GluN1 and GluN2 subunits, respectively, together with the removal 

of their voltage-dependent magnesium blockade through postsynaptic depolarization. Synaptic 

NMDARs have thus been considered as Hebbian-like detector to sense putative changes in the 

presynaptic and postsynaptic compertments. Upon activation, they flux calcium into the cell which 

leads to the activation of intracellular signaling cascades that mediate synaptic transmission. 

 

 NMDAR composition determines NMDAR functional properties 

NMDARs have distinct functional properties (e.g. gating kinetics and desensitization) depending 

on their composition. Briefly, GluN2A-containing NMDARs have a much faster decay time (~ 40 

ms) in comparison with GluN2B-containing NMDARs (~200 ms) (Monyer et al., 1992; Traynelis et 

al., 2010; Vicini et al., 1998; Wyllie et al., 1998; Yuan et al., 2009). The opening probability of the 



8 

 

receptor will also vary significantly depending on the GluN2 subunit (0.5 for GluN2A and 0.1 for 

GluN2B), with thus higher opening probability for GluN2A- than GluN2B-containing NMDARs 

(Wyllie et al., 1998), as well as the conductance and the sensitivity to magnesium blockade. 

Inversely, GluN2A-containing NMDAR have a lower sensitivity to glutamate than GluN2B-

containing NMDARs (Chen et al., 2008; Erreger et al., 2007; Hansen et al., 2018). GluN2C- as well 

as GluN2D-NMDAR have lower conductances, a lower sensitivity to magnesium and a lower 

permeability to calcium than GluN2A- and GluN2B-containing NMDAR (Burnashev et al., 1995; 

Kuner and Schoepfer, 1996; Monyer et al., 1992; Qian et al., 2005). Importantly, GluN3-NMDARs 

are not activated by glutamate (or NMDA) but, like the obligatory GluN1 subunits, by glycine 

(Pérez-Otaño et al., 2016; Stroebel et al., 2021). GluN3-containing NMDARs have a very low 

calcium permeability and virtually no magnesium block. Furthermore, GluN3-NMDAR are 

insensitive to competitive antagonist such as APV since they do not possess a binding site for 

glutamate as well as for open-channel blockers such as MK-801.  

Different NMDARs can have distinct pharmacological modulators. For example, ifenprodil is known 

as specific antagonist for GluN2B-containing NMDAR whereas zinc is highly specific to GluN2A-

containing NMDARs at low concentration (Chen et al., 1997).  In fact, zinc and ifenprodil can be 

used somehow to differentiate between GluN2A- and GluN2B-contaning NMDARs (Paoletti et al., 

2013), although to a very specific range of low concentrations.. Protons preferentially inhibit 

GluN2B- as well as GluN2D-containing NMDARs (Low et al., 2003) while extracellular polyamines 

preferentially enhance GluN2B-containing NMDARs. All these features have been reviewed in 

reviewed in (Dupuis et al., 2023; Hansen et al., 2018; Paoletti et al., 2013; Traynelis et al., 2010; 

Vieira et al., 2020). 

 

 Role of NMDAR on plasticity 

 Role on AMPAR-mediated synaptic plasticity 

Synaptic plasticity (e.g. LTP and LTD) refers to long-term changes in the strength or efficiency of 

synaptic transmission. NMDARs and their transmission have traditionally been considered less 

“plastic” than AMPARs at synapses, where changes in AMPAR-mediated transmission are known 

to underlie various forms of LTP and LTD, such as the NMDAR-dependent long-term plasticity. It is 
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well established that NMDAR activity is essential for initiating AMPAR-mediated both NMDAR-

dependent LTP and LTD. This has been extensively reviewed by (Huganir and Nicoll, 2013; Lüscher 

and Malenka, 2012; Malenka and Bear, 2004; Nicoll and Schulman, 2023) (figure 4). 

After the release of glutamate from the presynaptic terminal, glutamate activates postsynaptic 

ionotropic receptors and triggers an influx of Na+ and efflux of K+, resulting in the depolarization 

of the postsynaptic membrane. The depolarization removes the magnesium ion block from the 

NMDAR channel pore, allowing calcium to enter the cell and trigger intracellular signaling cascades 

that modulate synaptic strength and eventually induce synaptic plasticity. It is widely accepted 

that correlated activity drives NMDAR-dependent LTP whereas non-correlated activity, such as 

low-frequency activation of the presynaptic terminal without postsynaptic depolarization and 

decorrelate pre- and postsynaptic activation, can drive long-term depression (LTD)(Bi and Poo, 

1998; Dan and Poo, 2006; Dudek and Bear, 1992; Froemke and Dan, 2002; Mizuno et al., 2001). It 

has been suggested that the form of plasticity induced, i.e. LTP or LTD, depends on the amplitude 

of the calcium influx followed by NMDAR activation (Artola et al., 1990; Lisman, 1989). Modest or 

low NMDAR activation triggers LTD through the activation of calcineurin and protein phosphatase 

1, resulting in a reduction in synaptic AMPAR and spine shrinkage (Dudek and Bear, 1992; Lisman, 

1989; Oliet et al., 1997; Zhou et al., 2004). In contrast, strong NMDAR activation induces LTP via 

the activation of CaMKII, leading to an increase in AMPAR conductance, an increase in the number 

of synaptic AMPARs, and spine enlargement (Benke et al., 1998; Derkach et al., 1999; Ehlers, 2000; 

Holtmaat and Svoboda, 2009; Nicoll and Schulman, 2023). 
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Figure 4. NMDAR-dependent AMPAR-mediated synaptic plasticity. LTD is triggered by a modest activation of 

NMDARs, which leads to a low-amplitude calcium increase and the activation of PP1, which promotes 

AMPAR removal and endocytosis. In contrast, strong NMDAR activation causes a large calcium influx, 

activating CaMKII and leading to LTP (e.g. increase in the number of synaptic AMPAR). Adapted from 

(Lüscher and Malenka, 2012). 

 

 Activity-dependent changes in NMDAR number  

Both NMDAR-LTP and -LTD require the activation of NMDARs as well as a rise in intracellular 

calcium. It has been suggested that these induced-form of plasticity, either LTP or LTD, depends 

on the amplitude of the calcium increase (Bhouri et al., 2014; Harney et al., 2006; Hunt et al., 2013; 

Kotecha et al., 2003). In NMDAR-LTP, the rise in intracellular calcium is a consequence of the 

activation of either type I mGluRs or adenosine 2A receptors, that triggers depending on the cell 

type either PKC/SRC or PKA mediated signaling, and finally lead to an increase in the number of 

NMDARs at the cell surface and at the synapse (Grosshans et al., 2002; Harney et al., 2006; Rebola 

et al., 2008).    
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 Activity-dependent changes in NMDAR properties and composition 

The amplitude of NMDAR-mediated calcium influx can be modulated by PKA-mediated 

phosphorylation following the activation of type I mGluRs, D2R, A2AR, or GABA-B receptors 

(Chalifoux and Carter, 2010; Higley and Sabatini, 2010; Matta et al., 2011; Skeberdis et al., 2006). 

NMDAR plasiticity can also be due to changes in NMDAR-subunit composition, which is triggered 

by the activation of NMDAR, type I mGluR and subsequent activation of phospholipase C and PKC 

as well as by the subunit-dependent redistribution of NMDARs.  

 

 Non-ionotropic functions of the NMDARs 

Over the past decades, it emerges that, in parallel to the function of the ionotropic NMDAR-

mediated transmission, NMDAR can be engaged into non-ionotropic (also referred as non-

canonical, metabotropic) functions; reviewed in (Dupuis et al., 2023). These emerging features 

and functions are still under debate and the molecular mechanisms underpinning the NMDAR 

non-ionotropic functions remain, to date, poorly understood.  

 

 

2.3.4.1 Long-term depression  

Ion-flux indendepent LTD were first reported almost 30 years ago with the observation that 

heterosynaptic LTD was not blocked neither by the open-channel blocker MK-801 nor by calcium 

chelation (Mayford et al., 1995; Nabavi et al., 2013; Scanziani et al., 1996). On the other hand, LTD 

was blocked by the competitive antagonist APV (which competes with agonist binding). The 

binding of the agonist to the NMDAR is capable of inducing a change in the conformation of 

receptor that is proposed to be responsible for the non-ionotropic action of NMDAR (Dore et al., 

2016, 2015). Indeed, blocking the conformational change of the NMDAR, by using antibodies, is 

sufficient to prevent the NMDAR-mediated induction of LTD. Additionnally, NMDAR can trigger 

either spine growth or shrinkage independently of ion-flow through p38 MAPK-dependent 

signaling pathways (Birnbaum et al., 2015; Stein et al., 2021, 2020, 2015).  
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2.3.4.2 Long-term potentiation  

While LTD can be induced in a non-ionotropic dependent manner, the expression of NMDAR-

mediated LTP requires ionotropic activity (Scanziani et al., 1996). However, both ionotropic and 

non-ionotropic NMDAR functions may together participate in the induction of LTP with (1) classical 

calcium influx from synaptic GluN2A-containing NMDARs and (2) the secondary redistribution of 

GluN2B-containing NMDAR towards the synaptic compartment which may help redistributing key 

intracellular actors such as CaMKII (Dupuis et al., 2014a). In fact, preventing the redistribution of 

GluN2B-containing NMDARs or expressing a mutant form of GluN2B-containing NMDAR that 

cannot bind to CaMKII is sufficient to abolish the induction of LTP (Dupuis et al., 2014a). This feeds 

a model in which NMDAR-dependent LTP requires a calcium and subsequent NMDAR membrane 

redistribution, which favor intracellular protein kinase clustering and signaling cascades (Groc and 

Choquet, 2020).    

 

 NMDAR surface expression 

 

 NMDAR assembly and export to the plasma membrane  

NMDAR subunits are first assembled as monomers in the endoplasmic reticulum (ER) and 

exported, as heterotetramers, to the Golgi, trans-Golgi network and finally, to the plasma 

membrane (figure 5) (Gardoni and Di Luca, 2021; Horak et al., 2014; Vieira et al., 2020). NMDARs 

can also be synthetized locally, within Golgi outposts. Indeed, local synthesis is important for 

certain activity-dependent modulations in synaptic NMDAR content (Dupuis et al., 2023) (figure 

4). ) (figure 5). Only properly assembled complexes will be exported to the plasma membrane as 

the obligatory GluN1 subunit bears ER-retention signal (RRR and KKK motifs) that are unmasked 

upon tetramerization with GluN2 subunits. The NMDAR processing is limited by the number of 

available GluN2 or GluN3 subunits early within the ER (Horak and Wenthold, 2009; Standley et al., 

2000). Of note, ER retention signals are located on GluN1 CTD either within the cassette C1 i.e. 

present in GluN1-1 and GluN1-3 isoforms) as well as within the cassette C2 (GluN1-3 and GluN1-

4 isoforms (Horak and Wenthold, 2009; Standley et al., 2000). Similarly, ER retention signals can 

be found within the ATD of the GluN2A subunit and in the CTD of GluN2B subunit (Horak et al., 
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2014; Kaniakova et al., 2012; Qiu et al., 2009). As a consequence, NMDAR are considered as 

obligate heterotetramers.   

 

 Endo- and exocytosis of NMDAR 

 NMDAR endocytosis 

The processes of endocytosis and exocytosis participate in regulating the number of surface 

NMDAR both at synaptic and extrasynaptic locations. Endocytois is the active process through 

which membrane and/or extracellular proteins, herein membrane NMDAR, are internalized (figure 

5). NMDAR endocytosis is mediated by clathrin-coated pits that are located outside of PSD 

(Blanpied et al., 2002; Petralia et al., 2003). It is thus accepted that NMDAR first exit synapses 

through lateral surface diffusion before being trapped and internalized at extrasynaptic sites. The 

γ2 subunit of the AP-2 protein complex, which is part of the endocytic machinery, interacts with 

NMDAR either through an internalization motif (YELK) at the GluN2B CTDs or through tyrosine 

phosphorylation in the case of the GluN1 and GluN2A subunits (Lavezzari et al., 2004; Nakatsu and 

Ohno, 2003; Prybylowski et al., 2005; Roche et al., 2001; Scott et al., 2001; Vissel et al., 2001). 

NMDAR internalization is highly regulated by the association with other proteins, the binding of 

agonist as well as post-translational modifications of the CTDs. Indeed, NMDAR-PSD-95 association 

decreases AP-2-dependent internalization and increases NMDAR surface content (Roche et al., 

2001). On the other hand, agonist binding and NMDAR activation both promote the internalization 

of NMDAR (Nong et al., 2003). Lastly, GluN2B CTDs can be phosphorylated by several kinases, 

including CaMKII, PKC, DABK1) in an activity-dependent manner. Phosphorylation of GluN2B 

subunit at the serine 1303 residue has been shown to disrupt the interaction between GluN2B 

CTD and CaMKII, thus reducing its internalization (Strack et al., 2000). 

 

 NMDAR exocytosis 

Exocytosis is the active process through which proteins are integrated in the plasma membrane 

or released into the extracellular space (ECS) for secreted proteins. NMDAR exocytosis can occur 

via the N-ethylmaleimine-sensitive factor attachment protein receptor (SNARE) complex, in this 

case through SNAP25-VAMP1-syntaxin complex at extrasynaptic sites (Gu and Huganir, 2016; 
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Südhof and Rothman, 2009) (figure 5). This suggests that NMDAR need to laterally diffuse from 

their site of membrane insertion to the synapses. The cleavage and inactivation of SNAP-25 by 

botinulum toxin prevent NMDAR exocytosis (Lau et al., 2010). SNAP-23 have also been shown to 

be specifically involved in mediating NMDAR, but no AMPAR, exocytosis (Suh et al., 2010; 

Washbourne et al., 2004). Importantly, NMDAR exocytosis is regulated by neuronal activity, herein 

by protein kinase C (PKC) (Lan et al., 2001; Tanaka and Nishizuka, 1994). Additionally, the activation 

of other receptors such as dopamine receptors (DAR) and type I mGluRs have been shown to 

promote the insertion of NMDAR to the neuronal surface (Dunah and Standaert, 2001; Lan et al., 

2001; Lee et al., 2002; Petit-Pedrol and Groc, 2021).  

 

 

Figure 5. NMDAR assembly and export. Following their synthesis, NMDAR are exported from the ER and the 

Golgi network to the membrane where they can enter synapses through lateral diffusion. NMDAR are 

internalized by clathrin-mediated endocytosis. Then, they can be either degraded or recycled. Adapted from 

(Dupuis et al., 2023). 
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 NMDAR membrane organization 

 

 Presynaptic NMDAR 

The presence of presynaptic NMDARs has only been demonstrated in specific brain regions, 

including the cortex and the hippocampus (Banerjee et al., 2016; Bouvier et al., 2018). The 

composition of presynaptic NMDAR varies depending on the brain region and the identity of the 

postsynaptic terminal with GluN2C- and GluN2D-NMDAR predominating in the hippocampus. 

Functionnally, it has been shown that presynaptic NMDARs can regulate spontaneous 

neurotransmitter release (Abrahamsson et al., 2017) as well as participate in calcium-mediated 

presynaptic plasticity through the activation of nitric acid oxidase (NOS) and/or calcineurin 

(Andrade-Talavera et al., 2016; Bouvier et al., 2018, 2015; Larsen et al., 2014).   

 

 Synaptic NMDAR and extrasynaptic NMDAR 

NMDAR can be found both in synaptic and extrasynaptic compartments (Clark et al., 1997; Harney 

et al., 2006; Harris and Pettit, 2007; Petralia et al., 2010; Rao and Craig, 1997; Rosenmund et al., 

1995). Approximately, 20 to 50 % of surface NMDARs are localized extrasynaptically in mature 

hippocampal neurons. The subcellular composition of NMDAR is not homogeneous and seem to 

depend on the GluN2 subunit composition. While GluN2B-containing NMDARs are present at both 

synaptic and extra-synaptic sites, GluN2A-containing NMDARs are more abundant in synapses 

(Bard and Groc, 2011). The activation of extrasynaptic NMDAR is triggered by the presence of 

glutamate outside of the synaptic cleft, typically following glutamate spill-over (Asztely et al., 1997; 

Clark and Cull-Candy, 2002; Harris and Pettit, 2007; Nahir and Jahr, 2013). It has been proposed 

that synaptic NMDARs are preferentially gated by the co-agonist D-serine whereas extrasynaptic 

NMDARs are preferentially gated by glycine which results to different changes in membrane 

diffusion(Ferreira et al., 2017; Papouin et al., 2012). Indeed, synaptic GluN2B-containingNMDAR 

lateral diffusion is reduced by D-serine, but not glycine, whereas synaptic GluN2A-containing 

NMDAR lateral diffusion is not affected by neither D-serine nor glycine.  Importantly, the activation 

of extrasynaptic NMDARs is involved in several brain diseases, as it is well accepted to trigger pro-
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death signaling pathways (Hardingham and Bading, 2010; Martel et al., 2012; McQueen et al., 

2017; Parsons and Raymond, 2014; Tu et al., 2010; Yu et al., 2023; Zong et al., 2022).  

 

 Nanoscale organization 

At the surface of cortical and hippocampal neurons, NMDARs are aggregated into clusters of ~400 

nm diameter that can be observed with conventional microscopy techniques. Thanks to the 

development of superresolution imaging techniques, it has been shown that synapses contain 

dozens of NMDAR (30-50 copies) that are organized in 1-4 nanodomains (superresolved regions 

of receptor aggregation that are contain within a cluster) of ~60 nm diameter (Kellermayer et al., 

2018; MacGillavry et al., 2013; Willems et al., 2020) (figure 6). Similar nanoclustering have been 

observed for other glutamate receptors (e.g. AMPARs, mGluRs) within excitatory synapses as well 

as within inhibitory synapses (Ferreira et al., 2020; Kellermayer et al., 2018; MacGillavry et al., 

2013; Nair et al., 2013; Pennacchietti et al., 2017; Scheefhals et al., 2023; Specht et al., 2013). The 

synaptic nano-organization is likely a common feature of the ionotropic neurotransmitter 

receptors, strengthening the view that the post-synapse is a highly complex and 

compartmentalized entity. It also emerged the possibility that the correct positioning of synaptic 

receptors in regards to presynaptic release sites, forming the so-called trans-synaptic 

“nanocolumns, is an additional level of regulation of the synaptic transmission (Tang et al., 2016). 

This is particularly important for low-affinity receptors, like AMPARs, as their probability of 

activation drops with the distance from the release sites (Haas et al., 2018). Whether this 

mechanism applies to NMDARs, which affinity to glutamate is higher, remains however 

unanswered. A presumed role for the NMDAR synaptic nanoclustering is on their activity-

dependent inactivation, as receptors in close proximity would more efficiently inhibit one-another 

(Iacobucci and Popescu, 2019).  
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Figure 6. NMDAR are nano-organized. Thanks to the development of superresolution microscopy techniques 

such as direct stochastic optical reconstruction microscopy (dSTORM), it has been shown that NMDARs are 

nano-organized at the cell surface. They form nanodomains of ~ 60 nm diameter. Adapted from 

(Kellermayer et al., 2018). 

 

It is well accepted that receptors are concentrated in the PSD through anchorage to intracellular 

scaffolds.  Indeed, the membrane-associated guanylate kinase (MAGUK) proteins, such as PSD95 

that directly binds to NMDAR, play an important role in their synaptic trapping (Bard et al., 2010; 

Barria and Malinow, 2002; Kornau et al., 1995; Prybylowski et al., 2005; Yi et al., 2007). Direct cis-

interaction between NMDAR and trans-synaptic proteins have also been shown to control the 

synaptic localization of NMDAR. Particularly, the direct interaction between the obligatory GluN1 

subunit of the NMDAR and the ephrin B2 receptor (EphB2R) (Dalva et al., 2000; Washburn et al., 

2020) as well as the adhesion molecule neuroligin-1 (Nlg1) (Budreck et al., 2013) that bind to the 

presynaptic proteins ephrin ligand and neurexin, respectively. The interaction between NMDARs 

and both Nlg-1 and EphB2 have been shown to participate in both the synaptic anchoring and 

retention of NMDAR within the postsynaptic sites (Budreck et al., 2013; Chih et al., 2005; Dalva et 

al., 2000). It is important to note, however, that the interaction between NMDAR and Nlg1 have 

been shown by co-immunoprecipitation assays (Budreck et al., 2013) but biophysical studies have 

failed to detect it (Elegheert et al., 2017).  
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Both GluN2A- and GluN2B-containing NMDAR are differentially organized at post-synapses with 

only a minor fraction (30%) that is overlapping (Kellermayer et al., 2018). Such differential 

organization of synaptic GluN2A- and GluN2B-containing NMDAR indicate subunit-dependent 

regulatory processes, although the involved mechanisms have not been clearly identified. One 

potential target is the CaMKIIα subunit. Indeed, it has been shown that CaMKIIα binds to the CTD 

of GluN2B subunit and regulates its nano-organization in hippocampal neuronal cultures (Ferreira 

et al., 2020). Furthermore, activated CaMKIIα undergoes liquid-liquid phase separation with 

GluN2B CTD, which leads to the formation of synaptic protein condensates that reproduce the 

synaptic organization of NMDAR (Hosokawa et al., 2021). Collectively, these data suggest CaMKII 

acts as a postsynaptic organizer of NMDARs at the nanoscale.   

 

 NMDAR surface dynamics 

 

Despite the original fluid mosaic model of the plasma membrane (Singer and Nicolson, 1972) 

prevailed, in neuroscience, a static view of the post-synaptic membrane: movements of post-

synaptic receptors would occur during development and stop after maturation, once receptors 

are in place. Following this view, receptors recycling through endo- and exocytosis was the only 

route in and out of synapses, respectively. The developments of fluorescence imaging and single 

molecule localization microscopy challenged this view, highlighting the surface diffusion of 

neurotransmitter receptors following thermally-driven Brownian movements (Borgdorff and 

Choquet, 2002; Dahan et al., 2003; Groc et al., 2004, 2006b; Meier et al., 2001). It is now well 

accepted that, driven by a Brownian motion regime, receptors are highly mobile within the 

membrane plane. The number and the distribution of synaptic receptors are continuously 

regulated through a combination of local synthesis, endo- and exocytosis at peri- and 

extrasynpatic sites as well as lateral diffusion.  
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 Methods for studying membrane receptors movements in neurons 

 Open channel block 

Patch-clamp recordings a well as diffraction-limited fluorescence imaging (see the paragraph on 

fluorescence recovery after photobleaching) are one of the oldest techniques that have been used 

to monitor the membrane diffusion of receptors in neurons. It consists in monitoring the recovery 

of synaptic currents following their irreversible blockade (using MK-801 in the case of NMDAR, for 

example), and use it as a proxy to estimate the mobility of the receptors (Tovar and Westbrook, 

2002). This technique has been recently used to monitor the rapid exchange between synaptic 

and extrasynaptic NMDAR in rat hippocampal slices (McQuate and Barria, 2020). However, this 

technique is only applicable to ionotropic receptors and cannot be used to monitor the surface 

behaviors of other types of receptors such as GPCRs, including metabotropic glutamate receptors. 

 

 Fluorescence Recovery After Photobleaching (FRAP) 

Fluorescence Recovery After Photobleaching (FRAP) is one of the most widely used technique to 

measure receptor diffusion in neuronal cultures, brain slices as well as in live animals in vivo (Erami 

et al., 2016; Rasse et al., 2005). This strategy has been successfully used to monitor the average 

membrane diffusion of membrane protein, including both ionotropic (e.g. acetylcholine, AMPAR, 

and GABA-A) as well as metabotropic receptors (serotonin, dopamine, mu opioid) types (Ashby et 

al., 2006; D Axelrod et al., 1976; D. Axelrod et al., 1976; Pucadyil et al., 2004; Rasse et al., 2005; 

Saulière-Nzeh et al., 2010; Schlessinger et al., 1976; Scott et al., 2006; Thomas et al., 2005). During 

FRAP, fluorescently-labeled receptors are locally photobleached using a brief and focused high-

intensity laser illumination and the recovery of fluorescence, due to the movement of surrounding 

non-photobleached receptors, is measured over time (figure 7). The plateau of recovery, 

normalized to the intensity in the region of interest before photobleaching, gives a proxy of the 

receptor mobile fraction (figure 7). For FRAP, receptors are usually tagged with a pH-sensitive 

version of green fluorescent protein (GFP), namely superecliptic pHluorine (SEP), that emits 

fluorescence at neutral pH and thus allows to specifically monitor the mobility of populations of 

receptors at the plasma membrane (Ashby et al., 2004). However, FRAP has heavily relied on 

overexpressing recombinant receptors, which could interfere with and bias mobility 
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measurements, for example, by saturating anchoring sites for synaptic receptors. Alternatives to 

the overexpression of recombinant receptors are the use of (1) chemical labeling of endogenous 

receptors (Nonaka et al., 2024; Wakayama et al., 2017), or (2) the use of CRISPR-Cas9 editing 

strategies (Fang et al., 2021; Willems et al., 2020).  

 

 

Figure 7. Imaging approaches for studying membrane receptors movements in neuron. A. In fluorescence 

recovery after photobleaching (FRAP), fluorescently labeled receptors are locally photobleached and the 

fluorescence recovery is measured over time in the recovery area in order to measure both the diffusion rate 

and the fraction of mobile receptors. B. In QD-SPT, membrane receptors are labeled with a complex of 

primary antibody-QD. QD-SPT allows to track the surface diffusion of membrane receptors for extended 

period of time in both primary neuronal cultures as well as slices. C. Homer-GFP is labeling excitatory 

A 

B 

C 
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postsynapes. SPT-PALM allows to track the surface diffusion of a large number of receptors both in synaptic 

and extrasynaptic compartment. Adapted from (Dupuis and Groc, 2020; Groc and Choquet, 2020; Jamet et 

al., 2024)  

 

 Single molecule imaging 

In contrast to the two techniques mentioned above, which rely on ensemble-averaging of receptor 

populations, the development of single molecule imaging methods has revolutionized the field by 

enabling the tracking of individual surface receptors. Single molecule imaging relies on 

decorrelating the fluorescence emission of the labelled receptors as a function of time and space, 

in order to achieve nanometric resolution. This is achieved by either a sparse labeling of the 

protein of interest that are labeled with either photobleachable florescent probes (e.g. universal 

point accumulation for imaging in nanoscale topography, uPAINT) (Sharonov and Hochstrasser, 

2006) or photostable nanoparticles (e.g. quantum dots, QDs) for single particle tracking (SPT), or 

by the stochastic activation and bleaching of photoconvertible fluorescent protein that are 

coupled to the protein of interest (e.g. photoactivation localization microscopy, PALM).  

SPT have been widely used to investigate the surface diffusion of neurotransmitter receptors both 

in primary cultures as well as in brain slices, both organotypic and acute (Dupuis and Groc, 2020; 

Heine et al., 2008; Varela et al., 2016) (figure 7). QDs are semiconductor nanocrystals that are 

particularly suited for single molecule imaging considering their narrow emission spectra, high 

brightness as well as photostability (they are virtually unbleachable); reviewed in (Walling et al., 

2009). QDs allow to track the surface diffusion of receptors for extended periods of time, thus 

enabling the detailed exploration of the diffusion and diffusive properties of single receptors in 

various cell compartments. The use of QD-SPT has revealed that individual receptors can transition 

between freely diffusive and highly confined states at the surface of hippocampal neurons. It is 

important to consider that, although QD-SPT offers several advantages, including the ability to 

track the diffusion of endogenous receptors, their large size (a QD emitting at 655 nm is around 

20 nm, and a primary antibody–QD complex is approximately 32 nm) could limit or hinder their 

diffusion in narrow compartments, such as the synaptic cleft (figure 7). The development and use 

of another single molecule imaging approach, PALM requires the expression of recombinant 

receptors that are fused with a photoswitchable fluorescent molecules (the green-to-red 

photoswitchable fluorescent protein mEOS, for example) (Betzig et al., 2006; Hess et al., 2006). 
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The recent development of CRISPR-Cas9 editing strategy provide a way to label endogeneously 

expressed receptors. PALM allows the acquisition of a large number of both synaptic and 

extrasynaptic receptor trajectories (figure 7). Noteworthy, PALM is not suitable to track proteins 

for long period of time, due to the low photostability of the fluorescent protein.  

 

 NMDAR trafficking in immature neurons 

Both NMDAR membrane diffusion and endo- / exocytosis rates are developmentally regulated. 

NMDAR endocytosis occurs in a subunit-dependent manner at clathrin-coated vesicles (CCV) or 

pits, which are located laterally to the PSD (Lavezzari et al., 2004). The number and the distance 

of the CCV to synapses vary depending on the maturation stage. In comparison with mature 

neurons, CCVs are in higher number and are located closer to synapses in immature neurons 

(Blanpied et al., 2002; Petralia et al., 2003). Overall, it suggests that NMDAR endocytic rate is more 

pronounced at early stage, and reduces with neuronal development (Roche et al., 2001). Similarly, 

NMDAR surface diffusion changes across neuronal development. Initially high, the surface 

dynamics of NMDAR is decreased by around 30% in mature neurons (Groc et al., 2006b). Of note, 

this is not specific to NMDAR as AMPAR also show both a high recycling rate and surface diffusion 

in immature compare to mature neurons (Borgdorff and Choquet, 2002; Groc et al., 2006a). 

Altogether, these data highlight the high instability of the immature neuronal membrane. 
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 Figure 8. The plasma membrane. Biological membrane are highly crowded structures. The density of 

proteins is extremely high and, according to the picket fence model which has been the main model to 

explain the regulation of surface diffusion, there is a continuum of connectivity between the extracellular 

matrix and the cytoskeleton. Adapted from (Jacobson et al., 2019). 

 

 Regulatory mechanisms of NMDAR surface trafficking 

Surface NMDARs do not exhibit unrestricted Brownian motion at the cell surface. Although 

biological membranes are classically pictured with low protein content, it is important to consider 

that the plasma membrane is filled with thousand of proteins with little remaining free lipid spaces 

(Engelman, 2005; Ryan et al., 1988) (figure 8). Several studies have estimated the protein density 

in biological membranes to be around 30,000 proteins per µm (Jacobson et al., 2019). This notion 

is further strengthened by recent profiling of neuronal surfaceome (i.e. total surface protein), with 
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an average of 1,000 protein families present at the surface of cortical neurons (Herber et al., 2018; 

Van Oostrum et al., 2020). The measured surface diffusion of both membrane proteins and lipids 

in biological membranes is lower than in reconstituted membranes, thus further indicating the 

presence of constraints, such as passive obstacles or active binding partners, that limit the free 

diffusion of membrane macromolecules(Choquet and Triller, 2013; Jacobson et al., 2019). The 

anchored picket fence has been a model to explain the regulation of lateral diffusion in biological 

membranes (Kusumi et al., 2012). Schematically, it is likely that there are multiple regulatory 

processes between the extracellular matrix and the intracellular cytoskeleton (fences), connected 

with transmembrane proteins (pickets), that segregates the membrane into subdomains (2-300 

nm) where the local composition, organization and dynamic will differ from the average 

membrane properties. In neurons, neurotransmitter receptors are concentrated in the 

postsynaptic density (PSD), a protein-rich subdomain located at the inner surface of the 

postsynaptic neuronal membrane in front of the presynaptic site. They are also present 

extrasynaptically in the form of extrasynaptic clusters. Once inserted at the neuronal membrane, 

receptors will randomly laterally diffuse within the membrane plane, and eventually enter 

synapses. They alternate between different surface dynamics behaviors depending on the 

membrane subdomains: strongly confined diffusion within PSD when anchored to scaffold 

proteins, highly diffusive with low confinement in the extrasynaptic membrane, and confined 

diffusion within small extrasynaptic protein domains.  

Driven by thermal agitation and reversible binding to intracellular, transmembrane, or 

extracellular components, receptors constantly alternate between mobile and immobile states 

(Choquet, 2018; Groc and Choquet, 2020) (figure 9). As an example, only 20 to 50% of surface 

NMDAR are mobile, with GluN3A-containing NMDAR being more mobile than GluN2B-containing 

NMDAR, which are in turn more mobile than GluN2A-containing NMDAR (González-González et 

al., 2023; Groc et al., 2006b; Kortus et al., 2023).  
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Figure 9. NMDAR membrane organization and lateral diffusion A. Example of the main known intracellular, 

transmembrane, and extracellular modulator of NMDAR surface diffusion. Adapted from (Dupuis et al., 

2023). 

 

 Intracellular modulators 

NMDAR interact with a large variety of molecules through their CTDs (Dupuis et al., 2023). 

Typically, their interaction with MAGUKs proteins, which are highly enriched at the PSD, are 

accepted to be responsible for the synaptic anchoring of NMDARs (Bard et al., 2010). Furthermore, 

several kinases, such as protein kinase C (PKC) and CaMKII, have been shown to modulate the 

membrane diffusion of NMDARs either through their activity (e.g. post-translational 

modifications) and/or through direct binding (Dupuis et al., 2014b; Ferreira et al., 2020; Groc et 

al., 2004). The proteasome as well as disrupted in schizophrenia (DISC1) also modulate the surface 

diffusion of NMDARs (Espana et al., 2021; Ferreira et al., 2021). 

 



26 

 

 Extracellular modulators 

The extracellular environment is well-known to potently modulate NMDAR surface trafficking 

(Dupuis et al., 2023). NMDAR surface dynamics is regulated by components of the extra-cellular 

matrix (ECM), a network of proteins and carbohydrates that surrounds every cell, such as reelin, 

the matrix metalloproteinase 9 (MMP-9) or the tissular-plasminogen (tPA), but also hormones 

(corticosterone and estrogen) (Groc et al., 2008; Mikasova et al., 2017; Potier et al., 2016), amino 

acids such as the co-agonists glycine and D-serine (Ferreira et al., 2017; Papouin et al., 2012), as 

well as pathological molecules such as auto-antibodies directed against the NMDAR (Hunter et al., 

2024; Jamet et al., 2024; Jézéquel et al., 2017; Mikasova et al., 2012). In particular, it has been 

shown that reelin, a secreted glycoprotein that plays a critical role on brain development (Tissir 

and Goffinet, 2003) and which synaptic content increases during development, destabilizes 

GluN2B-containingNMDAR from synapses (Groc et al., 2007a), thus favoring the development-

associated decline in GluN2B-containing NMDAR-mediated synaptic currents. Similarly, digestion 

of the ECM through the endopeptidase MMP-9 or tPA increase NMDAR surface trafficking (Lesept 

et al., 2016; Michaluk et al., 2009).  

 

 Transmembrane modulators 

NMDAR display a large cis-interactome, composed of a variety of neurotransmitter and 

neuromodulator receptors, ion channels as well as adhesion molecules; reviewed in (Petit-Pedrol 

and Groc, 2021) (figure 10). For instance, the direct interaction between NMDARs and the 

adhesion molecules Neuroligin-1 and EphB2 are well known for their role on the synaptic trapping 

of NMDARs (Budreck et al., 2013; Dalva et al., 2000; Washburn et al., 2020). It is well accepted 

that the interaction between NMDAR and EphB2R, a postsynaptic cell adhesion molecule and 

tyrosine kinase receptor, regulate the synaptic localization and clustering of NMDARs (Dalva et al., 

2000; Nolt et al., 2011; Takasu et al., 2002; Washburn et al., 2020).  It has also been suggested 

that NMDARs interact with neurotransmitter and neuromodulator receptors at peri- and 

extrasynaptic sites, and that those interactions regulate the surface diffusion of the receptors, 

possibly leading to the local aggregation/clustering of receptors into extrasynaptic “hubs” (Petit-

Pedrol and Groc, 2021).  
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NMDARs have been shown to interact with dopamine receptors, both D1R and D2R (Wang et al., 

2012), type I mGluRs (Perroy et al., 2008), mu opioid receptors (with the GluN1 subunit but no 

GluN2A- or GluN2B-subunits) (Rodríguez-Muñoz et al., 2012), the sCAM EphB2 (Dalva et al., 2000) 

and Nlg-1 (Budreck et al., 2013), nicotinic receptors (with the GluN1- and GluN2A subunits) (Li et 

al., 2012; Zhang et al., 2016), the ER protein sigma 1 receptors (Sig1R) (with the GluN1 subunit in 

a GluN1-2A configuration) (Balasuriya et al., 2013), histamine 3 receptors (H3R) (with both GluN1 

and GluN2A subunits) (Rodríguez-Ruiz et al., 2017), apolipoprotein E receptor 2 (ApoER2) (Hoe et 

al., 2006), interleukin-1 (IL-1) receptors (Gardoni et al., 2011; Johansson et al., 2020), purinergic 

(P2X) receptors (Rodriguez et al., 2020), voltage-activated potassium (BK) channels (with the 

GluN1 subunit) (Zhang et al., 2018), and extrasynaptically with transient receptor potential cation 

channel subfamily M member 4 (TRPM4) (Yan et al., 2020). 

 

 

Figure 10. Known NMDAR cis-interactome. NMDAR cis-interactome comprises several neuromodulator and 

neurotransmitter receptors including Dopamine type I receptors and type I mGluRs (mGluR1/5), as well as 

sCAM such as Nlg-1 (NL1) and EphB2. Importantly, each of these surface proteins are also directly 
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interacting with other membrane proteins of NMDAR interactome, possibly creating assemblies or hubs of 

receptors at the neuronal membrane. Adapted from (Petit-Pedrol and Groc, 2021). 

 

I will particularly emphasize on interactions dopamine type I receptors (D1Rs) and glutamate type 

I mGluRs (mGluR1/5) and introduce these receptors which were reported to regulate the 

organization of NMDARs. 

 

5.3.2.1 D1R-GluN1-NMDAR 

Dopamine (DA), one of the major brain neuromodulators, is greatly involved in motivation, reward 

as well as learning and memory. Dopaminergic neurons are mainly localized within the ventral 

midbrain, e.g. ventral tegmental area (VTA) and the substantia nigra (SN, divided into SN pars 

compacta SNc and SN pars reticulata SNr). Briefly, the nigrostriatal pathway, involved in motor 

control, originates from the SNc and projects to the striatum whereas the mesolimbinc pathways, 

involved in reward and motivation as well as learning and memory, originates from the VTA and 

projects to the prefrontal cortex, nucleus accumbens, amygdala, and the hippocampus. Of note, 

recent evidence also suggests the locus coeruleus (LC) to be a source of DA innervation in the 

hippocampus(Kempadoo et al., 2016; Takeuchi et al., 2016). 

DA binds to five G-protein coupled receptors (GPCR, D1-D5), classified in two subclasses, namely 

D1R-like and D2R-like protein families, that display opposite signaling patways (figure 11). D1R-

like protein family, composed by D1R and D5R, are coupled to Gs cytosolic proteins that stimulate 

the enzyme adenylate cyclace (AC), which produces cyclic adenosine monophosphate (cAMP). The 

latter activates the protein kinase A (PKA), which in turn activates the DA and cAMP-regulated 

phosphoprotein (DARPP-32) as well as cAMP response element binding protein (CREB). When 

phosphorylated by PKA, DARPP-32 amplifies PKA signaling by inhibiting protein phosphatase-1 

(PP1). On the other hand, D2R-like receptor family comprises D2R, D3R, D4R that are coupled to 

Gi proteins. They inhibit PKA-mediated signaling pathways by both inhibiting AC and activating 

PP1.  

DAR and in particular D1R and D2R are broadly expressed within the CNS, including in hippocampal 

and cortical regions (Bergson et al., 1995; Callier et al., 2003; Gangarossa et al., 2012; Goldman-
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Rakic et al., 1989; Ladepeche et al., 2013; Levey et al., 1993; Puighermanal et al., 2017; Wei et al., 

2018). In rodent frontal cortex, D1-like family receptors expression appears during embryonic 

development and steadily increases during brain development, with higher levels of D1R than D5R 

(Araki et al., 2007; Sillivan and Konradi, 2011); see also Annex 1, extracted from (Van Oostrum et 

al., 2020). In the human hippocampus, D1R is already expressed in neonates, and its expression 

steadily increases during development, reaching maximum levels in adulthood (Rothmond et al., 

2012). D2R is mainly expressed in the dentate girus in mossy cells whereas D1R expression is 

widespread, and is expressed in interneurons (GAD67) as well as pyramidal neurons (Gangarossa 

et al., 2012). 

 

 

 

Figure 11. Canonical D1R-like and D2R-like 

signaling pathways. D1R activation triggers 

the activation of PKA and DARPP-32 while 

D2R activation triggers their inhibition. 

Adapted from (Tritsch and Sabatini, 2012). 

 

 

 

 

 

 

 

It is accepted that DA, through its action on D1Rs, potentiate NMDAR signaling (Cepeda et al., 

1993, 1992; Cepeda and Levine, 2012; Chen et al., 2007; Otmakhova and Lisman, 1996; Varela et 

al., 2009).  The D1R activation enhances the surface expression of NMDAR as well as their function 

(Dudman et al., 2003; Hallett et al., 2006; Hu et al., 2010; Lau and Zukin, 2007; Li et al., 2010; 
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Tingley et al., 1997), favoring the NMDAR-dependent LTP of excitatory glutamate synapses 

(Otmakhova and Lisman, 1996). Reciprocally, NMDAR activation favors D1R surface expression 

and signaling (Navakkode et al., 2007). This neuromodulatory-neurotransmission is thought to rely 

on intracellular cascades involving protein kinases, with the most proeminent being PKA and 

DARPP-32 that can phosphorylate the GluN1 subunit of NMDAR as well as Fyn (a member of the 

Src family kinases, SKF) that phosphorylates the GluN2B subunit of NMDAR. Also, D1R and 

NMDARs can directly interact through their CTDs, and that this interaction can modulate their 

surface expression, membrane trafficking, and receptors signaling independently of PKA or PKC 

cascades (Andrianarivelo et al., 2021; Cahill et al., 2014; Fiorentini et al., 2003; Ladepeche et al., 

2013; Lee et al., 2002; Nai et al., 2010; Pei et al., 2004; Scott et al., 2002), reviewed in (Wang et 

al., 2012). Although D2Rs interact with the non-obligatory GluN2B subunit of NMDARs, I will focus 

here exclusively on the interaction between D1R and NMDARs. D1Rs interact with the obligatory 

GluN1 subunit and with the non-obligatory GluN2A-subunit through theirs T2 and T3 domains, 

respectively (figure 12). The T2 domain, that bears negative charges, interacts with the cassette 

C1 (D864-T900) on GluN1 CTDs which bears three arginin residues (positively charged) via 

electrostatic interactions (Woods et al., 2005). Furthermore, the phosphorylation of D1R-CTD at 

serine 397 by casein kinase 1 have been suggested to increase the interaction between GluN1 

subunit and D1R (Woods et al., 2005). Of note, both the non-obligatory GluN2-subunits and D1R 

have been suggested to interact with PSD-95 (Bard et al., 2010; Ladepeche et al., 2013). It has 

been shown that both GluN1 subunit and PSD-95 interaction domain with D1R are overlapping, 

thus suggesting that PSD-95 limits D1R-GluN1-NMDAR interaction (Zhang et al., 2009).  
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Figure 12. D1R-NMDAR interaction. 

D1R interacts directly with NMDAR 

via electrostatic interactions 

involving their CTDs. The T2 domain 

of D1R interact with the CTD of the 

obligatory subunit GluN1-NMDARs 

and the T3 domain, located on D1R 

CTD, interact with non-obligatory 

GluN2A subunit. Adapted from 

(Wang et al., 2012).   

 

 

 

The D1R-NMDAR interaction through the T2 domain reduces NMDAR-dependent excitotoxicity via 

PI3-kinase signaling, independent of changes in calcium influx (i.e. a non-ionotropic regulatory 

mechanism), whereas D1R-NMDAR interaction through the T3 domain inhibits NMDAR currents 

(Lee et al., 2002). Reciprocally, in primary hippocampal culture, NMDAR-D1R interaction were 

shown to increase D1R surface level and activity, i.e. cAMP accumulation (Pei et al., 2004; Scott et 

al., 2002). Moreover, D1R-NMDAR interaction significantly alters NMDAR surface trafficking and 

membrane localization, favoring the retention of NMDAR at peri-/extra-synaptic locations 

(Ladepeche et al., 2013). They observed that activating D1R resulted in the disruption of complex, 

allowing NMDARs to enter synapses which resulted in an increased synaptic signaling Although 

this interaction was first characterized in heterologous systems (e.g. HEK cells, following the 

transfection of both NMDAR and D1R), it has been shown that disrupting D1R-NMDAR complexes, 

by infusing competing peptide directly in the hippocampus, is sufficient to selectively alter working 

memory in mice without affecting motor function nor motivation (Nai et al., 2010), further 

strengthening the hypothesis that direct interaction between membrane receptors participate in 

the regulation of neuronal activity.  Note that discrepancies have been observed, depending on 

the brain regions, i.e. hippocampus or striatum, and the pathophysiological context on the D1R-

NMDAR regulatory processes (Andrianarivelo et al., 2021; Cahill et al., 2014).  
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5.3.2.2 mGluR-GluN1-NMDAR 

Metabotropic glutamate receptors (mGluR) are glutamate receptors of the GPCR family. They 

structurally differ from other GPCRs because of their large clamshell-like ligand binding domain 

(LBD) that is linked to the 7-helix transmembrane domain with a cysten-rich domain (CRD). mGluRs 

are widely accepted to modulate synaptic transmission and plasticity (Reiner and Levitz, 2018). 

mGluRs are divided in three groups based on sequence homology, second messengers and 

pharmacological properties (Ferraguti and Shigemoto, 2006). Type I mGluRs are composed by 

mGluR1 and mGluR5, type II mGluRs are composed by mGluR2 and mGluR3, and type III are 

composed by mGluR4 and mGluR6-8. Both type II and type III mGluRs are coupled to Gi cytosolic 

protein whereas type I mGluRs are coupled to Gq cytosolic proteins. Although it is accepted that 

mGluRs work as homodimers, recent studies have highlighted heterodimerization of mGluRs. Type 

I mGluRs can make heterodimers within their group whereas type II and type III mGluRs can 

heterodimerize between the two groups. Furthermore, it has been shown that mGluRs can 

heterodimerize with other GPCRs, such as dopamine type I receptors (Sebastianutto et al., 2020).   

Type I mGluRs display a complementary expression profile in the brain, with mGluR5 being the 

predominant form in the hippocampus (Ferraguti and Shigemoto, 2006; Romano et al., 1995) 

(figure 13). mGluR5 are encoded by a single gene (Grm5), and are present in 2 isoforms, namely 

mGluR5a and mGluR5b. mGluR5a isoforms are highly expressed early during postnatal 

development whereas mGluR5b are predominant in the adult brain (Minakami et al., 1995). Type 

I mGluRs are considered as mainly postsynaptic while type II and type III are mainly localized 

presynaptically (Bodzęta et al., 2021). Type I mGluRs are localized at the vicinity of the PSD 

(Scheefhals et al., 2023). Type I mGluRs have been shown to directly interact with NMDARs 

through their CTDs, and this interaction has been proposed to be a form of homoestatic control 

of synaptic excitability (Moutin et al., 2012; Perroy et al., 2008). Briefly, type I mGluRs and NMDARs 

can also interact indirectly through scaffolding proteins (e.g. Homer). The constituively expressed 

long Homer isoform (Homer1b/c) contain a C-terminal coiled-coil multimerization domain that 

enable its coupling with other scaffolding proteins (e.g. SHANK), allowing the formation of large 

multiprotein assembly (Hayashi et al., 2009). However, sustained activation of NMDAR triggers the 

expression of Homer1a (Brakeman et al., 1997; Moutin et al., 2012), a short Homer isoform that 
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is lacking the multimerization domain, that lead to the disruption of the scaffolding protein 

complex (Aloisi et al., 2017; Moutin et al., 2012; Perroy et al., 2008) and to mGluR-NMDAR 

interaction, thus leading to their autoinhibition (Moutin et al., 2012; Perroy et al., 2008).   

 

 

Figure 13. Distribution of the 

postsynaptic type I mGluRs. 

mGluR1 and mGluR5 have a 

complementary expression 

profile in the brain. Main 

olfactory bulb (MOB), 

Hippocampus (Hi), superior 

colliculus (SC), lateral septum 

(LS), accumbens nucleus 

(Acb), inferior colliculus (IC), 

spinal vestibular nucleus 

(SpV). Adapted from 

(Ferraguti and Shigemoto, 

2006). 

 

 

The mGluR1/5 are mainly coupled to Gq protein. Gq activates the phospholipase C that leads to 

the release of calcium from the intracellular stores and/or through voltage-gated calcium channels 

(VGCCs), and finally results in the activation of PKC (figure 14). mGluR1/5 have also been shown 

to activate other effectors such as PI3K-mTOR and ERK signaling, Cdk5, as well as casein kinase 1 

(CK1) (Chergui et al., 2005; Hou and Klann, 2004; Liu et al., 2002, 2001). In particular, it has been 

shown that type I mGluR-driven intracellular calcium increase triggers the activation of Calcineurin 

which dephosphorylate autoinhibitory phosphate onto CK1 CTD, and leads to the transient 

activation of CK1 (Liu et al., 2002). 
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Figure 14. Main mGluR5-signaling pathways. mGluR5 are Gq-coupled GPCR. They canonically activate the 

phospholipase C (PLC) and protein kinase C (PKC) that triggers an increase in the calcium concentration. 

mGluR5 also triggers signaling pathways through arrestin and homer that activate ERK and mTOR-signaling 

pathways, respectively. Adapted from (Bodzęta et al., 2021).  

 

mGluR1/5 are well-known for enhancing postsynaptic excitability, and in particular ion channels 

as well as NMDAR-evoked responses. Moreover, mGluRs have been implicated in different forms 

of plasticity. mGluR5s are involved in NMDAR-dependent LTP, either by priming the induction of 

LTP or by supporting LTP by favoring protein synthesis (Balschun and Wetzel, 2002; Bashir et al., 

1993a; Neyman and Manahan-Vaughan, 2008). On the other hand, selective stimulation of 

mGluRs, or low frequency stimulation, is sufficient to induce NMDAR-independent LTD (Bashir et 

al., 1993b; Lüscher and Huber, 2010).  
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 Methods to investigate protein-protein interactions (PPI). 

 

 Biochemical approaches 

 Co-immunoprecipitation 

Co-immunoprecipitation (coIP) was originally adapted from affinity chromatography, a technique 

traditionally used in protein purification. CoIP relies on the interaction between a matrix-bound 

molecule (in this case, an antibody coupled to agarose or sepharose beads) and a target protein 

present in a protein homogenate or cell lysate (Kaboord and Perr, 2008; Lin et al., 2024). 

Nonspecifically bound proteins are washed away using detergents and/or appropriate salt 

concentrations. Finally, the proteins of interest are eluted and further analyzed, typically using 

Western blot or mass spectrometry. The combination of coIP and mass spectrometry is a powerful 

tool for discovering new putative interactions (Larance and Lamond, 2015; Trinkle-Mulcahy et al., 

2008; Yang et al., 2008). However, interactions detected by coIP may result from either direct 

binding or indirect interactions mediated by cofactors. Additionally, weak and/or transient 

interactions, such as those typically occurring between surface receptors, are difficult to detect 

using coIP (Kusumi et al., 2012). 

 

 Proximity-dependent labeling approaches 

Proximity-dependent labeling strategies use enzymes that are fused to a protein of interest (bait), 

to produce reactive molecules that covalently bind to neighboring proteins (putative interactors) 

(Roux et al., 2012). Alternatively, fusing the enzyme to a minimal targeting motif (such as a GPI 

anchor) can be employed to map the protein population in a specific compartment (Rhee et al., 

2013). Labeled candidate interactors can then be purified using coIP/affinity chromatography and 

analyzed by Western blot or mass spectrometry. These approaches enable the 

targeting/biotinylation of endogenous proteins. However, they rely on the expression of a 

recombinant protein fused to the enzyme, which may affect the localization, surface trafficking, 

and/or function of the protein of interest. Notably, these technologies provide a snapshot of 

potential protein-protein interactions (PPI) but cannot be used to study the dynamics of PPIs. BioID 

/ TurboID methods are based on a promiscuous biotinylation of protein (on lysine residues) by a 
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mutated BirA within a range of ~10 nm. The biotinylation kinetics of these enzymes is slow (ranging 

from minutes to hours), which limits their usefulness in discovering binding partners (Kim and 

Roux, 2016). Split-TurboID have been used to map the surface proteome at the neuron/astrocytes 

interface in vivo (Takano et al., 2020). Peroxidase-based method (engineered ascorbate 

peroxidase, APEX and horse radish peroxidase, HRP) are based on a promiscuous biotinylation of 

proteins (on tryptophan and tyrosine residues) in presence of tyramine derivatives and hydrogen 

peroxide (H2O2), within a radius of 20 – 40 nm (Kim and Roux, 2016). These two methods are best 

suited for investigating surface proteins due to the low membrane permeability of tyramide (e.g. 

non-permeant tyramide) (Shuster et al., 2022). The biotinylation kinetics of those enzymes is high 

(~sec to min). However, the use of hydrogen peroxide makes their application in vivo challenging. 

This strategy has been recently used to investigate the surface nano-organization of NMDAR-

surface “proximitome” in primary hippocampal neurons (Jamet et al., 2024). They uncovered that 

the surface organization of NMDAR interactome, referred as surface protein interactome of 

NMDAR, was greatly altered after incubation of aNMDAR-AAb at both synaptic and extasynaptic 

compartments (Jamet et al., 2024).  

 

 Fluroescence imaging approaches 

Fluorescence imaging approaches allow to visualize PPI in real time and in living samples, thus 

enabling to determine where and when PPIs are occurring.  

 

 Resonance Energy Transfert (RET) techniques 

The principle of resonance energy transfert (RET) consists in a non-radiative transfer of energy 

from a donor, that is in an excited state, to an acceptor (figure 15) (Jones and Bradshaw, 2019). 

The donor and the acceptor can either be fluorescent proteins (fluorescence RET, FRET) or the 

donor is an enzyme that catalyzes a substrate that becomes bioluminescent (bioluminescence 

RET, BRET) (Wu and Jiang, 2022). When the donor and the acceptor interact, because of the 

distance-dependent energy transfert, the emission of the donor reduces whereas the one of the 

acceptor increases. Importantly, the energy transfert between the donor and the acceptor is 

inversely proportional to the sixth power of the distance between them, and typically occurs when 
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they are less than 10 nm apart. Because of its high dependency to the distance between the donor 

and the acceptor, which largely exceeds the diffraction limits in conventional microscopy (200 – 

300 nm), RET have been described and used as a molecular nanoruler (Anton et al., 2022). 

However, both FRET and BRET generally requires the overexpression of recombinant proteins that 

are fused to donor or acceptor molecules, usually within the C or N-terminal regions. It is 

important to consider that both the trafficking and activity of the proteins of interest can be 

significantly affected by the grafting of donor/acceptor molecules and by overexpression. 

 

6.2.1.1 FRET 

In FRET the donor and the acceptor are fluorescent proteins. Beside the distance between the 

donor and the acceptor (figure 15), several parameters must be filled for FRET to occur: (1) the 

degree of spectral overlap between the donor and the acceptor i.e. the emission spectra of the 

donor fluorescent protein must overlap with the excitation spectra of the acceptor fluorescent 

protein (figure 15), (2) the dipole orientation angle between the donor and the acceptor (ideally, 

there are parallel to one another), (3) the quantum yields of the donor i.e. the ratio of photos 

emitted per photons absorbed. Typical FRET couples are CFP (λ peak excitation = 430, λ peak 

emission = 475) with YFP (λ peak excitation = 513, λ peak emission = 527), or GFP (λ peak excitation 

= 488, λ peak emission = 507) with mCherry (λ peak excitation = 587, λ peak emission = 610) (Algar 

et al., 2019; Bajar et al., 2016; Greenwald et al., 2018) (figure 15).  

Several methods can be used to measure FRET, including the acceptor/donor emission ratio, 

fluorescence recovery after photobleaching of the acceptor, and fluorescence lifetime imaging 

(FLIM) (Algar et al., 2019). Briefly, acceptor/donor emission ratio consists in measuring the 

fluorescence intensity of the acceptor when exciting the donor. This method is however largely 

limited by spectral bleed through (excitation of the acceptor when exciting the donor due to the 

wideness of the emission and excitation spectrum of the fluorescent molecules) and is highly 

concentration dependent. Fluorecence recovery after photobleaching of the acceptor consists in 

measuring the increase in fluorescence intensity of the donor as a result of the bleaching of the 

acceptor. This method is limited by the cell damages, and bleaching of the donor iself can occur. 

Furthermore, the temporal resolution of this technique is low. On the other hand, FLIM 
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measurements are not affected by spectral bleed through, differences in concentration, nor 

variance in intensity excitation. The fluorescence lifetime is the time a molecule resides in the 

excitate state S1 before relaxing to the ground state S0 through the emission of photon. When 

FRET occurs, the fluorescence lifetime of the donor is reduced.   

 

 

Figure 15. Föster resonance energy transfer (FRET) principle. FRET imaging is one the main techniques to 

investigate protein-protein interaction in live cells. The proteins of interest are fused to a donor (e.g. GFP) 

and acceptor (e.g. mCherry) in the case of intermolecular FRET, or they are fused onto the same molecules 

(intramolecular FRET, e.g. activity sensor, for example). During FRET, the donor is excited and if an acceptor 

is its close proximity (within 10 nm radius), a transfert of energy might occur. Adapted from (Bajar et al., 

2016). B. The emission spectrum of the donor and the excitation spectrum of acceptor must overlap, as 

shown for GFP and mCherry, for FRET to occur (created with fpbase).   

GFP excitation spectra  

GFP emission spectra  mCherry excitation spectra  
mCherry emission spectra  

overlap 

A 

B 
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6.2.1.1 BRET 

BRET involves an enzyme as donor, e.g. luciferase, that catalyzes the oxidation of a substrate that 

become bioluminescent (Pfleger et al., 2006). When the acceptor molecule is in close proximity 

(within 10 nm), energy transfer to the acceptor (a fluorescent protein, e.g. YFP or GFP) can occur. 

The substrates used in BRET are classicaly hydrophobic compounds that can cross biological 

membranes, thus allowing to use BRET in live cells (Borroto-Escuela et al., 2013).   

 

 Protein Fragment Complementation or bimolecular fragment complementation 

Bimolecular fragment complementation (BiFC) was first described in Escherichia coli based on the 

observation that fluorescent proteins, such as GFP, can be fragmented into two non-fluorescent 

N- and C-terminal fragments that can re-fuse and become fluorescent again (Ghosh et al., 2000). 

However, BiFC is irreversible (i.e. the fused fragments cannot be fragmented again) and therefore, 

BiFC cannot be used to study interaction dynamics. Furthermore, the splitted fragments easily 

reassociate, easily generating false positives when the concentrations of the proteins are high. 

BiFC have been successfully used to identify specific synaptic connections (e.g. GRASP system) 

between individual neurons in culture as well as in vivo (Choi and Kaang, 2022; Choi et al., 2018; 

Druckmann et al., 2014; Feinberg et al., 2008; Kim et al., 2012).   

 

 Proximity ligation assay 

Proximity ligation assay (PLA) is an antibody-based method, and follow the same principle (e.g. 

incubation with primary antibodies directed against the proteins of interest followed by the 

incubation with secondary antibodies). Secondary antibodies are conjugated to complementary 

oligonucleotides. If the two secondary antibodies are in close contact (within 16 nm), a circle-

forming DNA oligonucleotide, known as PLA secondary probe, can hybridize and be ligated. The 

nucleotides are then amplified and finally labeled with a detection probe (Söderberg et al., 2008, 

2006) (figure 16).  PLA have been used to investigate PPIs in cell culture and slices, including D1R-

GluN1-NMDAR complexes (Andrianarivelo et al., 2021; Cahill et al., 2014) (figure 16). Importantly, 
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the performance of PLA critically relies on the quality of primary antibodies, which is notoriously 

very low for extracellular-targeting of both the endogenous GluN1 subunit of NMDAR and D1R. 

Consequently, PLA-based investigations of D1R-GluN1-NMDAR interaction have been performed 

on fixed and permeabilized samples. Furthermore, PLA does not enable to investigate surface 

specific and dynamic interactions between D1R-GluN1-NMDAR.     

 

 

Figure 16. proximity ligation assay (PLA) allowed to investigate the interaction between GluN1-NMDAR and 

D1R. (A-D) Experimental workflow. PLA is an antibody-based method. The first steps are similar to 

conventional immunohistochemistry experiments e.g. incubation. B. Following the incubation with 

e 
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secondary antibodies, which are conjugated with a short DNA strand, a PLA secondary probes is added e.g. 

a DNA strand that can hybridize ans ligate the short DNA strands of the secondary antibodies if they are 

closer than ~ 16 nm. (C) The resulting circle-forming DNA nucleotides is amplified by a DNA polymerase and 

then (D) labeled.  E. PLA have been used to investigate the interaction between D1R and GluN1-NMDAR in 

both cultures and tissues. Indeed, using PLA (Andrianarivelo et al., 2021) have clearly demonstrated that 

D1R-GluN1-NMDAR is quantatitevly increased in the striatum in mice following exposure to cocaine.  

Adapted from Adapted from (Andrianarivelo et al., 2021; Trifilieff et al., 2011). 

 

 Single Particle tracking (SPT) 

The propensity of receptors to form complexes have been mainly obtained with biochemical 

approaches, proximity ligation assay, and live imaging approaches such as RET (FRET, and BRET) 

which, in comparison with the other mentioned methods, have the advantage of analyzing 

receptor oligomerization in live cells (Dorsch et al., 2009; Milligan and Bouvier, 2005; Petit-Pedrol 

and Groc, 2021). These methods usually require high expression levels of protein, which could 

interfere with the surface trafficking of the protein, and are based on average measurements of 

entire population of receptors, thus limiting our understanding of the occurrence, stability, and 

dynamics of PPI at single molecule/receptor level. The possibility to target surface interactions in 

native environment is highly limited. Thus, despite extensive evidence supporting the formation 

of surface receptor oligomers in heterologous cell system using mainly biochemical approaches, 

the existence of such protein complexes have remained controversial (Frederick et al., 2015; Pin 

et al., 2007).  

To resolve controversies on the existence of weak and low-affinity receptor oligomerization, 

extensive efforts have been made in the field, over the past decade, to directly monitore receptor-

receptor interaction and fully characterize monomer-dimer equilibrium under physiological 

conditions. The random collision between two receptors results in the formation of a very short-

lived encounter complex, which can either dissociate or convert into a productive complex upon 

“true” interaction. The latter is associated with molecular rearrangements and the formation of 

non-covalent chemical bonds between the two receptors (Tam et al., 2022; Waugh, 1954). Thanks 

to the development of SPT imaging techniques which allow to track the movement of single 

receptors at the cell surface (see also Chapter 1.5.2.3), it has been possible to directly observe 

events where receptors get in close proximity (e.g. within an interacting range) through either 
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intensity or distance measurements. Pioneer studies using fluorescent ligands as receptor-labeling 

strategy have been able to directly observe association and dissociation events of homodimers of 

GPCR at the surface of CHO cells, thus highlighting the dynamic and stochastic nature of receptor 

oligomerization (Hern et al., 2010; Kasai et al., 2011). Highly diffusive receptors were associating 

in dimers, with a lifetime of interaction varying between 91 ms for N-formyl peptide receptor (FPR, 

37 °C) to 700 ms for muscarinic M1 receptor (21 °C), and dissociating continuously, with only a 

fraction of receptors (30 – 40 %) involved in homodimer complexes at a given time (Hern et al., 

2010; Kasai et al., 2011). Importantly, the estimated average lifetime was, in both conditions, 

longer than the lifetime of random collision, strengthening the view of transient specific 

oligomerization events. Such methodology is however not easily exportable to all surface 

receptors and, more importantly, the use of modified ligands could interfere with both the biology 

as well as the trafficking of the receptors. Moreover, such approach only allowed to study receptor 

homodimerization in ligand-free receptors. Some of the above-mentioned limitations have been 

overcome by the development of SPT imaging approach using SNAP-tag technology (Calebiro et 

al., 2013; Tabor et al., 2016). In this system, surface exogeneous receptor containing a SNAP-tag 

(20 kDa) are covalently labeled with an impermeant organic fluorophore and tracked at the cell 

surface (Gautier et al., 2008). They further confirmed the highly dynamic nature of the membrane 

interactions. GPCRs were highly dynamics, associating and disassociating at high rates (figure 17). 

The propensity in forming oligomers was receptor-dependent. Around 80% of the β1-adrenergic 

receptors were in a monomeric state whereas it falled down to 20% of the receptors when imaging 

β2-adrenergic receptors (Calebiro et al., 2013). The use of single-particle tracking (SPT) to 

investigate protein-protein interactions (PPI) faces however several limitations. To achieve a 

deeper understanding of receptor dynamics, it is crucial to monitor receptors over extended 

periods. However, this is often impeded by the limited stability of organic fluorophores, which are 

susceptible to photobleaching. Recent advancements in techniques such as DNA-PAINT have 

shown promise in extending molecular tracking (Niederauer et al., 2023). Previously, dynamic 

studies of PPIs have primarily focused on single-color imaging (Calebiro et al., 2013; Hern et al., 

2010; Kasai et al., 2011; Tabor et al., 2016), thus limiting investigations to homodimerization. It is 

now possible to simultaneously track two distinct protein species -such as a GPCR and its 

associated G-protein- within live cells (Sungkaworn et al., 2017). This breakthrough paves the way 

for exploring receptor heterodimerization in real-time. It can be noted that low labeling density is 
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a prerequisite for SPT (see also chapter 1.5.2.3). However, the ability to observe interaction events, 

highly depends on the density of labeling. Increasing the number of labeled receptors can 

dramatically impair the quality of the reconstruction whereas reducing the degree of labeling 

improves the localization and tracking but reduces the probability in observing oligomerization 

events (Scarselli et al., 2016). Subsequently, these approaches have been limited to simplistic cell 

model, e.g. heterologous cell lines such as chinese hamster ovary (CHO) cells that display a rather 

flat shape and are easy to manipulate i.e. where the experimentators can “easily” control the 

concentration of receptors per cell area.  

  

 

Figure 17. SPT-based investigation of GPCR membrane dynamics. A-B. GPCRs have long been proposed to 

form oligomers at the cell surface. Thanks to the development of single particle tracking methods, it has 

A 

B 



44 

 

been observed that surface GPCRs, herein the N-formyl peptide receptors, are highly mobile at the cell 

surface. It has been confirmed that GPCRs associate and dissociate continuously, in a ON and OFF manner. 

Adapted from (Kasai et al., 2011; Scarselli et al., 2016).  

 

. 
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Chapter 2. The chemical synapse 

 

Glutamatergic synapses are asymmetric intercellular junctions between a neuronal presynaptic 

terminal and a postsynaptic compartment that allow to transfer signals from the pre- to the 

postsynaptic side through the synaptic cleft (~20 nm). In vertebrates, the formation of synapses 

or synaptogenesis occurs during a protracted period. Synaptogenesis starts in the embryo and 

extend during the postnatal period to the adult period. Synapse turn over (i.e. formation and 

elimination) also occurs in the adult brain at high rates (Attardo et al., 2015; Pfeiffer et al., 2018).  

  

 Synapse organization  

 

 The presynaptic compartment 

The presynaptic compartment is a specialized region of the neuronal axon, either localized at the 

axon terminal, known as a terminal bouton, or along the axonal shaft and known as en passant 

bouton. The presynaptic compartment is made by three main blocks: (1) synaptic cell adhesion 

molecules (sCAMs) that link the pre- and post-synaptic compartments together, (2) an active zone 

(AZ) cytomatrix, made of scaffold proteins that trap voltage-gated calcium channels (Cavs) and 

synaptic vesicles (SVs), and (3) the machinery for neurotransmitter release (figure 18).   
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Figure 18. Basic composition of the presynaptic compartment. The presynaptic compartment is, 

schematically, made of three blocks: a synaptic cell adhesion molecules (sCAMs) that link the pre- and post-

synaptic compartments together (e.g. synCAM, Neurexin / Neuroligin, LRPTP), an active zone (AZ) 

cytomatrix, made of scaffold proteins (e.g. RIM, RBP, α-liprin, CASK, ELKS, Munc-13, Bassoon, Piccolo) that 

trap voltage-gated calcium channels (Cavs) and synaptic vesicles (SVs) within the active zone, and the 

machinery required for the release of neurotransmitter into the synaptic cleft (e.g. SNAP25, syntaxin, 

Munc18-1). Adapted from (Rizalar et al., 2021).  

 

 Synaptic cell adhesion molecules (sCAMs) 

The sCAMs are transmembrane proteins of multiple families that bridges the pre- and post-

synaptic compartments, favoring the formation (e.g. synaptic specificity and synaptogenesis), 

maturation, maintenance as well as plasticity of synapses (Rizalar et al., 2021; Sanes and Zipursky, 

2020; Südhof, 2018, 2017) (Figure 10). They can form either homophilic complexes, when both 

partners belong to the same family, and/or heterophilic complexes, when the partners are from 

different adhesion molecule family (figure 19). 

For clarity, and to avoid redundancy, I will detail in this section both pre- and post-synaptic CAMs.  



47 

 

Neurexins and their ligands. Neurexins are a large family of adhesion molecules encoded by three 

genes (Nrxn1-3) generating each α-, β-, and γ-neurexins which lead to the formation of more than 

12,000 expressed isoforms due to alternative splicing. Although Nrxn-1 mRNA has been detected 

in glial cells, Neurexins are considered as primarily expressed in neuronal cells where they are 

localized at synapses. Neurexins are considered as a central regulator of the synaptic activity as 

the genetic deletion of neurexin 1α has been shown to decrease the spontaneous activity of 

excitatory synapses whereas triple α-neurexin 1-3 knock-out affected both excitatory and 

inhibitory synaptic activity as well as calcium-dependent neurotransmitter release. The neurexin, 

by interacting with AZ scaffold proteins, promotes the proper organization of the neurotransmitter 

release machinery (Rizalar et al., 2021). Moreover, Neurexins binds to several other trans-synaptic 

ligands, including Nlg, Cerebellins and C1qls that links neurexins to GluD and GluK2 receptors, 

respectively, as well as LRRTMs (leucine-rich repeat transmembrane), GABA receptors, or 

Latrophilins (Südhof, 2021, 2018). Nlg are expressed by four genes (Nlg1-4) with Nlg-1 being 

localized at excitatory synapses.  

 

Latrophilins. Latrophilins are adhesion GPCRs i.e. they contain a typical 7-transmembrane region 

and two extracellular adhesion domains. They are encoded by three genes (Latrophilins 1-3; gene 

symbols Adgrl1-Adgrl3). They form transcellular junctions by interacting with neurexins, teneurins, 

as well as fibronectin leucine-rich transmembrane proteins (FLRTs) (Figure 11). In the 

hippocampus in vivo, it has been shown that latrophilin-2 is targeted to the distal region of the 

dendritic tree of CA1 neurons  

 

LAR (Leukocyte-associated receptor)-type receptor phospho-tyrosine phosphatases (LRPTPs). There 

are three types of LRPTPs in mammals, namely PTPRD, PTPRF, and PTPRS, with the latter isoform 

being the most predominant form in the brain. They interact with a large number of postsynaptic 

ligands such as TrkC, SALMs, SliTrks, IL-1RAPs, and Netrin-G Ligands 3 (Figure 11). They role, 

however, is not clear as it has been shown that the deletion of PTPRS produces little effects on 

synapses (Horn et al., 2012) but, impaired NMDAR-mediated responses without changing the 

overall content nor the subunit composition of synaptic NMDARs (Sclip and Südhof, 2020). 
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Cadherins. Cadherins are a large family of more than 100 members, that mediate calcium-

mediated homophilic cis- and trans-interactions in all tissues, including the brain. Although 

cadherins have been shown to control spine morphology (Elia et al., 2006; Togashi et al., 2002), 

they are not considered as synaptogenic (Südhof, 2018).   

 

Immunoglobulin superfamily. The immunoglobulin (Ig) superfamily comprises the glycoproteins 

synCAMs, Nectin as well as N-CAM. By directly or indirectly interacting to the cell cytoskeleton 

(e.g. spectrin-β1), some member of the Ig-superfamily have been shown to regulate the 

morphology of dendritic spines (Cheadle and Biederer, 2012; Leshchyns’ka et al., 2003). Similarly, 

the deletion of synCAM decreases the size and the number of synapses (Fowler et al., 2017). The 

synCAMs are localized at the vicinity of the PSD (Perez de Arce et al., 2015) where they contribute 

to synaptic plasticity mechanisms (Robbins et al., 2010).  

 

Ephrins ligands and Eph receptors. Ephrin (Eph receptor-interacting protein) ligands and Eph 

(erythropoietin-producing hepatocellular carcinoma) receptors (also known as Eph receptor 

tyrosine kinases) (Figure 11) constitute a large family involved in synapse formation and synapse 

maturation (reviewed in (Hruska and Dalva, 2012). The Eph receptors family can be divided in two 

sub-families, namely EphA (A1-5) and EphB (B1-3). Ephrin A ligands are tethered to the cell 

membrane through GPI anchors while EphB ligands are transmembrane proteins with a conserved 

cytoplasmic tail composed by a sterile alpha motif (SAM) and a PDZ-binding domain. Importantly, 

EphB2 are localized with the PSD (Perez de Arce et al., 2015).  
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Figure 19. Trans-synaptic cell adhesion molecule (CAM) interactors. Trans-synaptic interaction between CAM 

bridges the pre-synaptic compartment together with the post-synaptic compartment. Adapted from 

(Südhof, 2018). 
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 Active zone (AZ) cytomatrix proteins  

The AZ machinery provides a platform for the correct positioning of SVs and Cavs in regards to the 

pre- / post- synaptic nanocolumn (Figure 10). It is composed by several scaffolding proteins, in 

particular the protein families Rab3-Interacting Molecules (RIM), RIM-binding proteins (RBP), α-

liprin, CASK, ELKS, Munc-13, Piccolo, and Bassoon (Rizalar et al., 2021), that form an 

interconnected molecular node (Wang et al., 2009) (Figure 10). RIM and RBP are accepted to be 

at the core, and redundant, of the organization of the AZ. Indeed, it was shown that only the 

combined loss of RIM and RBP remove Cavs and abolishes SVs tethering from the AZ (Acuna et al., 

2016).  

 

 Other molecules of the presynaptic compartment 

The number of molecules present in the presynaptic terminal is vast and reviewed in (Rizalar et 

al., 2021; Simms and Zamponi, 2014). I here would like to mention, the calcium channels that are 

very important for the action potential-induced vesicle fusion and synaptic vesicle proteins. Cavs 

are voltage-gated calcium channels that couple the action-potential driven membrane 

depolarization of the presynaptic neuron with the release of neurotransmitters into the synaptic 

cleft. There are two categories of channels, known as high voltage-activated (HVA) and low 

voltage-activated (LVA), depending on the required voltage change for the channel to open;  

reviewed in (Simms and Zamponi, 2014). HVA are formed by the pore-forming Cavα1 subunit 

together with Cavβ and Cavα2δ while LVA are formed by the sole Cavα1 subunit. There are three 

families of Cavα1: Cav1, Cav2, and Cav3. The Cav1 is composed by the L-type channels Cav1.2, 1.3, 

and 1.4. The Cav2 family is composed by Cav2.1, which can give rise to P- and Q- type Cav2.1, Cav2.2 

(N-type channels), and Cav2.3 (R-type channels). The Cav3 family is composed by the T-type 

calcium channels Cav3.1, Cav3.2, and Cav3.3.  

The synaptic vesicle (VS) proteins are composed by membrane proteins such as 

VAMP/synaptobrevin, Synaptotagmin, Synaptophysin, and neurotransmitter transporter such as 

the vesicular glutamate transporter (vGLUT), and SV-associated proteins such as Rab proteins and 

synapsins (Figure 10), which together allow for the correct trafficking and positioning of the SVs 

(Takamori et al., 2006). SVs are spatially organized within the presynaptic terminals / AZ. Indeed, 
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a subset of SVs are docked thanks to the interaction between the SV proteins Rabs and the AZ 

cytomatrix proteins RIM/Munc-13. Moreover, it has been shown that Munc-13 renders the SVs 

fusion competent by promoting the link between the SVs and the membrane SNARE complex 

(Figure 10).  

 

 The postsynaptic compartment 

The postsynaptic compartment, but more generally excitatory terminals are commonly located 

within dendritic protrusions, also known as dendritic spines. They contain a protein-rich zone, 

known as PSD, located underneath the postsynaptic membrane and aligned to the presynaptic AZ 

(figure 20). The postsynaptic terminal can be pictured as in layers: (1) the first layer is composed 

by receptors and adhesion molecules, (2) the second layer is the one of protein scaffold which 

interact with membrane receptors of layer 1 as well as with elements of (3) the cell cytoskeleton, 

and (4) enzymes and signaling molecules. It is widely accepted that the efficacy of the synaptic 

transmission primarily depends on the amount of neurotransmitter released within the synaptic 

cleft as well as the number of postsynaptic receptors. Recent studies have further strengthened 

this notion by demonstrating a linear relationship between the synaptic strength and the size of 

the PSD (Holler et al., 2021).   

 

 Neurotransmitter receptors  

At excitatory synapses, the effect of the neurotransmitter glutamate is mainly mediated by the 

ionotropic glutamate receptors NMDAR, AMPAR as well as the metabotropic glutamate receptors 

mGluRs. Glutamate receptors are not homogeneously distributed in the PSD but highly segregated 

in regards of the neurotransmitter release site. Both AMPAR and NMDAR are enriched at the 

center of the PSD, where they are organized in nanodomains (Kellermayer et al., 2018; MacGillavry 

et al., 2013; Nair et al., 2013; Tang et al., 2016) (figure 20). On the other hand, mGluRs are enriched 

at the vicinity of the PSD (e.g. perisynaptic domain), away from the neurotransmitter release site 

(Scheefhals et al., 2023) (Figure 12). Although localized at the core of the PSD, AMPAR and NMDAR 

are poorly overlapping. In fact, NMDAR are surrounded by AMPAR nanodomains (Hosokawa et al., 

2021). Thanks to the trans-synaptic CAM Nlg-1 (Haas et al., 2018), it is accepted that AMPAR 
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nanodomains are aligned with  presynaptic neurotransmitter release sites (Tang et al., 2016), 

forming so-called nanocolumns. It has been shown that disrupting this alignment by 100 nm is 

sufficient to dramatically impair the efficacy of the synaptic transmission (Haas et al., 2018).  

 

 

Figure 20. Schematic of a glutamatergic synapse – focus on the post-synaptic compartment. Type I mGluR 

(mGluR1/5) are organized perisynaptically whereas AMPAR and NMDAR are at the center of the PSD. The 

organization of snaptic receptors depends on their interaction with both protein scaffolds and CAMs.  

 

 Postsynaptic scaffolds  

Scaffold proteins regulate the synaptic organization of the membrane receptors, and constitute a 

platform that shape downstream cell signaling pathways (Good et al., 2011; Scheefhals and 

MacGillavry, 2018). Schematically, we can segregate the postsynaptic scaffolds into layers. The top 

layer is composed by the family of MAGUK proteins which interact with glutamate receptors 

(Rasmussen et al., 2017; Scheefhals and MacGillavry, 2018). The middle layer is composed 

synapse-associated protein 90 (SAP-90)/PSD-95-associated proteins (SAPAPs) which are 

connected to the third layer, composed by SRC homology 3 (SH3) and multiple ankyrin repeat 

domains protein (SHANK, Shank 1-3) proteins (Rasmussen et al., 2017; Scheefhals and MacGillavry, 

2018; Zieger and Choquet, 2021), and finally the actin cytoskeleton (Figure 12). Below, I just 

describe 3 families of those scaffold proteins, although many more exist and have been described. 
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1.2.2.1 MAGUK 

MAGUK proteins comprises the PSD-95, PSD-93, SAP-97, and SAP-102; reviewed in (Zhu et al., 

2016). All MAGUKs have an invariable C-terminal domain containing a PDZ domain which allow for 

their binding to glutamate receptors, either directly in the case of NMDARs or indirectly through 

adaptors proteins (e.g. stargazin and transmembrane AMPAR regulating proteins, TARPs) in the 

case of AMPARs. PSD-95 is considered as the main PSD scaffold and is the most abundant (Cheng 

et al., 2006). PSD-95 is tethered to the cell membrane after palmitoylation of the N-terminal group 

and is organized perpendicularly to the PSD (Zhu et al., 2016).   

 

1.2.2.2 Homer 

The homer family consists of 3 subtypes (Homer 1-3, each encoded by a single gene) with various 

isoforms. Within the PSD, homer interacts with both type I mGluRs and the protein scaffolds 

SHANK, thus linking them together (Rasmussen et al., 2017). Homer is thus considered as 

regulating the synaptic clustering of type I mGluRs.  

 

1.2.2.3 SHANK 

The SHANK protein family is composed by 3 subtypes, known as SHANK1-3 and each encoded by 

a single gene. By their binding to other scaffold proteins and the actin cytoskeleton, SHANK 

proteins build network between gluatamate receptors. Shank proteins are highly expressed within 

the PSD where they are important for glutamatergic signaling, homeostatic plastitcity as well as 

neuronal development and the maturation of the PSD; in human, mutation in SHANK has been 

linked to autism (Bourgeron, 2015; Monteiro and Feng, 2017).   

 

 Synapse formation 

Most of synapses present in the brain are formed early in postnatal development. Initially, an over-

abundance of synapses is produced, and these synapses are later refined through activity-
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dependent stabilization or elimination, also known as synaptic pruning. In the mouse brain, the 

density of synapses rapidly increases during the first month before remaining stable (Cizeron et 

al., 2020). In human, synapses are formed during the postnatal period with a density of synapses 

in the cerebral cortex peaking during late-childhood (Petanjek et al., 2011). Schematically, the 

process of synapse formation can be divided in three critical steps: (1) axon guidance during which 

axons migrate to targeted areas, (2) synaptic specificity that relates to the interaction between 

axon and dendrites in order to build putative synaptic partners, and (3) synaptogenesis per se that 

relates to the coordinated assembly of protein complexes and membrane domains for the 

formation of functional synapses (Ahmari and Smith, 2002; Biederer and Stagi, 2008; Chou et al., 

2020; McAllister, 2007; Südhof, 2021, 2018; Washbourne, 2015). Here, I will focus on the 

synaptogenesis process.      

 

 Recruitment of synaptic proteins  

Synaptogenesis is a process through which pre- and postsynaptic molecule assembly form a stable 

complex that allow transmission. The question of whether the pre- or postsynaptic site forms first 

and attract the other or whether their assembly is correlated remains still a vivid debate. Here, I 

will describe the pre- and postsynaptic molecular scenario that have been proposed. 

 

 Recruitment of presynaptic components  

In immature neurons, presynaptic components are predominantly synthetized in the soma and 

transported within vesicles along the axon to nascent presynaptic sites; reviewed in (Emperador-

Melero and Kaeser, 2020; Rizalar et al., 2021). In mature neurons, local protein translation within 

presynaptic sites have been demonstrated (Hafner et al., 2019). Whether local protein synthesis 

occurs during synapse formation remains unclear. Presynaptic assembly requires the delivery of 

SVs together with scaffolding proteins. It remains unclear whether AZC proteins and SVs are 

transported within the same organelle to the site of nascent synapses. It was shown that the AZC 

proteins Piccolo and Bassoon were transported unitarily, i.e. without SVs, early to the site of 

nascent synapse (Fejtova et al., 2009; Shapira et al., 2003). Recent work has however showed that 

SVs and AZC proteins are co-transported (Vukoja et al., 2018). Once at the presynaptic site, AZC 
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proteins ans can form protein condensates by liquid-liquid phase separation (LLPS) (Wu et al., 

2019). Surprisingly, none of the AZC proteins that accumulate early at the nascent synapse are 

anchored to the plasma membrane, raising the question of whether the formation of the AZ can 

occur at any site within the neuronal axon or is limited to specific locations (Burlingham et al., 

2022). The precise alignement between the pre- and the post-synaptic terminals is however 

required for synaptic transmission (Tang et al., 2016), and a misalignment of 100 nm is sufficient 

to decrease the efficacy of synaptic transmission (Haas et al., 2018). Considering that sCAM (e.g. 

Neurexins, LRPTPs) alone can induce the formation of pre-synapses (Südhof, 2018, 2017; Um and 

Ko, 2013), it has been hypothesized that sCAM have an instructive role for the formation of 

presynaptic sites. This question remains largely debated since removing in mice all forms of LRPTP 

(Emperador-Melero et al., 2021) or Neurexins (Varoqueaux et al., 2006) failed to alter the number 

of synapses.       

 

 Recruitment of postsynaptic components  

Components of the postsynapse, including scaffolding proteins and glutamate receptors, are 

expressed before synapses are made (Gerrow et al., 2006; Washbourne et al., 2004, 2002). 

NMDAR are among the first post-synaptic receptors to be detected at nascent synapses (Groc et 

al., 2006a; Pagano et al., 2021; Petralia et al., 1999). In fact, NMDARs are recruited within minutes 

after presynaptic contact  (Washbourne et al., 2004, 2002). It is still unknown whether post-

synaptic components, including NMDARs, are vesicularly transported in pre-formed “transport 

packets” directly to the protosynapses  (Washbourne et al., 2004, 2002) or if receptors are 

recruited from diffuse pools by gradual accumulation (Bresler et al., 2004; Chen et al., 2024) ) 

through lateral diffusion within the plasma membrane plane  (Groc et al., 2006b, 2006a).  For the 

NMDARs, for instance, both the presence of extrasynaptic NMDARs on the surface of immature 

neurons (Petralia et al., 2010; Rao and Craig, 1997; Schmidt-Salzmann et al., 2014; Tovar and 

Westbrook, 1999), and the absence of intracellular vacuoles containing NMDARs near NMDA 

receptor islands support the hypothesis that NMDARs cluster at nascent postsynapses from 

diffusive surface pools (Tao-Cheng et al., 2015).  

 



56 

 

What are the mechanisms that cluster NMDAR early during development?  

It is known that synaptic NMDAR can be clustered through their anchoring to PSD intracellular 

scaffolds (e.g. the MAGUKs SAP-102) as well as sCAMs (e.g. EphB2R). It has been suggested that 

NMDARs can be transported at nascent synapses together with SAP-102, but no PSD-95 

(McAllister, 2007; Washbourne et al., 2004). It is accepted that PSD-95 is recruited later during 

synapse maturation while SAP-102, which belong to the same protein family, regulate NMDAR 

trafficking at immature synapses (Elias et al., 2008; Sans et al., 2000; Washbourne et al., 2004). 

PSD-95 appear secondarily, following NMDAR activation (Yoshii and Constantine-Paton, 2007), 

and is involved in synapse maturation later on (El-Husseini et al., 2000). Recent work has 

highlighted differences depending on the brain region. In particular, SAP-102 and PSD-95 

expression peaks concomitantly at 3 postnatal weeks in both mice hippocampus and cortex  

(Cizeron et al., 2020) (figure 21). Following depolarization-induced NMDAR extrasynaptic islands, 

that mimick early NMDAR clusters at nascent synapses (more enriched in NMDAR than AMPAR, 

and in SAP-102 than PSD-95), SAP-102 was detected only in 35 – 45% of these structures whereas 

both NMDAR and CaMKII are detected in all of them (Tao-Cheng et al., 2015). The latter being 

consistent with other observation that young immature synapses display high levels of GluN1- and 

GluN2B-containing NMDARs as well as CaMKII (Swulius et al., 2010). In a recent paper, it has been 

shown that CaMKII accumulation is rapidly triggered (within 1 min) by NMDA-mediated calcium 

influx and is followed by the clustering of AMPAR (within 2 – 5 min). They also showed that blocking 

the interaction between NMDAR and MAGUK were sufficient to inhibit the induced clustering of 

the NMDARs (Chen et al., 2024).  

The sCAMs, and in particular EphB2 and Nlg-1, regulate NMDAR clustering at synapses (Budreck 

et al., 2013; Dalva et al., 2000). Activating endogenous EphB2 significantly increased the GluN2B-

containing NMDAR synaptic content in mature neurons (DIV 14 and 21) but not in immature 

neurons (DIV 7) (Nolt et al., 2011). Mice lacking EphB2 show no defect in the number nor the 

structure of spines compared to littermates (Henderson et al., 2001). Similarly, Nlg-1 has been 

shown to promote NMDAR clustering via direct interaction (Budreck et al., 2013). However this 

interaction was not confirmed by other studies (Elegheert et al., 2017). Although it has been 

suggested that both NMDAR and Nlg-1 would accumulate at nascent synapses before recruiting 

PSD scaffold proteins  (Barrow et al., 2009). Yet, the authors observed that, unlike PSD-95, 
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NMDARs fail to accumulate at Nlg-1 sites (Barrow et al., 2009). Altogether, these data show that 

the several molecules can play a role in the early clustering of NMDAR at nascent postsynaptic 

sites. 

 

To trigger synaptic formation, NMDAR activation likely comes from extrasynaptic glutamate 

spillover and co-agonist (D-serine or glycine) release by astrocytes. It has long been known that 

immature neurons can spontaneously release neurotransmitters from growing growth cones or 

even axons before establishing synaptic contact (Dai and Peng, 1996; Kraszewski et al., 1995; 

Matteoli et al., 1992; Sabo et al., 2006; Young and Poo, 1983; Zakharenko et al., 1999). Upon 

activation, NMDAR triggers a calcium influx and subsequent calcium-mediated pathways, 

including the recruitment of AMPARs and the assembly of a robust scaffold apparatus. Once 

synaptic precursors have reached the protosynapse, they need to organize into the highly 

segregated structure that forms the PSD. Evidence that postsynaptic scaffolding proteins can form 

condensates through LLPS, and that these protein condensates recruit synaptic glutamatergic 

receptors, SynGAP and trans-synaptic proteins suggests that LLPS could also serve as a synaptic-

building platform during neuronal development (Chen et al., 2020; Hosokawa et al., 2021; Zeng et 

al., 2018, 2016). Similarly, it has been shown that activated CaMKII can undergo LLPS with NMDAR 

and AMPAR, and form protein condensates that recapitulate the synaptic segregation between 

AMPAR and NMDAR observed in neuronal cells (Hosokawa et al., 2021). Thus, considering that, as 

in the in vitro condensates, PSD are not enclosed by a membrane but rather solely composed by 

a dense mixture of thousands of proteins, one could hypothesize that synapses may form during 

development by phase separation (Chen et al., 2020). 
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Figure 21. Age of the peak value for the density of the MAGUK proteins PSD-95 and SAP-102. The postsynaptic 

scaffolding protein SAP-102 peaks before PSD-95, in most brain region, during brain development in mice. 

Regions: isocortex, olfactory areas (OLF), hippocampal formation (HPF), cortical subplate (CTXsp), striatum 

(STR), pallidum (PAL), thalamus (TH), hypothalamus (HY), midbrain (MY), pons (P), medulla (MY), cerebellum 

(CB). Adapted from (Cizeron et al., 2020). 

 

 Synapse maturation 

The immature brain is characterized by a high turnover of synapses, with continuous formation 

and elimination of immature synapses. It is believed that synapses are first produced in over-

abundance and are then either stabilized or eliminated in an activity-dependent manner. Synapse 

maturation is classically characterized by an increase in the strength of AMPAR-mediated 

postsynaptic currents and a switch in the subunit composition of NMDARs, from mainly expressing 

GluN2B- and GluN3A-containing NMDARs to GluN2A-containing NMDARs.  
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 Increase in the strength of AMPAR-mediated synaptic current  

At nascent and immature synapses, AMPAR and NMDAR are rarely found together in a stable 

manner (Groc et al., 2006a; Hanse et al., 2013; Isaac et al., 1995). Nascent synapses have thus 

been considered “silent”, i.e. containing NMDAR but no AMPAR, or AMPAR-labile, i.e. containing 

both AMPAR and NMDAR but with a highly unstable AMPAR transmission (Xiao et al., 2004). 

AMPARs are acquired later as a result of NMDAR activity and subsequent rise in calcium 

concentration (Durand et al., 1996; Wu et al., 1996) or stabilized by activity (Abrahamsson et al., 

2008, 2007; Xiao et al., 2004). It has also been suggested that NMDAR activation blocks the 

recruitment of AMPARs at silent synapses (Adesnik et al., 2008).  In line with the hypothesis that 

NMDAR activity recruit AMPARs, it has been shown that blocking NMDAR activity increases the 

number of silent synapses (Liao et al., 1999; Zhu and Malinow, 2002). Although short-term 

blockade of NMDAR activity increases the number of silent synapse (Zhu and Malinow, 2002), 

chronic silencing of NMDAR, either pharmacological or genetic, unsilence synapses (Gray et al., 

2011; Zhu and Malinow, 2002) due to possible NMDAR-independent compensatory mechanisms. 

Recently, it further emerges that a large proportion of silent/labile synapses are present in 

filopodia-like protrusions in the adult mouse cortex (Vardalaki et al., 2022).  

 

 Shift in NMDAR composition 

2.2.2.1 GluN2B/GluN2A-NMDAR shift  

In hippocampal and cortical glutamatergic synapses, GluN2B-containing NMDARs are the main 

synaptic NMDARs early in development. As brain development proceeds, there is an activity-

dependent substitution of non-obligatory GluN2-subunits from GluN2B-rich NMDARs to GluN2A-

rich NMDARs at maturing synapses (Barria and Malinow, 2002; Bellone and Nicoll, 2007; Liu et al., 

2004). This is characterized by a faster kinetics and a lesser sensitivity towards the GluN2B-

subunit-specific antagonist ifenprodil of NMDAR EPSCs (Bellone and Nicoll, 2007). Furthermore, in 

comparison with GluN2B-, GluN2A-containing NMDARs are characterized by a lower surface 

mobility at synapses (Groc et al., 2006b) and decreased endocytosis (Lavezzari et al., 2004; Roche 

et al., 2001), which altogether fuel a model in which GluN2A-containing NMDAR are more “stable” 

at mature synapses. The fact that GluN2B-containing NMDARs are predominant during 
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synaptogenesis and that the developmental shift is concommittant to synapse maturation has led 

the hypothesis that NMDAR subunit composition may regulate synapse maturation. It has been 

shown that overexpressing GluN2A-subunit early during development decreases synapse 

formation (Gambrill and Barria, 2011). However, the overexpression of a chimeric form of GluN2A 

subunit, that contains the CTD of GluN2B and in particular the interaction domain for CaMKII, were 

sufficient to allow synapse formation (Gambrill and Barria, 2011). In fact, it has been shown that 

AMPAR synaptic transmission requires CaMKIIα (Incontro et al., 2018). It is important to note that 

other studies that have used knock-in strategies, and not overexpression systems, showed 

neurons expressing chimeric GluN2B subunit with GluN2 CTD or GluN2B subunit lacking CaMKII-

binding site develops normally, and synapse formation and maturation were unaffected (Halt et 

al., 2012; McKay et al., 2018; Ryan et al., 2013). Altogether, these data strongly ponderate the role 

of GluN2 subtype-specific CTD in regulating the shift in NMDAR composition, that is likely due by 

changes in levels of expression (McKay et al., 2018). Yet, type I mGluRs signaling pathways, through 

PLC and PKC-dependent signaling pathaways, are directly involved in the developmental NMDAR 

shift as it is prevented in mGluR5-null animals (Matta et al., 2011).  

The developmental NMDAR shift is also involved in the development-associated change in spine 

morphology (see also Chapter 2.3 on dendritic spine). The actin-mediated motility of filopodia (e.g. 

appearance, retraction, and extension of filopodium) is initially high in immature neurons before 

decreasing as the neurons mature (Dunaevsky et al., 1999; Gambrill and Barria, 2011). NMDAR are 

well-known to regulate filopodia motility, and therefore synapse formation. In immature neuron, 

which are enriched in GluN2B-containing NMDAR, the activity of GluN2B-containing NMDAR 

increases the motility of membrane protrusions in a CaMKII-dependent manner (Gambrill and 

Barria, 2011). Knocking-down GluN2B subunit greatly impairs the formation of globular actin and 

the formation of dendritic spines in vivo (Akashi et al., 2009). The expression of GluN2A subunit, 

which is low in immature neuron and enriched in mature neurons, has opposite effects, reducing 

both spine motility and number upon early expression (Gambrill and Barria, 2011). 
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2.2.2.2 GluN3A-NMDARs 

GluN3A-containing NMDARs are glycine (and D-serine)-gated NMDARs since they are not activated 

by glutamate. Their expression peaks during the first postnatal weeks, during synaptogenesis and 

synaptic pruning, and then rapidly decreases (Grand et al., 2018; Pérez-Otaño et al., 2016; Stroebel 

et al., 2021). GluN3A-containing NMDARs are highly mobile at the neuronal membrane in 

comparison to both GluN2B- and GluN2A-containing NMDARs with no/few synaptic anchoring 

(González-González et al., 2023; Pérez-Otaño et al., 2016). It is accepted that GluN3A-NMDARs are 

a dominant-negative form of NMDARs that antagonize GluN2-containing NMDARs and thus favor 

synapse elimination during brain development. Indeed, knocking-out GRIN3A subunit resulted in 

an increased number of spines as well as enhanced synaptic maturation (Das et al., 1998; Henson 

et al., 2012) whereas over-expressing GRIN3A subunits favored synaptic pruning (Kehoe et al., 

2014). The mechanisms of action are however not clear and several putative mechanisms can 

explain GluN3A-containing NMDARs actions. First, GluN3A-containing NMDAR can compete with 

GluN2-containing NMDARs for the anchoring at PSDs. However, this hypothesis is weakened by 

the fact that GluN3A CTDs are lacking PDZ domains. Second, GluN3A subunits can co-assemble 

with GluN2-subunits in a triheterotetrameric form (GluN1-GluN2-GluN3-containing NMDARs. 

Third, GluN3A-containing NMDARs can actively destabilize synaptic NMDAR through non-

ionotropic signaling pathways;  reviewed in (Pérez-Otaño et al., 2016). GluN3A subunit specifically 

alters GluN2A-, but no GluN2B-, containing NMDARs lateral diffusion, by preventing them from 

stabilizing at the post-synapses. GluN3A subunit prevents the interaction of GluN2A-containing 

NMDARs with the sCAM EphB2R, which is known to extracellularly interact with NMDARs, 

decreasing their synaptic anchoring (González-González et al., 2023).    

 

 

 

 

 



62 

 

 Dendritic spine morphogenesis 

 

 Spines morphological categories 

In mature brains, most excitatory synapses are located onto dendritic spines. Dendritic spines are 

traditionally classified in four categories: thin, mushroom, stubby, and filopodia; reviewed in (Berry 

and Nedivi, 2017) (figure 22). Most of the dendritic spines fall into the first two categories. They 

are characterized by a spine head of ~200 nm to 1 µm in diameter that is attached to the dendritic 

shaft by a neck of ~100 – 200 nm in diameter. It has been shown that the spine head volume 

correlated to the PSD volumes which linearly correlates with the synaptic transmission strength 

(Holler et al., 2021). Spines are considered as highly dynamic. They can undergo actin-dependent 

structural remodeling during brain development as well as upon neuronal activity and thus, 

change/adapt their functions (Holler et al., 2021; Hotulainen and Hoogenraad, 2010). Early during 

development, stubby spines (i.e. lacking spine neck) and filopodia are more common whereas, in 

the mature brain, mushroom and mainly thin spines are common. Indeed, during neuronal 

development, it is accepted that most synapses are first located onto the dendritic shaft or within 

filopodia-type protrusions (Fiala et al., 1998; Papa et al., 1995; Ziv and Smith, 1996) and then, as 

the brain matures, onto dendritic spines.  

 

 

Figure 22. Morphology of dendritic spines. Schematic 

drawing of spines morphologies. Adapted from (Hering 

and Sheng, 2001). 

 

 

 

 

 Model of spinogenesis 

The formation of spine and the temporal mechanism are not fully understood, with several 

different, non-mutually exclusive, models that exist today (figure 23) (García-López et al., 2010; 

Filopodium Stubby Thin Mushroom 
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Yuste and Bonhoeffer, 2004). Dendritic spines germinate from shaft synapse following shaft 

synaptic formation and stabilization (model 1). In this model, the formation of the presynaptic 

terminals preceeds, or triggers, the formation of the postsynaptic terminal. This model is 

supported, for instance, by the fact a majority of axodendritic synapses are located within the 

dendritic shaft immature neurons whereas they are located in spines in mature neurons (Fiala et 

al., 1998) as well as the observation that spine outgrowth and synapse maturation are correlated 

(Zito et al., 2009). On the other hand, dendritic filipodia-like membrane protrusions initiate 

axodendritic contact and synapse formation (Calabrese et al., 2006). Filopodia are highly motile 

structures. They transiently extend from the dendritic shaft and retract rapidly, within a rage of 

~10 min (Ziv and Smith, 1996). One hypothesis is that dendritic filopodia-like protrusions increase 

the chance of encounter with a developing axon. In this model, spines first enter in contact with 

presynaptic boutons before forming synapses (Nägerl et al., 2007). The actin-binding protein 

drebrin, which organization is regulated by NMDARs, accumulate at filopodia-like protrusion and 

recruit postsynaptic components (Sekino et al., 2006; Takahashi et al., 2003). Following 

axodendritic contact and synapse formation, the local increase in intracellular calcium stabilizes 

the axodendritic connection (Lohmann and Bonhoeffer, 2008). In line with this, the actin-mediated 

motility of filopodia (e.g. appearance, retraction, and extension of filopodium) is initially high in 

immature neurons before decreasing as the neurons mature (Dunaevsky et al., 1999; Gambrill and 

Barria, 2011).  
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Figure 23. Models of spinogenesis. (top) In this first model, spines arise from shaft synapses while in the 

second model (bottom), dendritic-filopodia initiate the axodendritic contact which lead to synapse 

formation. A third model (not shown) where the postsynaptic compartment develops independently from 

the presynaptic compartment have also been proposed. This model rely, for instance, on the observation of 

naked spines (i.e. spines with no presynapse) in Purkinje cells of glycine-gated GluD2 knock-out mice (Südhof, 

2018). Adapted from (Yuste and Bonhoeffer, 2004). 

 

 Regulators of synapse formation 

 

 Role of neuronal activity 

The role of neuronal activity (e.g. neurotransmitter release) in synaptic development is a highly 

debated and controversial topic. Although it is commonly accepted that synapse formation is 

regulated by neuronal activity, it has been shown that synapse formation can occur without 

neuronal activity (e.g. neurotransmitter release) (Andreae and Burrone, 2018, 2015, 2014; Harms 

and Craig, 2005; Kwon and Sabatini, 2011; Okawa et al., 2014; Sando et al., 2017; Sigler et al., 

2017; Verhage et al., 2000). Indeed, neuronal culture chronically incubated with tetrodotoxin 

(which blocks action potential firing) develop normally in comparison with untreated cultures 

(Harms and Craig, 2005). Similarly, transgenic animals in which the neurotransmitter release is 

absent can form glutamatergic synapses to similar levels than wild-type animals (Sando et al., 

2017; Sigler et al., 2017; Verhage et al., 2000).  ).  Evoked neurotransmitter release is triggered by 

an action potential-driven depolarization of the presynaptic membrane which induces calcium 
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influx through the opening of the voltage-gated calcium channel and finally, result in the 

exocytosis of the neurotransmitter glutamate within the synaptic cleft. Spontaneous release of 

neurotransmitter occurs when a synaptic vesicle spontaneously fuse with the presynaptic 

membrane and a quantum of neurotransmitters is released. Interestingly, both evoked and 

spontaneous release are developmentally regulated. It has been suggested that the rate of 

spontaneous release is maximum early during brain development whereas evoked release is 

maximal early in immature neurons and then decreases (Andreae et al., 2012). Increasing the 

frequency of spontaneous release at the neuromuscular junction of the Drosophila significantly 

increased the number of presynapses (Choi et al., 2014) while its early blocking altered 

development of hippocampal neurons (Andreae and Burrone, 2015). Although the precise 

mechanisms explaining the above-mentioned differences in the effect of glutamate between 

spontaneous and evoked release are unclear, some studies have suggested that each mode of 

release can activate, within the same synapse, different subsets of NMDARs (Atasoy et al., 2008; 

Reese and Kavalali, 2016)  and/or AMPARs (Sara et al., 2011); reviewed in (Kavalali, 2015).  

 

 Role of astrocytes 

Astrocytes are closely associated with neurons as well as synapses, forming the tripartite synapse 

e.g. a complex composed by the pre- and postsynaptic terminal as well as glia processes. 

Astrocytes regulate multiple aspect of neuronal and synaptic function, including synapse 

formation (Allen, 2014; Chung et al., 2024). The role of astrocytes in synaptogenesis has been 

difficult to test initially, as astrocytes are crucial for neuron survival (Banker, 1980). This issue was 

overcome with the development of retinal ganglion cell (RGC) cultures, extracted from postnatal 

retinas, which can be grown without astrocytes. When cultured alone, RGCs survive and develop 

neurites but form few synapses; however, the presence of astrocytes and/or the addition of 

astrocyte-conditioned media is sufficient to promote synapse formation (Pfrieger and Barres, 

1997; Ullian et al., 2001) This issue was overcome with the development of retinal ganglion cell 

(RGC) cultures, extracted from postnatal retinas, which can be grown without astrocytes. When 

cultured alone, RGCs survive and develop neurites but form few synapses; however, the presence 

of astrocytes and/or the addition of astrocyte-conditioned media is sufficient to promote synapse 

formation (Hama et al., 2004) as well as their stability and morphology (Nishida and Okabe, 2007). 
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Collectively, these molecules are known as synaptogenic or as synaptic organizers. They are 

classified into two categories: cell-adhesion molecules (contact factors) and secreted factors. The 

latter can be further divided in extracellular scaffolding molecules and diffusible factors. This part 

will be further detailed in the chapter 3-4.3 on synaptogenic molecules. 

 

 Excitatory synaptogenic molecules  

Synaptogenic molecules (or synaptic organizers) are expressed by both glia and neuronal cells 

(Yuzaki, 2018). They regulate the assembly of the pre- and postsynaptic terminal and therefore, 

synaptogenesis. Importantly, I will emphasize molecules that have been shown to promote 

synapses formation (i.e. synaptogenic) and not the molecules that promote synapse maturation.   

 

 Secreted factors  

4.3.1.1 Extracellular scaffolding proteins  

Thrombospondins protein family (produced by glia cells). Thrombospondins (TSPs), and in particular 

TSP-1 and -2, are proteins of the extracellular matrix (ECM) that are known to induce the formation 

of synaptically silent synapses (i.e. containing NMDARs but not AMPARs) (Christopherson et al., 

2005; Eroglu et al., 2009). The addition of purified TSP to culture media is sufficient to increase 

the number of synapses while double knock-out animals, for both TSP-1 and -2, displayed a 

reduced number of synapses (Christopherson et al., 2005). At the molecular level, TSP acts on the 

postsynaptic calcium channel α2δ1, also known as gabapentin receptor that activates Rho GTPase 

Rac1 (Eroglu et al., 2009; Risher et al., 2018). Also, TSP1 can act by directly binding to the 

postsynaptic adhesion molecule Nlg-1 (Xu et al., 2010). It is important to note that structural 

studies have however failed to reproduce the interaction between TSP1 and Nlg-1 (Elegheert et 

al., 2017). 

 

Glypican-4 and -6 (produced by glia cells). Glypicans are a family of heparan sulfate proteoglycans 

with 6 isoforms (GPC1-6). Specifically, GPC-4 and -6, which expression peaks around the second 

postnatal week in mouse brain e.g. at the peak of synaptogenesis, promote the formation of 
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synaptically active (containing AMPARs) synapses (Allen et al., 2012; Farhy-Tselnicker et al., 2021). 

In fact, GPC-4 and -6 promote the recruitment of synaptic GluA1-AMPARs, but no GluA2 nor GluA3 

(Allen et al., 2012). ). Of note, GPCs are heparan sulfate proteoglycans (HSPGs) that are tethered 

to plasma membrane via a GPI anchor and thus, requires to be cleaved by proteases to be in a 

soluble form (Huang and Park, 2021). At the molecular level, GPCs activates a protein tyrosine 

phosphatase receptor (PTPRD), which is localized presynaptically. The activation of PTPR by GPC 

triggers the release by the presynaptic terminal of the AMPA clustering factor neuronal pentraxin-

1 which directly binds to AMPARs (Farhy-Tselnicker et al., 2017).    

 

Pentraxin (produced by both glia and neurons). Neuronal pentraxin consists of pentraxin-1, 

pentraxin-2, and pentraxin-r whereas pentraxin-3 is expressed by glia cells (Chung et al., 2024; 

Yuzaki, 2018). Pentraxin-1/2/3 are secreted in a soluble form whereas pentraxin-r is a 

transmembrane protein that can be released in soluble form following its cleavage (also known as 

ectodomain shedding, see Chapter 2.4.4) by the matrix metalloproteinase tumor necrosis factor 

α-converting enzyme (TACE). In rodents, both pentraxin-1 and prentraxin-r are expressed in the 

hippocampus, cortex and cerebellum. Pentraxins form homo- and heteromeric complexes and 

thus exist in hexamers. It is hypothesized that pentraxin-1/2/3 are anchored at synapses by binding 

to pentraxin-r. They bind to the ATD of AMPARs and trigger its clustering, thus favoring synapse 

formation (S.-J. Lee et al., 2017). Activation of TACE (e.g. during type I mGluR-dependent LTD) has 

been proposed to promote AMPAR clustering and subsequent internalization It has been shown 

that glial pentraxin-3, which is highly expressed in the developing brain, promotes synaptic AMPAR 

clustering (Fossati et al., 2019). Similarly, the immediate early gene and member of the pentraxin 

family neuronal – activity regulated pentraxin (Narp) have also been shown to promote AMPAR 

clustering (O’Brien et al., 2002, 1999; Tsui et al., 1996; Xu et al., 2003).   

 

SPARCL1 (produced by glia cells). Secreted protein acidic and rich in cysteine (SPARC) – like 1 

(SPARCL1), also known as Hevin, is a glycoprotein of the SPARC family. SPARCL1 was initially 

identified as synaptogenic as it has been shown sufficient to induce the formation of synapses in 

RGC (Kucukdereli et al., 2011) and in neurons derived from human embryonic stem cells (Gan and 



68 

 

Südhof, 2019) as well as increasing NMDAR-dependent synaptic transmission (Gan and Südhof, 

2020). SPARCL1 mechanism of action is however not clear. SPARCL1 may bridge presynaptic and 

postsynaptic compartments by linking the usually non-interaction presynaptic neurexin-1α with 

the postsynaptic neuroligin-1B (Singh et al., 2016). Another group observed that SPARCL1 

synaptogenic effect were conserved in knock-out animals for the three and four isoforms of 

neurexins and neuroligins, respectively, and observed that SPARCL1 promotes spontaneous 

excitatory synaptic transmission (Gan and Südhof, 2020), and similarly as for TSP-1, structural 

studies failed to reproduce the interaction between Nlg-1 and SPARCL1 (Elegheert et al., 2017).     

 

Precerebellin and C1q-like (produced by neuronal cells). Precerebellin (Cbln) family is composed by 

four subtypes (Cbln1-4) and are majoritarily expressed in the cerebellum. Cbln are organized in 

hexamer. Cbln1, for instance, induces excitatory spine formation by linking presynaptic neurexin 

to postsynaptic GluD receptors, herein GluD2, as well as inducing their clustering (Ito-Ishida et al., 

2008). Application or overexpression of Cbln1/2/4 have been shown to triggers synapse formation, 

both excitatory an inhibitory. It has been shown that humans have a higher expression of Cbln2 in 

the prefrontal cortex (PFC) compared to macaques, and humanized mice that reproduce this 

phenotype display increased density in dendritic spines (Shibata et al., 2021). C1q-like proteins 

(C1ql1-C1ql4) are highly expressed in the climbing fibers to Purkinje cells. As for Cbln, C1q-like 

proteins link presynaptic terminal with postsynaptic receptors (Yuzaki, 2018). 

 

Leucin-rich glioma inactivated (Lgi) protein 1 (produced by neuronal cells). Lgi family are secreted 

glycoproteins, composed of four members (Lgi1-Lgi4). They bind to the extracellular region of 

disintegrin and metalloproteinase (Adam) transmembrane proteins that are lacking any catalytic 

activity (e.g. Adam22, Adam23, Adam11) (Kegel et al., 2013). A splice variant of Adam22 that 

contains a PDZ domain within its CTD allows the recruitment of PSD-95, TARP/stargazin, and 

AMPARs (Fukata et al., 2006; Kegel et al., 2013).  
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4.3.1.1 Diffusible factors 

Extracellular vesicles released by astrocytes. Extracellular vesicles can be released by both neuron 

and glia cells, and provide molecular cues during brain development (Forero et al., 2024; Pipicelli 

et al., 2023; Sharma et al., 2019). Particularly, astrocytes have been shown to secrete extracellular 

vesicles (also known as exosomes)-containing the synaptogenic protein Fibulin-2 (Patel and 

Weaver, 2021). 

 

Wnts (produced by neurons). The glycoproteins wingless-type (Wnts), and in particular Wnt-7a and 

Wnt-5a, have been shown to have, depending on the studies, pre- and/or postynaptogenic actions 

(Cerpa et al., 2008; Farías et al., 2009; Sahores et al., 2010; Varela-Nallar et al., 2010) and Wnt-5a 

were shown to specifically upregulate NMDAR currents (Cerpa et al., 2011). Wnt-7a were shown 

to promote the clustering of presynaptic terminal as well as of postsynaptic terminals in 

hippocampal neurons in vitro, although some studies failed to reproduce Wnt-7A synaptogenic 

effect on the postsynaptic compartment (Cerpa et al., 2008). Exogenous application of Wnt-7a 

were shown to promote dendritic spines growth and PSD-95 clustering in a Dvl-1 and CaMKII-

dependent manner (Ciani et al., 2011). Knock-out animals for either Dvl1 or Wnt7a show reduced 

number of spines in hippocampal neurons in both commu ammonis (CA) 1 and 3 (Ciani et al., 

2011).  

 

Fibroblast growth factors (produced by neurons). The glycoproteins FGFs are well-known to play a 

role in various aspect of development, including a presynaptic organizer role. In particular, FGF-22 

and FGF-7 are highly expressed in the hippocampus early durin brain development. The 

overexpression or exogenous application of FGF-22 promote presynaptic clustering (e.g. increased 

number of vGLUT clusters) in hippocampal neurons in vitro (Dabrowski et al., 2015).  

 

Semaphorins (produced by neurons). Semaphorins are a class of membrane and secreted 

glycoproteins. The class 3 of secreted semaphorins composed by 8 subtypes (Sema3A-G), which 

bind to the receptors neuropilin and plexin, have been shown to have a synaptogenic action (Tran 
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et al., 2009; Yamashita et al., 2007). The application of exogenous sema3a increase the number of 

excitatory synapses in primary cortical neuronal cultures through the collapsing response 

mediator protein 1 (crmp1). Both crmp1 and sema3a knowck-out animals showed a defect in the 

number of spines (Yamashita et al., 2007). However, another study failed to reproduce sema3A 

synaptogenic effect but observed a synaptogenic action for sema3F (Tran et al., 2009).  

 

 Cell-adhesion molecules (CAM)  

Neuroligin (expressed by both glia and neurons). Nlg1-3 are expressed at similar levels by both 

neurons (postsynapse) and astrocytes. Consistent with the notion that the contact of an astrocyte 

is sufficient to promote synapse formation (Hama et al., 2004), impairing the expression of Nlg by 

the astrocytes have been shown to reduce the number of synapses only within the astrocyte 

territory (Stogsdill et al., 2017). The synaptogenic action of neuroligins, and in particular Nlg-1, is 

subject to controversies (Gan and Südhof, 2020; Südhof, 2021, 2018, 2017). Nlg-1 was first 

considered as synaptogenic as its overexpression in heterologous cells is sufficient to promote the 

formation of synaptic contacts (Scheiffele et al., 2000). However, triple knock-out mice for the 

three neuroligin subtypes (Nlg1-3) did not show a reduction in the number of synapses 

(Varoqueaux et al., 2006). Yet, Nlgs appear to be required for some aspects of synaptic maturation. 

It has been shown that Nlg1 activity on synapse formation/maturation depends on the activity of 

NMDAR (Chubykin et al., 2007), to which they bind directly as well as indirectly through the 

common binding partner PSD-95 (Mondin et al., 2011). The transsynaptic and synaptogenic CAM 

Nlg-1 have been shown to organize AMPARs in front of the neurotransmitter release site. 

Disruption of the interaction between Nlg-1 and postsynaptic scaffold PSD-95 were sufficient to 

misalign AMPARs from the neurotransmitter release site, which affected the synaptic transmission 

(Haas et al., 2018). The role of Nlg-1 as trans-synaptic organizer and thus on synaptic transmission 

has been strengthened by the observation that disruption in Nlg functions induces autism-

spectrum disorder and neurodevelopmental disorders (Nakanishi et al., 2017; Nguyen et al., 

2020).    
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Latrophilins (expressed in the neuronal post-synaptic compartment). Latrophilin are postsynaptic 

CAMs that are specifically expressed in the distal dendritic segment of CA1 pyramidal neurons, in 

the S. moleculare-lacunosum (Anderson et al., 2017; Südhof, 2018).  Latrophilin is considered as 

the sCAM whom deletion lead to the most severe phenotype (Südhof, 2018). Deleting latrophilin-

2, which is located postsynaptically, dramatically impaired the number of synapses, thus 

suggesting that latrophilin-2 triggers synapse formation and/or maintenance (Anderson et al., 

2017).  

 

Ephrin ligands and Eph receptors (expressed by both neurons and glia cells). Ephrin ligands and Eph 

receptor tyrosine kinase) constitute a large family involved in synapse formation and synapse 

maturation (Hruska and Dalva, 2012). The Eph receptors family can be divided in two sub-families, 

namely EphA (A1-5) and EphB (B1-3). Binding of Ephrin ligand B to EphB triggers the activation of 

the kinase domain on EphB CTD as well as the phosphorylation of the CTL of Ephrin ligand B. Both 

EphA and EphB have been shown to play a role on excitatory synaptogenesis. It has been shown 

that EphA4 and EphBs (1/2/3) regulate the formation of dendritic spines and synapses, 

respectively. Moreover, EphB2 have been proposed to trigger the clustering of the presynaptic 

machinery as transfecting heterologous cells with EphB2 were sufficient to trigger presynaptic 

clustering in contacting axons (Kayser et al., 2006). At the postsynaptic site, it is suggested they 

regulate NMDAR clustering, localization and function in mature but not immature neurons (Dalva 

et al., 2000; Nolt et al., 2011; Takasu et al., 2002; Washburn et al., 2020). EphB2 expression 

gradually increases in the mouse hippocampus and cortex during postnatal development 

(Henderson et al., 2001). EphBs (1/2/3) are required for both spine formation and morphogenesis 

(Henkemeyer et al., 2003; Kayser et al., 2006). However, mice lacking EphB2 show no defects in 

dendrite or axonal outgrowth, spine number, or ultrastructure (Henderson et al., 2001). 

Altogether, these data indicate EphB2 is required for the synaptic clustering of NMDAR in mature 

neurons.   
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 Ectodomain shedding 

Ectodomain shedding is considered as post-transaltional protein modification. It consists in the 

cleavage of the extracellular portion of a transmembrane protein or GPI-anchored protein, just 

before the TM domain, by a protease (also known as sheddase). The transmembrane portion can 

be further cleaved by a transmembrane protease (Martín-de-Saavedra et al., 2022b). The main 

known CNS sheddases are the soluble matrix metalloproteases (MMPs, which belongs to the 

ECM), as well as the membrane anchored a disintegrin and metalloproteases (ADAMs), and β-site 

amyloid precursor protein cleaving enzymes (BACE1 and BACE2, localized in endosomes and 

Trans-Golgi network) protease families (Lichtenthaler et al., 2018). Ectodomain shedding plays a 

key role in synaptic formation and maintenance, as well as in the regulation of synaptic activity.  

Several synaptic transmembrane proteins (e.g. CAMs) have been shown to undergo ectodomain 

shedding (Martín-de-Saavedra et al., 2022b). It is the case for Nlg-1 (Peixoto et al., 2012; Suzuki et 

al., 2012), neurexins (Martín-de-Saavedra et al., 2022a), as well as Ephrins and Eph receptors 

(Hruska and Dalva, 2012). Ectodomain shedding can result in the termination of activity of the 

cleaved protein, as well as it can trigger new signaling pathways. Indeed, the shed soluble fragment 

can itself trigger autocrine and paracrine signaling pathways (Martín-de-Saavedra et al., 2022a). 

For many synaptic CAMs ectodomain shedding causes the termination from the weakening of the 

adhesion between the pre- and the postsynaptic terminal. As an example, preventing neuronal 

activity-regulated Nlg-1 ectodomain shedding results in an increased number of dendritic spines 

(Peixoto et al., 2012; Suzuki et al., 2012).  

 

 Synapse limiting molecules 

Synapse limiting molecules are molecules that either trigger synapse elimination (out of the scope 

if this introduction) or limit the formation of synapse during brain development. For example, it 

has been shown that the transcription factor MEF2 suppress the formation of spines in an activity-

dependent manner during brain development (Flavell et al., 2006; Shalizi et al., 2006). The rise of 

neuronal activity in developing neurons induces the activation of calcineurin, which triggers the 

dephosphorylation and subsequent activation of the transcription factor MEF2 that in turn restrict 

the number of synapses (Flavell et al., 2006; Shalizi et al., 2006). Another example is SPARC. SPARC 
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is produced by astrocytes and is an inhibitor of SPARCL1/hevin. SPARC expression rapidly increase 

early during postnatal development (maximum around postnatal day 20) whereas it is expressed 

at low levels in the mature brain (López-Murcia et al., 2015).  
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Chapter 3. The extracellular matrix  

 

The space between cells is known as the extracellular space (ECS). The ECS occupies about 20% of 

total brain volume in adult mammals. Within the brain parenchyma, the ECS is composed by both 

the interstitial fluid (ISF) and an extracellular matrix (ECM) (figure 24), a hygroscopic meshwork of 

long-chain macromolecules, many of which are tethered to cell membranes and serves as 

scaffolds and signaling units (Toole, 2004). The ECS appears to be rather dynamic depending on 

the several physiological parameters. For instance, brain’s ECS increases by 60% during sleep, 

allowing metabolites clearance (Xie et al., 2013). The ECS constitutes a reservoir of extracellular 

ions that are necessary for neuronal electrical activity, mediates chemical signaling, and forms a 

vehicle for substances to move from blood vessels to cells, and vice-versa (Syková and Nicholson, 

2008). More generally, all intercellular signaling (excepting the ones mediated by gap junctions) 

diffuse through the ECS. The ECS appears therefore critical for all brain functions.  Diffusion is the 

dominant mechanism of molecular transport within the ECS, and is primarily constrained by the 

geometry of the ECS (Syková and Nicholson, 2008). However, diffusion of macromolecules is 

further modified by specific physicochemical characteristics such as electrochemical gradients, 

binding to surface proteins such as receptors, and the viscosity of the ISF which includes 

interaction with the ECM components (Syková and Nicholson, 2008).   

 

 ECM composition 

 

The ECM is produced by both neuronal and glia cells. Brain ECM is mostly composed by negatively-

charged glycosaminoglycans (GAG), e.g. hyaluronan or hyaluronic acid (HA), the glycoprotein 

tenascin (Tn), proteoglycans and fibrous proteins such as collagen, laminin, and fibronectin. 

Proteoglycans are mainly composed by the secreted chondroitin sulfate proteoglycans (CSPG) and 

the membrane-bound heparan sulfate proteoglycans (HSPG). The main CSPGs are aggrecan, 

versican, brevican, and neurocan which are collectively known as lecticans. Altogether they form 

a meshwork of variable composition depending on the brain region (Dauth et al., 2016).  
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Figure 24. The brain interstitial ECM. The ECM surrounds every cell and occupies around 20 % of the volume 

of the brain. Adapted from (Syková and Nicholson, 2008) 

 

 Hyaluronic acid  

HA is a non-sulfated GAG and is one of the major components of the ECM. It is a linear, negatively 

charged, polysaccharide chain of the disaccharide unit D-glucoronic acid and N-acetyl-D-

glucosamine (Toole, 2004, 2001). HA is produced by the enzyme hyaluronan synthases (HAS), a 

group of transmembrane glycosyltransferases, whose catalytic sites is located at the cytosolic site 

(Weigel et al., 1997). HA is synthetized within the cell and extruded to the ECS while being 

produced (Toole, 2004, 2001). There are three identified isoforms of the HAS (HAS1-3), each 

encoded by a single gene located in a different chromosome (Vigetti et al., 2014; Weigel et al., 

1997). The expression of HAS isoenzymes is tissue-, cell-, and time-specific. Importantly, each HAS 

isoenzyme produces a HA polymer of a different size. HAS3 produces a polymer of 1 to 2 x 105 Da 

while HAS1 and HAS2 produce the longest, from 2 x 105 to 2 x 106 and > 2 x 106 Da, respectively 

(Zakusilo et al., 2021). HA degradation is achieved by two mechanisms, either by specific enzymatic 

degradation by hyaluronidases (HYAL) or unspecific oxidative damage by reactive oxygen species 

(ROS) (Berdiaki et al., 2023). HYAL are endoglycosidases that cleave glycosidic bonds of the HA 
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polysaccharidic chain. HYAL are encoded by 6 genes, HYAL1, HYAL2, HYAL3, HYAL4, PH20/SPAM1, 

and HYAL-P1 pseudogenes (Csoka et al., 2001). HYAL1 and HYAL2 are the most characterized one. 

HYAL2, which is located at the plasma membrane, degrades large HA polymers that are then 

endocytosed and further degraded by HYAL1 in lysosomes (Bourguignon and Flamion, 2016). 

Although HA acts as a backbone for the interstitial ECM, a portion of it remains tethered to the 

cell surface, forming an extra- or pericellular coat, either by a sustained interaction with the 

synthases or by binding to specific HA-receptor as CD44 and receptor for hyaluronic-acid-

mediated motility (RHAMM)  (Evanko et al., 2007; Toole, 2001) (figure 25).  At physiological pH, 

the negative charge HA is balanced with cations (e.g. Na+, Ca+, Mg2+, K+), which confers to HA a 

high hydrophilicity. Such high-water retention stabilizes the secondary structure of HA into a 

single-stranded left-handed helix with two disaccharide residues per turn (two-fold helix) (Heatley 

and Scott, 1988). In aqueous solution, HA two-fold helix will also form intermolecular hydrophobic 

interactions, which allow for the aggregation of HA polymer chains into coil structures (Fallacara 

et al., 2018). HA is considered as a space filling molecule and it is likely that the characterisitics of 

HA meshwork (e.g. viscosity and viscoelasticity) varies depending on both the molecular weight 

(MW) and concentration of HA.  
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Figure 25. Model of interaction between HA and cell surfaces. HA is tethered to cell membrane e.g. forming 

a pericellular coat, through the interaction with HA-receptors such as CD44 and/or producing enzymes 

(HAS1-3). Adapted from (Toole, 2004) 

 

 HA signaling 

HA has several receptors which are collectively known as hyaladherins e.g. CD44, RHAMM, LYVE1, 

TLR2, and TLR4 (Vigetti et al., 2014; Zakusilo et al., 2021). They modulate biological processes such 

as cell adhesion and migration, tumorigenesis, cell survival, apoptosis, and inflammation (Zakusilo 
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et al., 2021). On the size of the HA polymers, considered either as low molecular weight (LMW, 

below 500 kDa) or high molecular weight (HMW, above 1000 kDa), depends the signaling outcome 

(Zakusilo et al., 2021). LMW-HA signaling is immunostimulatory, pro-inflammatory, and angiogenic 

while HMW-HA signaling would be immunosuppressive, anti-inflammatory, and anti-angiogenic 

(Berdiaki et al., 2023; Vigetti et al., 2014; Zakusilo et al., 2021). The main hypotheses for this size-

dependent signaling pathways are that both structures of the HA chain (e.g. rod-to-coil transition 

at the ~250 kDa range) (Weigel and Baggenstoss, 2017) and the ability to cluster receptors vary 

depending on the size of the polymer (Jiang et al., 2005; Ooki et al., 2019; Yang et al., 2012). HMW-

HA can be fragmented by HYAL enzymes, classically HYAL2 and HYAL1 which are working 

sequentially. After cleavage by HYAL2, the HA-fragments (up to 200 kDa) are internalized in a 

CD44-dependent manner and further degraded into up to 800 Da fragments by HYAL1 (Vigetti et 

al., 2014). In the case of HA-fragmentation by ROS, which are classically formed upon injuries or 

inflammation, fragmented HA can accumulate in the ECS (Berdiaki et al., 2023; Donelan et al., 

2022).  

 

 Lecticans 

Lecticans, namely aggrecan, versican, brevican, and neurocan, are a family of CSPGs. All four 

lecticans are expressed in the CNS (Milev et al., 1998). Although the expression of brevican and 

neurocan is restricted to the CNS, aggrecan and versican are also expressed in connective tissues 

(Zimmermann and Dours-Zimmermann, 2008). They are formed by a core protein, that is 

covalently bound to GAGs side chains, and two globular domains at the N- and C-terminals, known 

as G1 and G3, respectively. Of note, aggrecan display an additional domain, known as G2 domain 

(Yamaguchi, 2000). Their central domain display variable length and sequence, as well as a 

different number of putative GAG attachment sites depending on the lectican (Yamaguchi, 2000; 

Zimmermann and Dours-Zimmermann, 2008). For example, aggrecan has the longest central 

domain and the most GAG attachment sites while brevican is the shortest and has the less 

attachment sites for GAGs. The lecticans can be found as CSPGs or as simple glycoproteins, lacking 

GAGs (Yamaguchi, 2000). All lecticans have been shown to undergo proteolytic cleavage of the 

central protein by various MMPs and/or a disintegrin and metalloproteinase with thrombospondin 

motifs (ADAMTS) activity such as aggrecanase (Ferrer-Ferrer and Dityatev, 2018; Howell and 
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Gottschall, 2012). The lecticans are attached to HA through their N-terminal domain and to the 

polymeric glycoprotein Tn through their C-terminal domain (Yamaguchi, 2000).  

 

 Tenascin (Tn) 

Tn are a family of large oligomeric glycoproteins containing 5 members in mammals, namely TnC, 

TnR, TnX, TnN (or TnW), and TnY. Among them, TnR and TnC are predominantly expressed in the 

CNS, with TnR being the sole expression (Jakovcevski et al., 2013; Joester and Faissner, 2001). TnR 

expression persists in the adult brain while the expression TnC decreases with brain development 

(Ferhat et al., 1996; Nörenberg et al., 1996). All Tn glycoproteins follow the same prototypical 

structure. It is composed a Tn assembly domain at the N-terminus, followed by epidermal growth 

factor-like repeats and a variable number of fibronectin type III repeats, and a fibrinogen-like 

domain at the C-terminus (Joester and Faissner, 2001). Through oligomerization of their N-

terminal domains, TnC and TnR form, in native conditions, hexamer and trimer, respectively (Jones 

and Jones, 2000; Nörenberg et al., 1996). Tn bind to several cell surface components such as 

integrins, HSPGs (e.g. syndecans and lypicans), cell adhesion molecules of the immunoglobulin 

family, but also to components of the ECM, and more particularly to lecticans (Yamaguchi, 2000). 

Notably, the interaction between the G3 domain of lecticans and the fibronectin type III repeats 

3-5 domains of the hexameric TnC and tetrameric TnR mediates the crosslinking of lecticans 

(Lundell et al., 2004). TnR is an essential component of the perineural net (PNN), a highly 

condensed ECM lattice enriched in lecticans and link proteins that surrounds somata, primary 

dendrites and the axon initial segment (AIS) of paravalbumin-expressing interneurons (Dityatev et 

al., 2007; Suttkus et al., 2014).  

 

 Link proteins 

Hyaluronan and proteoglycans binding link protein (HAPLN) are stabilizing proteins. They consist 

in 4 members (HAPLN1-4). Their structure is similar to the one of the globular G1 domain of the 

lecticans. Their role is to reinforce the interaction between HA and the lecticans. This functional 

relationship between the lecticans and the link protein is reflected genetically as each of the 

HAPLN-encoding gene shares the same locus with one of the four lectican gene. They form 4 
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HAPLN-CSPG pairs of genes: HAPLN1-versican, HAPLN2-brevican, HAPLN3-aggrecan, and HAPLN4-

neurocan (Spicer et al., 2003). However, this configuration is most likely the result of genetic 

duplications events that occurred during evolution, and does not imply co-expression or binding 

preferences (Spicer et al., 2003; Zimmermann and Dours-Zimmermann, 2008).   

 

 Architecture of the interstitial matrix: the HLT model 

The interaction of the different components of the ECM leads to the formation of a meshwork 

where HA acts as a backbone. Following the hyaluronan-lectican-tenascin (HLT) model proposed 

by (Yamaguchi, 2000), the growing HA chain is extruded from the cell into the ECS where it 

associates with lecticans and link proteins, with the latter stabilizing the HA-lectican complexes 

(figure 26). Furthermore, the lectican interacts with one of the subunits of the tenascin oligomers. 

A single tenascin oligomer will be able to bridge up to 3 (TnR) or 6 (TnC) HA/lecticans complexes, 

leading thus to the formation of a ternary complex and an ECM lattice.  Following the HLT model, 

changes in one of the components (e.g. length of the lectican core protein, tenascin subtype, etc.) 

will change the density of the ECM lattice. Additionally, changes in the lectican subtype or in HA-

MW will modify the amount of attracted water and subsequently changes the properties of the 

ECM lattice.   

 

Figure 26. The HLT model. Components of the ECM 

(hyaluronan or HA, tenascin, and lectican) form a ternary 

complex and en ECM lattice. Adapted from (Yamaguchi, 

2000) 
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 ECM in brain development 

 

 ECM composition during brain development 

The ECS occupies, in average, 40 % of the P2-P3 rat brain, and progressively decreases to reach 

adult level (~ 20 %) at P23 (Lehmenkühler et al., 1993). This initially large ECS fraction in the 

immature brain may be secondary to its structural immaturity, with few both dendritic 

arborizations and glia processes, and thus more matrix to maintain the structural integrity of the 

brain. Over the course of brain development, starting around the second postnatal weeks in 

rodent, changes in the composition of the ECM have been observed (Zimmermann and Dours-

Zimmermann, 2008). The juvenile CNS, enriched in HMW-HA, the lecticans neurocan and versican 

V1 splice variants, TnC as well as the link protein HAPLN1 are being replaced by a mature type of 

matrix enriched in the homologous set of proteins brevican, versican V2 splice variant, TnR and 

HAPLN2 and 4 (Rauch, 2004; Zimmermann and Dours-Zimmermann, 2008). In the rat brain, the 

amount of HA increase during the early stages of development to reach a maximum around 7 days 

after birth, and then slowly decline to adult levels (Jenkins and Bachelard, 1988; Margolis et al., 

1975; Polansky et al., 1974; Takechi et al., 2020) (figure 27). The HA content will then remain 

constant during adulthood before increasing in old brains (Cargill et al., 2012; Reed et al., 2018). 

Similar to changes in HA quantity, the size of HA chain is also developmentally regulated (figure 

27). The expression pattern of the HAS isoforms is not homogeneous and will depends on both 

the CNS region and the developmental stage. In rat cortical areas, HAS3 is highly expressed during 

embryonic development while HAS2, which produce the longest HA chain, peaks around birth 

when the HA content is the highest. On the other hand, the expression of HAS1 steadily increases 

during the postnatal period (Takechi et al., 2020). It can thus be hypothesized that HA of different 

sizes play different roles in development. This is supported by evidences that HAS2 global knockout 

is lethal at embryonic stage whereas the loss of either HAS1 and HAS3 is viable, with no obvious 

developmental defects (Arranz et al., 2014; Camenisch et al., 2000; Kessler et al., 2015). It is 

however possible that the loss of one HAS isoform is compensated by the others (Hayashi et al., 

2019). Although all 3 HAS isoforms are expressed in the neocortex, it is only the loss of either HAS3 
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and HAS2 that reduces the HA content in both the hippocampus and cortex and resulted in 

seizures (Arranz et al., 2014). Importantly, this differential expression of the different components 

of the ECM is conserved in vitro in cortical cultures. Indeed, both CSPGs and HA are found at the 

earliest stages of brain development in vivo, and are detected in cortical cultures around cell 

bodies and neurites before the formation of PNN (Deepa, 2006; Fowke et al., 2017), and the 

differential expression of the HAS isoforms during development is also conserved in culture 

(Fowke et al., 2017) 

 

 

Figure 27. HA amount and size during rodent brain development and aging. Both the average size and amount 

of hyaluronic acid (HA) are maximal early during brain development. Adapted from (Zakusilo et al., 2021) 

 

 PNN formation and closure of the critical periods of brain development 

It is widely accepted that the initial and relatively loose juvenile matrix will be replaced by a firmer 

mature form of meshwork that will be maintained during adulthood (Zimmermann and Dours-
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Zimmermann, 2008). One classical example for such remodeling is the formation, between the 

second and the fifth week after birth in rodent, of the well-studied PNN which appearance 

coincides with the closure of the critical brain plastic window (Carulli and Verhaagen, 2021). 

Interestingly, the timeline of maturation of PNN, which is dependent on neuronal activity, as well 

as its composition (e.g. HA, TnR and lecticans) are conserved in vitro in neuronal culture (Carulli et 

al., 2006; Dityatev et al., 2007). It is well accepted that the formation of this condensed ECM 

structure, that surrounds the somata, primary dendrites and the AIS of GABAergic interneurons, 

acts as a developmental brake on synaptic plasticity. In particular, this was suggested by evidences 

that injection in the adut brain of chondroitinase ABC, which degrades CSPGs, can restore or 

enhance plasticity to the levels of juvenile animals (Pizzorusso et al., 2006, 2002), and that it could 

allow for regeneration mechanisms following brain or spinal cord injury (Bradbury et al., 2002; 

Moon et al., 2001). Similar mechanisms have been shown in the amygdala where the maturation 

of PNN is responsible for closing a developmental window during which fear memories can be 

erased (Gogolla et al., 2009). Complementarily, mice lacking PNN (e.g. obtained by knocking-out 

either the link protein HAPLN1 or the lectican aggrecan)  display a protracted critical plasticity 

window (Carulli et al., 2010; Rowlands et al., 2018).  

 

 Progenitor proliferation and differentiation 

Several components of the ECM, and in particular laminins, lecticans and HSPGs (e.g. glypicans, 

syndecans, and perlecans), can modulate or promote progenitor proliferation either directly or 

through integrins-mediated signaling (Long and Huttner, 2019). Furthermore, changes in the ECM 

have been proposed to have participated in the greater expansion of the human neocortex during 

evolution (Fietz et al., 2012). Even if the role of HA in regulating ECM brain stiffness is not clearly 

understood, changes in the quantity and size of the HA chains would affect the viscoelasticity 

properties of the brain matrix (Tønnesen et al., 2023). Modulating in vitro, through hydrogels, the 

stiffness of the matrix affects progenitor cell fate and cell morphology (Engler et al., 2006; Georges 

et al., 2006; Seidlits et al., 2010). In a loose hydrogel matrix, that mimics the one of developing 

immature brain, progenitor preferably differentiate into neurons and display a branched 

morphology while increasing the matrix stiffness lead to decreased branching and more glia cells 

(Georges et al., 2006; Seidlits et al., 2010).  
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 Neurite outgrowth and axon guidance 

The activation or inhibition of neurite outgrowth is dependent on the composition of the ECM (e.g. 

presence of GAGs) and on the cell type. Laminins, through their adhesion to integrins and 

subsequent induction of intracellular signaling, are considered as one of the strongest promoters 

of neurite growth (Letourneau et al., 1992; Long and Huttner, 2019; Myers, et al., 2011). 

Furthermore, laminin substrates provide guidance cues for growing axons in vitro (Myers, et al., 

2011). All four lecticans are widely accepted to inhibit neurite sprouting (Yamaguchi, 2000). HA, 

which is part of the interstitial ECM and can also form a pericellular coat (Evanko et al., 2007) 

promotes neurite extension (Kultti et al., 2006; Rilla et al., 2008; Takechi et al., 2020). The synthesis 

of HA alone promotes, in non-neuronal cell types, the formation of membrane protrusions or villi 

(Kultti et al., 2006; Rilla et al., 2008). Inhibiting the activity of the HAS impairs neurite outgrowth 

in cortical neurons in vitro (Takechi et al., 2020). It is thus possible that such coating is also present 

around neuronal cells where it promotes growth cone formation and extension. HA can act directly 

or indirectly by inducing receptor-mediated signaling (e.g. through CD44 and RHAMM). CD44 

and/or RHAMM have been identified as mediating the roles of HA on plasma membrane 

protrusion (Oliferenko et al., 2000) and dendrite development (Nagy et al., 1995; Skupien et al., 

2014), synapse morphology (Roszkowska et al., 2016) as well as astrocyte branching (Konopka et 

al., 2016). Thus, ECM participate in axon guidance and growth cones would retract from the 

lectican-containing zones (Schmalfeldt et al., 2000) whereas other regions, rich in laminins for 

example, could be attractive. The glycoprotein reelin plays a critical role on brain development, 

and in particular on growth cone motility (Leemhuis et al., 2010). The role of reelin have been 

highlighted in the Reeler mouse, whom is lacking expression of reelin, and display lamination 

defects due to defects in cell migration and a disorganized architecture in the cerebellum, cortex, 

and hippocampus as well as defective dendritic development (Ferrer-Ferrer and Dityatev, 2018; 

Niu et al., 2004). 

 



85 

 

 Synapse formation and post-synaptic maturation 

For the molecules thrombospondins, glypicans, SPARCL1, pentraxins, Cbln and C1q-like, and Lgi1 , 

please refer to chapter 2. 

  

Agrin. Agrin is a HSPG whom cleavage has been proposed to serve as coincidence detector of pre- 

and postsynaptic activation (Matsumoto-Miyai et al., 2009). Indeed, upon synaptic activation, the 

presynaptic terminal releases the protease neurotrypsin that cleaves Agrin into a 90 (agrin-90) and 

a 22 kDa (agrin-22) fragment. The agrin-22 fragment has been shown to promote the formation 

of postsynaptic filopodia in a NMDAR-dependent manner. Interestingly, a link can be made with a 

polysialylated form of neural cell adhesion molecule (NCAM), which is known to promote 

synaptogenesis and synapse stabilization during development, as its activity is mediated by the 

binding of HSPG in a NMDAR-dependent manner (Dityatev et al., 2004).  

 

Laminins and their receptor integrins. Laminins are glycoproteins that formed heterotrimeric chains 

of laminin-α, -β, and -γ. Laminins have been shown to regulate brain development, including 

progenitor proliferation (Long and Huttner, 2019). Laminins have been shown to stabilize spines. 

Indeed, knocking-out laminin-α5 expression in hippocampal neurons have been shown to reduce 

the number of dendritic spines (Omar et al., 2017).   

 

Reelin. The glycoprotein reelin, which is produced by GABAergic interneurons (Campo et al., 2009), 

stimulates the formation of spines. Indeed, null mice (or reeler mice) display a reduced number of 

spines (Niu et al., 2008) whereas mimicking the action of reelin, that was obtained by 

overexpressing one of its receptor, had an opposite effect (Dumanis et al., 2011). Interestingly, it 

has been shown that the synaptic content in reelin increases during development. During neuronal 

maturation, reelin favors the development-associated shift in NMDAR (Groc et al., 2007a) as well 

as the insertion of AMPAR in the adult hippocampus (Qiu et al., 2006), leading to an hypertrophy 

of the dendritic spines and an enhanced LTP (Pujadas et al., 2010).  
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Hyaluronic acid (HA). HA have been shown to affect both the number and morphology of excitatory 

synapses. It has been shown that treating neuronal spheroids with exogeneous hyaluronidase 

increase the number of excitatory synapses, while the number of inhibitory remained unchanged, 

resulting in neural network hyperactivity in vitro (Wilson et al., 2020). On the other hand, 

downregulating CD44, one of the receptor of HA, alters the morphology of dendritic spines which 

were shown to be thinner and longer (Roszkowska et al., 2016). Lastly, digesting HA has been 

shown to increase the excitatory synaptic content in GluN2B-containing NMDAR (Schweitzer et 

al., 2017). Collectively, these results suggest that HA is important for the maturation and the 

structural integrity of dendritic spines. 

 

 Local diffusion 

 

Diffusion, defined as the random movement of molecules driven by Brownian motion, is the 

primary mechanism governing the movement of molecules in aqueous solutions, including 

synaptic ECS (Syková and Nicholson, 2008; Tønnesen et al., 2023). As a result, the regulation of 

diffusion is critical for neural function and brain development. Four key factors regulate diffusion: 

(1) the geometry of the ECS, (2) the viscosity of the ISF and interactions with ECM components, 

(3) interactions with membrane components, and (4) electrochemical gradients (Syková and 

Nicholson, 2008; Tønnesen et al., 2023). In this discussion, I will focus on the role of the ECM in 

regulating diffusion. The interstitial ECM, particularly HA, plays a significant role in brain diffusion. 

HA is anchored to cell membranes and can also be released into the surrounding medium (ECS), 

modifying its viscosity (Tian et al., 2013; Toole, 2004, 2001; Zhao et al., 2023). Additionally, HA's 

negative charge allows it to potentially interact with positively charged soluble molecules and 

membrane components (Toole, 2004, 2001). Studies in HAS3 knock-out animals have shown that 

diffusion is substantially altered despite normal PNN formation (Arranz et al., 2014). Several 

studies have corroborated this by demonstrating changes in diffusion and viscosity after 

hyaluronidase treatment (Godin et al., 2017; Grassi et al., 2023; Soria et al., 2020). This highlights 

the role of the ECM and its local composition as a key regulator of the movement of molecules, 

including synaptogenic factors, secreted into the ECS. These molecules diffuse through the ECS 
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until they reach their targets or are sequestered by the ECM. It remains unclear whether the ECM 

density and structure are uniformly distributed throughout the brain or are locally regulated in 

specific regions, such as the synaptic cleft as suggested by (Paviolo et al., 2022). They  observed 

higher diffusivity within a 500 nm radius from synapses in comparison to the “extrasynaptic” 

compartment (Paviolo et al., 2022). Yet, it has been shown that the synaptic organizer pentraxin-

3, secreted by astrocytes into the ECS, must bind locally to the ECM to cluster AMPA receptors 

and promote synapse formation (Fossati et al., 2019). Digestion of the ECM by hyaluronidase is 

sufficient to disrupt the effects of pentraxin-3 (Fossati et al., 2019).   

 

 ECM and neuronal activity 

 

The active participation of astrocytes has leaded to the widely accepted concept of tripartite 

synapse, which includes the pre- and postsynaptic terminals as well as astrocytes that make 

intimate contacts with the synaptic structures and shape synaptic activity (Allen, 2014; Chung et 

al., 2024). An extension of this concept toward the “tetrapartite” synapse, which includes the ECM, 

have been proposed based on the action of the various ECM components in shaping synaptic 

plasticity (Dityatev et al., 2010; Dityatev and Rusakov, 2011; Dityatev and Schachner, 2003; Ferrer-

Ferrer and Dityatev, 2018). This model is based on the role of the ECM on synaptic biology. In 

particular, the ECM is critical for the formation and stabilization of synapses either directly or 

through their receptor (e.g. integrins) which are coupled to the cytoskeleton. The ECM also 

interacts with surface neurotransmitter receptors and ion channels, tuning their dynamics and 

organization (Frischknecht et al., 2009; Schweitzer et al., 2017). This space-filling meshwork 

imposes constraints both on receptor surface diffusion and the structure of dendritic spines 

(Frischknecht et al., 2009; Roszkowska et al., 2016; Schweitzer et al., 2017; Yang et al., 2012). 

Furthermore, the ECM appears highly dynamic, undergoing permanent activity-dependent 

remodeling, which involves cleavage by proteolytic enzymes or direct recycling, which together 

allow for synaptic plasticity  (Dankovich et al., 2021; Ferrer-Ferrer and Dityatev, 2018).   

 



88 

 

 Naked-mole rat and naked mole rat hyaluronic acid 

 

 Naked mole rats (NMR) (figure 28), heterocephalus glaber, are rodents native to the regions of 

northeast Africa (Ethiopia, Somalia, and Kenya). They are eusocial mammals that live in large 

colonies (up to 300 members) of overlapping litters in which typically one female and up to 4 males 

breed whereas the rest are non-breeding helpers maintaining and protecting the colony 

(Buffenstein et al., 2012). NMR are strictly subterranean, inhabiting underground sealed mazes of 

tunnels and chambers. Such subterranean lifestyle protects NMR from predation but constitutes, 

on the other hand, a very challenging environment as the atmosphere is considered as both 

hypoxic (10 – 15 % oxygen) and hypercapnic (~ 5 – 10 % CO2)(Buffenstein et al., 2012). To 

overcome the challenges of subterranean lifestyle, the NMR have evolved unique adaptations. 

NMR are well-known for their lifespan and healthspan. Indeed, they live approximatively 30 years 

in captivity which is 5 times longer than predicted for a ~40 g rodent and around 9 times longer 

than a mouse of a similar size (Buffenstein, 2008; Buffenstein and Jarvis, 2002). They show 

attenuated age-associated physiological decline and no age-associated increase in mortality risk 

(Buffenstein, 2008; Ruby et al., 2018). Furthermore, cancer and degeneration are very rare in NMR 

(Edrey et al., 2013).  

 

 

Figure 28. The African Naked Mole Rat. Photograph of a 

colony of naked mole rat. Adapted from (Buffenstein et al., 

2012) 

 

 

One of the possible explanations is that NMRs are among the few neotenous mammal species. 

Neoteny, or retention of juvenile features, has first been mentioned for the NMR based on the 

resistance of NMR adult hippocampal neurons to anoxia in comparison to other rodents where it 

drastically decreases with age (Skulachev et al., 2017). One of the reason of this resistance is the 

retention, in the adult NMR brain, of high level of the GluN2D-NMDAR subtype whereas GluN2D-
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NMDAR expression decreases in mice with brain development (Peterson et al., 2012). 

Furthermore, NMR brain development is largely protracted (Orr et al., 2016; Penz et al., 2015). 

The maturation of the hippocampus is completed in adults of 8 – 10 years of age  (Penz et al., 

2015).  Such extension of the developmental period may further permit resilience to degeneration. 

The molecular mechanisms responsible for these properties are however still unclear. Among the 

few possible explanations, it has been hypothesized that the underground habitat of the NMR 

generate HA with very high molecular weight (vHMW-HA) (Tian et al., 2013). It is accepted that 

producing vHMW-HA modifies the elasticity and flexibility of the NMR skin, allowing them to move 

in narrow tunnels. Although there are discrepancies in the measured size of NMR-HA polymer 

depending on the methodology, the observed size of NMR-HA was systematically higher than in 

mouse and/or guinea pig tissues (Del Marmol et al., 2021; Tian et al., 2013), including in the brain 

(Tian et al., 2013). The formation of vHMW-HA is due to two point mutations (N178S and N301S) 

in the active site of the HAS2 enzyme (Tian et al., 2013), which already produce the longest HA 

chain. A recent report showed that the formation of vHMW-HA is a common feature of 

underground rodents which therefore suggest such properties has evolved with a subterranean 

lifestyle (Zhao et al., 2023). Importantly, all this underground rodent species share the mutation 

at the 301 residues (Faulkes et al., 2015). vHMW-HA is characterized by an increased size and 

viscosity (Kulaberoglu et al., 2019; Zhao et al., 2023). HA extracted from NMR brain form 

voluminous cloud-like supercoiled structures (Kulaberoglu et al., 2019). Both the volume fraction 

and diffusion permeability to macromolecules, but not of small molecules, are reduced in NMR 

compared to rat brain in normoxic conditions which therefore suggest higher diffusion hindrance 

in the NMR ECS (Thevalingam et al., 2021). Importantly, the expression of vHMW-HA promotes 

the cancer resistance and longevity properties of NMR and its sole expression is sufficient to export 

both NMR properties into another rodent (Tian et al., 2013; Zhang et al., 2023). Similarly, 

reproducing the NMR brain ECM by injecting hydrogel were shown to be sufficient to reduce the 

load of Aβ and to improve the cognitive functions in a mouse model of Alzheimer disease (Zhao et 

al., 2022).   
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Objectives of the thesis 
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NMDAR strongly contributes to the synaptogenesis phase. They are among the first receptors 

to accumulate at the site of axodendritic contact, forming the so-called “silent” synapses that 

contain no/few labile AMPAR. Thanks to the development of super-resolution imaging 

techniques, it is well accepted that glutamate receptors, including NMDAR, must be “at the 

good place at the good time”. In mature neurons, once inserted at the plasma membrane 

laterally diffuse within the membrane plane and eventually enter synapses where they are 

organized into nanodomains. On the other hand, in immature neurons receptors are highly 

“unstable”. They are both constantly cycling between intracellular and membrane 

compartments and highly diffusive within the membrane plane. While it is well accepted that 

NMDAR’ organization at synaptic contacts is dependent on their transient anchoring to 

scaffolding proteins, the mechanisms allowing for their organization at immature ones, which 

are not yet equipped with strong scaffold apparatus, remain unclear. Since surface diffusion 

of surface molecules is modulated by reversible binding to intracellular, transmembrane, or 

extracellular components we set-out to investigate the role of the transmembrane (part 1) and 

extracellular components (part 2) in this context, focusing on the early mechanisms allowing for 

the surface organization and clustering of NMDAR.  

 

Part 1 Evidence that NMDAR can also interact with other surface macromolecules, including 

receptors, and that those interactions can shape the surface diffusion and the organization 

of NMDAR has promoted the possibility that surface protein-protein interaction (PPI) represents 

a potent way to cluster NMDAR. We therefore set out to investigate the role of PPI, taking the 

prototypic D1R and GluN1-NMDAR couple as model, in the organization of NMDAR during 

neuronal maturation. To this end, we used a combination of confocal and super-resolution 

microscopy approaches to explore the regulation of the D1R-GluN1-NMDAR interaction itself 

in developing hippocampal neuronal cultures and the roles of the interaction on both GluN1-

NMDAR organization and glutamatergic synaptogenesis. In particular, we focused on several 

questions:    

Can we directly observe the interaction between D1R-GluN1-NMDAR in live 

hippocampal neurons? We collaborated with the team of Dr. Jean-Baptiste Sibarita to 

develop a super-resolution imaging, namely multidimensional spectral single localization 



92 

 

microscopy (MS-SMLM), approach to directly observe D1R-GluN1-NMDAR oligomerization 

and hence, resolve its kinetics and stability. 

Is D1R-GluN1-NMDAR interaction developmentally regulated? MS-SMLM as well 

confocal imaging were used at two developmental stages, referred as immature and mature, 

to resolve the stability of D1R-GluN1-NMDAR interaction.  

What are the intracellular regulatory mechanisms involved in mediating D1R-GluN1-

NMDAR interaction? We investigated the role of neuronal activity and of potential intra-

cellular signaling molecules (e.g. kinases) on D1R-GluN1-NMDAR interaction. 

Is D1R-GluN1-NMDAR interaction shaping the functional (nano)-organization of 

NMDAR? To this end, we used different strategies to modulate, both positively and 

negatively, the interaction between D1R and GluN1-NMDAR. We used previously available 

techniques to disrupt the interaction and developed a strategy aiming at increasing the 

interaction between D1R-GluN1-NMDAR. Using these approaches, we evaluated the effects 

of the interaction on GluN1-NMDAR functional clustering using confocal and super-resolution 

imaging as well as calcium imaging.   

Is D1R-GluN1-NMDAR interaction important for glutamatergic synaptogenesis? We 

chronically modulated, either preventing or enhancing, for several days, the interaction between 

D1R and GluN1-NMDAR at different developmental time windows and assessed the number of 

glutamatergic post-synapses. 

 

Part 2 The ECM, a hygroscopic meshwork of macromolecules that surrounds every cell, and in 

particular the HA, is well known to hinder the surface diffusion and clustering of membrane 

macromolecules. Moreover, the fact that HA, which is a major component of the interstitial ECM 

but also tethered to cell membranes, is enriched early during brain development leaded to the 

hypothesis leaded to the hypothesis that HA could shape the organization of NMDAR during 

development. However, classical approaches, including in vitro, have focused on degrading the 

matrix through the addition of exogenous hyaluronidase. Herein, we set out to investigate the role 

of HA on the surface organization of NMDAR by both reducing and enhancing its content. In 

particular, we focused on several questions:    
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Can we modulate HA content and size? To this end, we aimed at both decreasing, through 

exogenous hyaluronidase, or increasing the ECM content in HA as well as to modulate the length 

of the polymer. To enhance HA both content and size, we developed plasmids that encode for the 

rat HAS2 (which produces HMW-HA), either in its wild-type form or bearing the two mutations 

that have been described as responsible for the production of vHMW-HA in the NMR.    

Is HA important for NMDAR (nano)-organization and lateral diffusion? We used confocal as 

well as dSTORM and PALM imaging to assessed the role of HA on the organization and surface 

trafficking of GluN1-NMDAR following HA acute digestion or long-term enhancement.  

Is HA important for neuronal development and maturation? We assessed the development 

of both spines and the dendritic arbor after enhancing the content and size in HA.   
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Result 1. Non-canonical interplay between D1R 

and GluN1-NMDAR tunes synaptogenesis 
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Non-canonical interplay between
glutamatergic NMDA and dopamine
receptors shapes synaptogenesis

Nathan Bénac1,7, G. Ezequiel Saraceno1,7, Corey Butler 1,7, Nahoko Kuga2,3,

Yuya Nishimura2, Taiki Yokoi 3, Ping Su4, Takuya Sasaki 2,3, Mar Petit-Pedrol1,

Rémi Galland 1, Vincent Studer1, Fang Liu4, Yuji Ikegaya2,5,6,

Jean-Baptiste Sibarita 1 & Laurent Groc 1

Direct interactions between receptors at the neuronal surface have long been

proposed to tune signaling cascades and neuronal communication in health

and disease. Yet, the lack of direct investigation methods to measure, in live

neurons, the interaction between different membrane receptors at the single

molecule level has raised unanswered questions on the biophysical properties

and biological roles of such receptor interactome. Using a multidimensional

spectral single molecule-localization microscopy (MS-SMLM) approach, we

monitored the interaction between two membrane receptors, i.e. glutama-

tergic NMDA (NMDAR) and G protein-coupled dopamine D1 (D1R) receptors.

The transient interaction was randomly observed along the dendritic tree of

hippocampal neurons. It was higher early in development, promoting the

formation of NMDAR-D1R complexes in an mGluR5- and CK1-dependent

manner, favoring NMDAR clusters and synaptogenesis in a dopamine receptor

signaling-independent manner. Preventing the interaction in the neonate, and

not adult, brain alters in vivo spontaneous neuronal network activity pattern in

male mice. Thus, a weak and transient interaction between NMDAR and D1R

plays a structural and functional role in the developing brain.

Understanding how developing neurons form functional networks

underlying brain functions remains a central question in neuroscience.

The vast majority of excitatory glutamatergic synapses are formed

early in development during the synaptogenesis period. The gluta-

matergic NMDA receptor (NMDAR) strongly contributes to the early

and late phase of synaptogenesis1,2. NMDARs are ionotropic glutamate

receptor composed of two dimers of subunits, i.e. obligatory GluN1

subunits associated with GluN2 or 3 subunits, that are activated by

agonist (glutamate) and co-agonists (glycine or D-serine)2. At devel-

oping synapses, NMDARs are among the first glutamatergic receptors

to be detected, forming the so-called “silent” synapses that contain no/

few labile AMPA receptors3. The NMDAR clustering constitutes thus an

essential nucleation step for the early formation of synaptic sites4.

Upon their activation at these immature unstable synaptic sites,

NMDARs would flux calcium, activate signaling cascades, and stabilize

AMPARs and scaffolding proteins. Other signaling molecules, such as
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adhesion receptors and gliomediators, have also been identified and

investigated for their role in early synaptic assembly, maturation and

maintenance5–9. Yet, the mechanism underpinning the very early

clustering of essential synaptic membrane proteins, such as the

NMDAR, remain however rather enigmatic.

The proteins present at the neuronal surface, i.e. the surfaceome,

change over the course of brain development, with a high diversity at

early stages10. Neurotransmitter receptors expressed at the plasma

membrane of immature neurons are highly diffusive and poorly con-

fined when compared to mature neurons3,11,12. Their cycling between

intracellular and membrane pools is also upregulated at early stages13.

Clustering the highly-diffusive NMDARs at early synaptic contacts

would thus require some active and potent processes. Since early

synaptic contacts are not yet equipped with intracellular postsynaptic

scaffold apparatus14,15, additional mechanisms are likely to contribute

to the NMDAR early clustering. Besides their stabilization by intracel-

lular proteins, NMDARs can directly interact with other surface pro-

teins, including neurotransmitter and neuromodulatory receptors16.

These surface protein-protein interactions stabilize and cluster

NMDARs16, promoting the possibility that such interactions play a role

in synaptogenesis. Some of these interactors have been related to

synaptogenesis and synapticmaturation processes, such as dopamine,

Ephrin, and neuroligin receptors17–19. The dopamine receptor type I

(D1R) and NMDAR interact through amino acid sequences located in

their respective intracellular C-tails20,21, and such an interaction

strongly control the surface dynamics and distribution of both

receptors22–25. However, even if the interaction between NMDAR and

D1R have been extensively investigated for its functional role20,23,26–30,

precise biophysical characterization of the interaction in native con-

dition is still lacking. Imaging techniques allowing both direct visuali-

zation and characterization of protein-protein interactions have been

developed in heterologous cells31–39 but no observation has yet been

made in live neurons. Therefore, fundamental questions about their

stability, their occurrence and regulation mechanisms must be

answered to gain access to their biological roles. To address this key

question, we here developed a multidimensional spectral single

molecule localization microscopy approach (MS-SMLM) to directly

visualize and biophysically characterize the interactions between

NMDAR and D1R at the neuronal surface. We specifically investigated

whether such putative interaction tunes NMDAR clustering during the

period of synaptogenesis.

Results
Direct visualization and quantification of surface receptor-
receptor interaction events in live neurons using MS-SMLM
Quantumdots (Qds)-based single nanoparticle experiments have been

widely used to track the surface diffusion of receptors because of the

pointing accuracy of the single molecule imaging and nanoparticle

photostability40. We took advantage of these properties to con-

comitantly investigate the surface dynamics of dopamine receptor 1

(D1R) and GluN1 subunit-containing NMDAR (GluN1-NMDAR) after

their labeling with Qds of different wavelengths onto cultured hippo-

campal neurons (Fig. 1a). We set a custom spectral microscope with a

4Pi configuration for versatile (2D + t + λ) MS-SMLM (Fig. 1b, c).

Schematically, it is composed of two inverted microscope bodies

precisely aligned one on top of the other: i) the bottom microscope

performs state-of-the-art (2D + t) SMLM (here referred as “spatial”)

equipped with an azimuthal TIRF/HiLo illumination device, and ii) an

upper microscope for spectral (λ) characterization using photons

usually lost in traditional mono-objective configurations. The two

microscopes were precisely aligned by translating the bottom micro-

scope using a (x, y, θ, φ) stage placed below the bottom microscope.

Such a geometry allows to perform 2D-localization using all photons

collected by one high numerical aperture (NA) TIRF objective (×100

Oil, NA1.49) and determine the spectral signature of the detected

fluorophores using a second high-NA objective (×60, Water Dipping

NA1) without compromising the localization performances. Two syn-

chronized sensitive EMCCDs cameras allow the tracking of the bright

Qds across the entire field of view of the EMCCDs (nearly 80 µm ×

80 µm @ 30Hz) using conventional filter sets and dichroic mirrors41

(Fig. 1b). The precise localization (below the diffraction limit ~200nm)

of overlapping single emitters of each receptor (each receptor-Qd

complexes were set at equivalent density) was determined using

spectrally-informedmulti-Gaussian fitting (Supplementary Fig. 1). This

fitting allow us to estimate the lowest as possible distance between

different emitters with a multi-fit error of 56 nm41. However, since we

used a complex of antibody and Qd to track receptors, we arbitrarily

set the search distance for putative interaction using the common cut-

off of 100 nm (Fig. 1a)34.

Transient events in which surface GluN1-NMDAR and D1R closely

confine (i.e. below our search distance of 100nm) were repetitively

observed over time throughout the dendritic tree (Fig. 1d; Supple-

mentary Fig. 1). These events were tracked over time and isolated

(Fig. 1d, e). To define whether such an event was based on random

colocalizations or specific interactions, we monitored the behavior of

GluN1-NMDARwith either D1Rwild-type (D1R-wt) or a truncatedD1R in

which the T2 sequence involved in the interaction was genetically

deleted (Fig. 2a) as we expected both the occurrence and the duration

of the events to be affected upon true interaction. Moreover, the

reduced colocalization of D1R-dT2 and GluN1-NMDAR (defined as the

fraction of GluN1 cluster area that overlap with D1R cluster) was also

confirmed in hippocampal neurons through live surface immunos-

taining (Fig. 2b). The occurrence of interacting event in presence of

D1R-dT2was significantly reduced. In the control condition, 30%of the

receptor localizations were interacting whereas it was decreased to

19% for GluN1-D1R-dT2. Furthermore, the average lifetime of the

GluN1-NMDAR-D1R-dT2 interaction was significantly lower whereas

the estimated dissociation rate or Koff was significantly increased

(Fig. 2c–f). However, the observed lifetime of the non-interacting

tracks i.e. monomers remained unaltered in all conditions (Fig. 2d).

The mean lifetime and estimated Koff of GluN1 homodimers were also

not altered by the presence of either D1R-wt or D1R-dT2 (Fig. 2d–f).

These data indicated that our MS-SMLM approach is able to probe

interactions between surface receptors in live neurons. The average

lifetimeofGluN1-NMDAR/D1Rwas 130 ±0.01msand the estimatedKoff

was 13 ± 0.7 s−1. Spatially, D1R-GluN1-NMDAR interactions were highly

labile and seem to occur randomly onto the dendritic shaft with no

evidence of dedicated interaction hot spots (Supplementary Fig. 1d),

therefore highlighting the stochastic nature of the interaction.

Because the GluN2A subunit also interact with the D1R C-tail

through the T3 sequence (GluN2A-NMDAR::D1R)20, we tested the

putative role of such sequence on the GluN1-NMDAR-D1R interaction.

For this, we used Förster Resonance Energy Transfer (FRET) imaging

on COS-7 cells that express either GluN1-GluN2A (T2 and T3 domains)

or GluN1-GluN2B (T2 only) subunits. We observe no differences in the

GluN1-NMDAR-D1R FRET signals between these conditions, suggesting

that the T3 domain has a negligible role (Supplementary Fig. 2). Fur-

thermore, the TAT-T2 competing peptide disrupted the interaction

between GluN1-NMDAR and D1R20,23 whereas the TAT-T3 competing

peptide failed todo sowhen compared to theTAT-non sense sequence

(TAT-NS) (Supplementary Fig. 2). Thus, it appears that the T2 sequence

plays a major and dominant role in the NMDAR-D1R interaction.

GluN1-D1R interaction is increased in immature neurons in a
CK1- and mGluR5-dependent process
Synaptogenesis is an intense and rapid phase that starts during the

second week in cultured hippocampal neurons and during the first

postnatal weeks in rodents. We defined two time-windows based on

thedevelopmental stages, i.e. the number of synapses, of hippocampal

neurons, referred as “immature” and “mature”: the immature window
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corresponds to days in vitro (DIV) 7 to 9 at the beginning of the

synaptogenic period whereas the mature one (DIV 15 and above) cor-

responds to the end of the period (Fig. 3a, b). Both MS-SMLM imaging

and immunocytochemical labeling demonstrated both qualitative and

quantitative changes in the interaction properties between GluN1-

NMDAR and D1R across development. The observed average lifetime

of D1R-GluN1-NMDAR heteromers was significantly decreased at the

mature stage compared to the immature one and the estimated Koff

were significantly higher at the mature stage when compared to the

immature one. However, the observed average lifetime of the non-

interacting tracks or monomers remained unchanged (Fig. 3d), high-

lighting the specificity of the interaction change. This observation at

the single receptor level was confirmed by the immunolabelling of

surface D1R and GluN1-NMDAR since they highly colocalized at

immature stage but rarely at mature one (Fig. 3f). We further ascer-

tained this observation by measuring the in vivo level of D1R-NMDAR

complex using co-immunoprecipitation assay with an efficient anti-

body directed against the GluN2A subunit (no current efficient anti-

body against GluN1 subunit for such Co-IP) (Fig. 3h). The level of co-

immunoprecipitated D1R-GluN2A subunit complex in the rat hippo-

campus was twice higher at postnatal day (P) 8 when compared to P36

animals. This change was specific to the D1R-NMDAR complex as the

previously defined D2R-GluN2B-NMDAR42 complex level was unchan-

ged across development (Fig. 3i). Collectively, these data indicate the

surface interactions between GluN1-NMDAR and D1R are differentially

regulated during neuronal development. This increased interplay was
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Fig. 1 |Multidimensional spectral singlemolecule localizationmicroscopy (MS-

SMLM) principle. a Experimental design of the single Qd tracking. Receptors were

labeledwith antibodies directed against extracellular tags. Qd-655andQd-705were

used to distinguish receptor types. The interaction between receptors occurs

intracellularly at the T2 domain (C1 cassette of the GluN1 subunit). b Microscopy
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focus system. c SM-SMLM principle. d Representative reconstruction of GuN1-

NMDAR and D1R surface diffusion, scale bar, 1 µm. e Example trajectories of one

GluN1-NMDAR and one D1R laterally diffusing (x, y) onto the neuronal surface

over time.
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also observed in cultured cortical neurons suggesting a shared

mechanism for glutamatergic neurons (Supplementary Fig. 3).

We therefore investigated the mechanisms underpinning the

surface interactions between GluN1-NMDAR and D1R in immature

hippocampal neurons. As neuronal activity in the developing brain can

tune synaptic maturation, neuronal activity was either up- or down-

regulated by bath application of glutamate or tetrodotoxin (TTX),

respectively. Silencing neuronal activity decreased GluN1-NMDAR-D1R

co-localization whereas global activation of glutamate receptors

increased it (Fig. 4a). Surprisingly, depolarizing neurons with KCl
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Fig. 2 | MS-SMLM allows for the direct visualization and qualitative investiga-

tion of surface receptor-receptor interaction events in live neurons.

a Experimental design of the surface single Qd tracking of NMDAR and D1R.

b Representative images with quantification of the normalized overlap between

GluN1-NMDAR-D1R-wt (n = 50 neuronal fields) and GluN1-NMDAR-D1R-dT2 (n = 44

neuronal fields; two-tailed unpaired t-test). Data are presented as mean +/- SEM.

Scale bar, 5 µm. c Representative normalized timeline of the distances separating

one GluN1 from one D1R-wt or one GluN1 from one D1R-dT2. d Comparison of the

average observed lifetime of the receptors (left) in non-confined space (monomeric

state) for GluN1-D1R-wt (n = 168 events), GluN1-D1R-dT2 (n = 45), GluN1-GluN1 with

D1R-wt (n = 165) or D1R-dT2 (n = 65); (right) in a co-confined space (dimeric state)

between GluN1 and D1R-wt (n = 138), GluN1 and D1R-dT2 (n = 40), GluN1 and GluN1

expressed with D1R-wt (n = 159) or D1R-dT2 (n = 50; Kruskal-Wallis with Dunn’s

multiple comparisons test). Data are presented asmean +/- SEM. eDistribution and

one exponential fit of the interaction events. fComparison of the estimated Koff, i.e.

dissociation rate (One-way ANOVA with Tukey’s multiple comparisons test). Data

are presented as mean +/- SEM. Source data are provided as a Source Data file.
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(50mM), which increase neuronal firing, did not change GluN1-

NMDAR-D1R co-localization (Fig. 4b). In fact, the glutamate-induced

increase in GluN1-NMDAR-D1R colocalization was prevented by a

mGluR inhibitor (LY341495) but not with antagonists of the AMPAR/

kainate receptors (NBQX) or NMDAR (AP-5) (Fig. 4c), nor by co-

applying NBQX and AP-5 together (Supplementary Fig. 4). The role of

mGluR was evidenced by using the mGluR5 antagonist (MTEP), which

decreased GluN1-NMDAR-D1R colocalization (Supplementary Fig. 4).

In addition, we could mimic the effect of ambient glutamate with the

mGluR1/5 agonist DHPG (Fig. 4d). These data indicate that the GluN1-

NMDAR-D1R interaction is regulated by neuronal activity and involve

mGluR-dependent signaling processes.

To identify this pathway we focused on the interaction domain of

theD1RwithGluN1-NMDAR, the T2domain20. The domain bears highly
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conserved sequences that are involved in the formation of non-

covalent complexes through electrostatic interaction. Particularly, it

contains a serine residue at the position 397 that can be phosphory-

lated by Casein Kinase 1 (CK1) which would lead to an increased

interaction between D1R-GluN1-NMDAR25,43 (Fig. 4e). We thus pre-

dicted that rising neuronal activity in immature neurons induces post-

translational changes of the T2 domain in a CK1-dependent manner,

modifying the interaction properties between D1R and GluN1-NMDAR.

We first demonstrated the role for CK1 in regulating the interaction

between D1R-GluN1-NMDAR in hippocampal glutamatergic neurons.

To do so, we specifically inhibited CK1 as well as other protein kinases

targetingother sites on theD1R andGluN1C-termini, e.g. CaseinKinase

2 (CK2) and Calcium/Calmodulin-dependent Kinase II (CaMKII). CK1

inhibition disrupted GluN1-NMDAR-D1R co-localization whereas the

inhibition of PKA, PKC, CK2, CaMKII or GRK2 had no effect (Fig. 4f).

The role of CK1 was further confirmed by using another antagonist, i.e.

IC-261, which also disrupted GluN1-NMDAR-D1R co-localization (Sup-

plementary Fig. 4). To confirm that such unique post-translational

modification of D1R could indeed strengthen the interaction between

GluN1 and D1R, we generated a phosphomimic form of D1R, i.e. D1R-

S397D. Both FRET on COS-7 cells and surface immunostaining on

hippocampal neurons demonstrated an increased GluN1-NMDAR-D1R

interaction with the phosphomimic form of D1R when compared to

D1R-WT (Supplementary Fig. 4), a process that was activity-

independent (Supplementary Figure 4). Together, these data support

the view thatD1R-GluN1-NMDAR clustering is tuned by changes inD1R-

phosphorylation barcode in a CK1-dependentmanner. An inhibition of

CK1 (through CKI-7) together with the activation mGluRs (through

DHPG) were sufficient to abolish the positive effect of DHPG on the

interaction (Fig. 4g). Consistent with the prominent effect in immature

neurons, the relative protein level of the subunit alpha of CK1, which is

highly enriched within the hippocampus44, was significantly increased

at early stage, i.e. at the peak of D1R-GluN1-NMDAR interaction, in both

hippocampal cultures and in the hippocampus in vivo (Supplementary

Fig. 5). Collectively, these data show that D1R-GluN1-NMDAR interac-

tion is favored during neuronal development by modification of D1R

C-tail phosphorylation barcode by CK1 in amGluR-dependentmanner.

GluN1-D1R interaction controls GluN1 surface organization
We next investigated the putative function of this increased interac-

tion betweenGluN1-NMDARandD1Ronto immature neurons. Because

it has been suggested that the interaction between GluN1 and D1R

modulates their surface traffickingproperties23, wefirst testedwhether

the GluN1-NMDAR surface distribution is regulated by the receptor-

receptor interaction. In these immature neurons, the prediction is that

the receptor interaction favors the clustering of surface NMDARs,

likely outside already formed early synaptic sites. First, we measured

the areas of surface clusters of GluN1-NMDAR and tested whether

bigger NMDAR clusters were associated with a high content of D1R. In

D1R-wt condition, GluN1-NMDARcluster areapositively correlateswith

the GluN1-NMDAR-D1R content (considered as the percentage of

overlap between GluN1 and D1R) (Fig. 5a,b). Interestingly, the corre-

lation was further increased in presence of phosphomimic D1R-S397D

(Fig. 5b), whereas it was lost upon disruption of the interaction with

D1R-dT2 (Fig. 5b). As D1R-dT2 is expressed for several days, we used a

complementary approach to acutely disrupt GluN1-NMDAR-D1R

interaction using a TAT-competing peptide that contains the T2

amino acid sequence (TAT-T2) or TAT-NS (control). Note that this

peptide could partly interfere with the controversial D1R-D2R inter-

action that has been reported only in the striatum45,46. The competing

peptide efficiently decreased the GluN1-NMDAR-D1R content (Sup-

plementary Fig. 6). The inhibition of CK1 by CKI-7 produced a similar

outcome (Supplementary Fig. 6). To better characterize this process,

we used direct stochastic optical reconstruction microscopy

(dSTORM) to probe the nanoscale organization of GluN1-NMDAR

(Fig. 5c) as surface NMDARs are organized within nanodomains of 50-

100nmdiameter47. To that extend, we co-expressed the GluN1 subunit

with either D1R-wt, D1R-dT2 (no interaction) or D1R-S397D (strength-

ened interaction) (Fig. 5d, e). Although the number of nanodomains

per clusters were not changed (Supplementary Fig. 6), the surface

organization of GluN1-NMDARs between synaptic and extra-synaptic

compartments were drastically impaired. GluN1-NMDARs are in the

majority concentrated within the post-synaptic compartment with

approximately one-third of the surface receptor pool being located

extra-synaptically. As expected, in control condition surface GluN1-

NMDARs were highly enriched at synapses (based on Homer 1 C) as

demonstrated by a higher density of localization (number of localiza-

tions per nm2) in synaptic areas (Fig. 5d–f). This synaptic/extrasynaptic

repartition was lost in presence of D1R-dT2 that equalized NMDAR

nanodomain density (Fig. 5d–f). Remarkably, in presence of the

phosphomimic D1R-S397D, the NMDAR distribution was shifted

toward a higher extrasynaptic content (Fig. 5d–f). These data indicate

that the interaction betweenNMDARandD1R, which is located outside

synapses (Fig. 5g)23,48, regulate NMDAR nanoscale organization at

extrasynaptic location (Fig. 5h).

We finally tested whether these clusters were functional and

eventually recruited in early synaptic contact. For this, we co-

expressed the calcium (Ca2+) indicator GCaMP6f together with D1R-

WT, D1R-dT2, or D1R-S397D and monitored the frequency of the

NMDAR-mediated spontaneous Ca2+ events in protrusions and onto

the dendritic shaft of DIV 12 hippocampal neurons (Fig. 5i–k). At this

stage, glutamatergic synapses are prominently located in protrusions

(e.g. filopodia-like, spine; Supplementary Fig. 6). As expected, in the

D1R-wt condition, the frequency of calcium transients was higher in

protrusions than on dendrites (Fig. 5j, k), consistent with a higher

amount of functional glutamatergic synapses in protrusions than

Fig. 3 | Increased dopamine-NMDA receptor interaction in immature neurons.

a Representative image of hippocampal dendrites over in vitro development.

Dendrites were labeled with MAP-2 (magenta), postsynaptic densities with PSD-95

(green), and presynaptic terminals with synapsin (blue). Scale bar, 5 µm. b (left)

Quantification of the number of post-synapses (PSD-95) and pre-synapses (synap-

sin) at 4 DIV (n = 18 fields for both PSD-95 and synapsin), 9 DIV (n = 17 fields for both

PSD-95 and synapsin), 12 DIV (n = 30 fields for PSD-95 and 29 for synapsin), 15 DIV

(n = 21 for PSD-95 and 20 for synapsin), 21 DIV (n = 21 for PSD-95 and 20 for

synapsin), 24 DIV (n = 11 for both PSD-95 and synapsin). Error bars represent the

mean values; (right) non-linear fitting of the number of post-synapses over time,

inflection point is at ~12 DIV. Data are presented as mean +/- SEM. c (left) Experi-

mental design. (right) Representative normalized timeline of the distance separ-

ating one GluN1 from one D1R in immature and mature neurons. d Comparison of

the observed mean lifetime of (left) non-interacting GluN1-NMDAR-D1R in imma-

ture (n = 168 events) and mature (n = 55) neurons, (right) individual interacting

events between GluN1 and D1R in immature (n = 138) and mature neurons (n = 61;

two-tailed Mann-Whitney U test). Data are presented as mean +/- SEM.

eDistribution and one exponential fit of the interaction events between GluN1-D1R

in immature and mature neurons with estimated Koff (two-tailed unpaired t-test).

Data are presented as mean +/- SEM. f Representative images of hippocampal

dendrites on which surface GluN1-NMDAR (green), D1R (magenta), and Homer 1 C

(white) were imaged in immature and mature neurons alongside corresponding

intensity plots. Scale bar, 5 and 2 µm.gQuantification of the colocalizationbetween

D1R and GluN1-NMDAR in immature (n = 17 cells) andmature (n = 10 cells) neurons

(two-tailed unpaired t-test). Data are presented as mean +/- SEM. h Experimental

set-up and immunoblots. i Densitometric analysis of the levels of GluN2A and

GluN2B co-immunoprecipitated by antibody directed towards D1R or D2R,

respectively. The levels of D1R-NMDAR interaction were considered as the ratio of

NMDAR co-IP with D1R-IP. Results are normalized to P8, 3 animals per condition

(One-way ANOVAwith Tukey’s post hoc test). Data are presented asmean +/- SEM.

Source data are provided as a Source Data file.
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dendritic shaft. However, in the presence of the phosphomimic D1R-

S397D, the frequency of transients swapped and becamehigher on the

dendrites than in protrusions (Fig. 5j, k). In the presence of D1R-dT2,

the higher frequency of events in protrusions was not observed, with

equal event detection between protrusions and dendritic shafts

(Fig. 5j, k). Altogether, these data indicate that the interaction between

NMDAR and D1R favors the functional clustering of NMDARs in den-

dritic shaft of immature neurons, possibly reflecting a pro-

synaptogenic effect.

Early in development, GluN1-D1R interaction tunes
synaptogenesis
To directly address this possibility, we chronically disrupted D1R-

GluN1-NMDAR interaction by using TAT-based control (TAT-NS) or

competing (T2) peptides (see23, Supplementary Fig. 2) during either an

early or late phase of synaptogenesis (Fig. 6a–d). Upon early chronic

disruption of the interaction with the TAT-T2 peptides, the number of

excitatory synapses (represented as the number of Homer 1 C cluster)

was significantly reduced by 15% (TAT-NS) whereas disruption of the
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interaction at the end of the synaptogenic period did not alter the

number of excitatory synapses (Fig. 6b–e). Because synapses aremore

stable in mature neurons than in immature ones, we tested whether a

longer exposition with the competing peptide modify the number of

synapses in mature neurons. Yet, this number was not altered even

after 8 days of treatment with control or competing peptide (Supple-

mentary Fig. 7), therefore suggesting that the interaction is required

for synaptogenesis only early in development. Consistently with an

instrumental role, the strengthening of the interaction (obtained

through the expression of the phosphomimic D1R-S397D) during that

early stage significantly increased the number of glutamatergic

synapses (Fig. 6g, h). Another hallmark of the maturation of glutama-

tergic synapses is the GluN2A/GluN2B subunit ratio that increases

during development. We measured the synaptic content of GluN2A

and GluN2B subunits in our experimental conditions. After an early

disruption of the interaction, a premature high level of synaptic

GluN2A-NMDAR and low level of GluN2B-NMDAR were observed,

suggesting that the NMDAR-D1R interaction favors surface GluN2B-

NMDAR functions (Fig. 6c–f). Altogether, these data indicate that D1R-

GluN1-NMDAR interaction is necessary and sufficient at an early

developmental stage to tune the formation and maturation of gluta-

matergic synapses.

An intriguing aspect of these observations comes from the fact

that they were performed in hippocampal neuronal networks devoid

of dopamine signaling. In this line, the level of dopamine in the

developing hippocampus, i.e. the first two postnatal weeks, is

extremely low. We confirmed this by immunolabelling tyrosine

hydroxylase-positive (TH + ) fibers in the CA1 area of P5 hippocampi.

Fibers could be detected to a very low level when compared to other

structures (e.g. striatum) and later stages (not shown) (Fig. 6i),

indicating a low level of dopamine and noradrenaline. Since dopa-

mine is present at low level in the neonate hippocampus, we inves-

tigated whether the synaptogenic role of the NMDAR-D1R interaction

was preserved in developing hippocampal networks exposed to low

level of dopaminergic fibers. To this end, we co-cultured hippo-

campal neurons with either hippocampal glutamatergic neurons

(control, h-h) or dopaminergic-containing midbrain neurons (m-h)

using microfluidic chip devices (Fig. 6j). We clarified the phenotype

of cultured mesencephalic neurons originating from the ventral

mesencephalon by immunolabeling with TH and dopamine hydro-

xylase (DBH), which convert dopamine to noradrenaline. We con-

firmed that the vast majority (90%) of our TH+ mesencephalic

neurons are negative for DBH staining, thereby dopaminergic (Sup-

plementary Fig. 8). Axons from TH+ dopaminergic neurons from

chamber 1 were able to propagate into the hippocampal chamber

(chamber 2) where they intermingled with glutamatergic neurons

(Fig. 6j). Consistent the well-documented trophic effect of

dopamine17, hippocampal neurons co-cultured with dopaminergic

neurons (m-h) exhibited higher dendritic arborization and com-

plexity (Supplementary Fig. 8). After 12 days of hippocampal-

mesencephalic co-culturing, the glutamatergic neurons that

develop alongside dopaminergic fibers had higher synaptic density

compared to control (Fig. 6k, l), as expected from the well-

established role of dopamine in network formation17,49. Yet, early

disruption of the NMDAR-D1R interaction significantly decreased the

number of excitatory synapses by 35%, a similar extent than in hip-

pocampal neuronal network only (Fig. 6m, n). Collectively, these data

demonstrate that in immature hippocampal networks the surface

interaction between NMDAR and D1R tunes synaptogenesis in a

dopamine signaling-independent manner.

GluN1-D1R interaction is required for in vivo early hippocampal
network activity
We next tested the role of this interaction in vivo in the developing

hippocampus. Since the D1R-GluN1-NMDAR interaction is necessary

and sufficient for the development of excitatory synapses, we pre-

dicted that the D1R-GluN1-NMDAR interaction contributes to the

fine-tuning of early hippocampal network activity. First, the D1R-

GluN1-NMDAR interaction was chronically disrupted in mice by

intraperitoneal injections50 of competing (TAT-T2) or control (TAT-

NS) peptide at early stage (before postnatal day (P) 10) during the

synaptogenesis window (Fig. 7). Hippocampal local field potential

(LFP) activity was then recorded 1-2 days after the last peptide

injection. Consistent with previous observations from the mouse

cortex at postnatal transition51, the hippocampus in non-

anesthetized P7 head-fixed control mice spontaneously exhibited

giant depolarizing potentials (GDPs), with an event frequency of

18 ± 0.15 per min. The chronic administration of competing TAT-T2

peptide, but not TAT-NS peptide, significantly reduced the GDP fre-

quency (Fig. 7a, b). Note that there was no statistical difference

betweenTAT-T2 andTAT-NS groups, due to the high variability of the

TAT-NS mice. To complement this observation, we chronically dis-

rupted the interaction during a similar postnatal period (P7-10) and

recorded spontaneous hippocampal activity in urethane-

anesthetized mice (P12). The control group spontaneously exhib-

ited large-amplitude burst events (LB), with an event frequency of

1.8 ± 0.26 burst/min (Fig. 7c–e). In TAT-T2 mice, LB event frequency

was significantly reduced and the inter-event intervals were sig-

nificantly increased as shown by the rightward shift in the distribu-

tion (Fig. 7d). Thus, the D1R-GluN1-NMDAR interaction regulates

some features of the spontaneous activity in the developing hippo-

campus. We then performed a similar series of experiments at the

young adult stage (P30-35). At P35, LFP oscillatory patterns, and

sharp wave and fast oscillatory ripples were detected in control

freely-moving mice (Fig. 7f, g). The chronic administration of com-

peting peptides had no effect on either LFP oscillatory pattern, or

sharp wave and fast oscillatory ripple (Fig. 7f–i). Note that the hip-

pocampal spontaneous activities at early (P7-12) and late (P35) stages

were completely different and likely supported by different neuronal

populations and processes. Yet, these results indicate that the D1R-

GluN1-NMDAR interaction contributes to the fine-tuning of sponta-

neous hippocampal neuronal network activity early in development,

with no detectable effect on the adult hippocampal spontaneous

activity.

Fig. 4 | GluN1-D1R interaction is activity-dependent and increased by the

phosphorylation of D1R by casein kinase 1 (CK1). a–d Representative images of

hippocampal dendrites onwhich surfaceGluN1-NMDAR (green) andD1R (magenta)

were labeled after exposures to various pharmacological treatments with respec-

tive quantification of D1R-GluN1-NMDAR mean overlap, (a) Buffer (CTL, n = 105

fields), TTX (1 µM, n = 49) and glutamate (50 µM, n = 37); (b) KCl 2.5mM (CTL,

n = 55) or KCl 50mM (n = 60); (d) Buffer (CTL, n = 47) or DHPG (50 µM, n = 51); (c)

glutamate alone (n = 47) or together with APV (50 µM, n = 40), LY-341495 (100 µM,

n = 52) or NBQX (2 µM, n = 43) (a, cOne-wayANOVAwith Dunnett’s post hoc test; b-

d, two-tailed unpaired t-test). Scale bar, 5 µm.Results are normalized toCTL (a,b,d)

or glutamate (c). e Cartoon illustrating putative D1R phosphorylation sites.

fRepresentative images of hippocampal dendrites onwhich surfaceGluN1-NMDAR

(green) and D1R (magenta) were labeled after exposures to various kinase inhibi-

tors with respective quantification of the normalized GluN1-NMDAR-D1R mean

overlap in control (CTL) condition (n = 126 fields) or following acute treatment with

CKI-7 (100 µM,n = 57), KT-5720 (25 µM,n = 49),Gö−6976 (1 µM,n = 41), TMCB (5 µM,

n = 37), CMPD101 (1 µM, n = 50) and AIP2 (1 µM, n = 40; One-way ANOVA with

Dunnett’s post-hoc test). Scale bar, 5 µm. g Representative images of hippocampal

dendrites onwhich surface GluN1-NMDAR (green) and D1R (magenta) were labeled

after treatment with buffer (CTL, n = 48 fields), DHPG alone (50 µM, n = 44) or

together with CKI-7 (100 µM, n = 45) with respective quantification of D1R-GluN1-

NMDAR mean overlap (One-way ANOVA with Dunnett’s post-hoc test). Scale bar,

5 µm. Data are presented as box-and-whisker plots: line at median, IQR in box,

whiskers represent 10–90percentile. Sourcedata are provided as a SourceDatafile.
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Discussion
The development of imaging approaches such as single molecule-

based microscopy, has unveiled with unprecedented spatio-temporal

resolution, the dynamics and organization of receptors at the plasma

membrane52,53. We provide the characterization of the membrane

interaction between two prototypical and key receptors, i.e. the

NMDAR and G-coupled dopamine D1R. At the surface of hippocampal

neurons, their interaction lasts on average ~130ms and occurs along

the dendritic tree, consistent with the stochastic surface dynamics of

both receptors12,23,54–56. The interaction was qualitatively higher early in

development, promoting the formation ofNMDAR-D1R complexes in a

mGluR5- and CK1-dependent manner. In immature hippocampal neu-

rons, this interaction is stronger and favors membrane NMDAR clus-

tering and synaptogenesis in a dopamine receptor signaling-

independent manner. Thus, we unveil a non-canonical interplay

between NMDAR and D1R, demonstrating that a weak and transient
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interaction between receptors can have a major structural and func-

tional role for synaptogenesis in the developing hippocampus. As a

consequence, the interaction modulates in vivo some features of the

neonate spontaneous hippocampal network activity. The lack of effect

on the adult spontaneous hippocampal activity does not preclude a

functional role of the interaction in other network activities, specific

tasks, and behaviors. Future studies will likely tackle these important

questions.

Defining the properties of protein-protein interaction at the sur-

face of living neurons has proven to be technically challenging. Com-

monly used methods to investigate receptor complexes in the brain,

such as co-immunoprecipitation and proximity ligation assay (PLA),

provide valuable informationon theoverall amountof hetero-receptor

complexes present in a given structure at a given time but lack insights

on the qualitative nature of the interaction between different recep-

tors (for review, see16). For instance, critical parameters such as their

occurrence or duration in the native environment have remained

unknown. On the side note, the existence of membrane receptor

heterocomplexes is still vividly debated (e.g. D1/D2 complex45,46).

Thanks to the development of a custom MS-SMLM we were in the

position to provide the first characterization of the interaction

between surface GluN1-NMDAR and D1R at the single molecule level

with nanoscale resolution in live neurons. The observed average life-

time of the GluN1-NMDAR-D1R interaction was 130 ±0.01ms, with a

dissociation rate of 13 ± 0.7 s−1. Thesevalues are in a similar range to the

ones defined from surface GPCR homomers in heterologous

cells31–33,35,36. Finally, the D1R-NMDAR interactions were detectedwhole

along the dendritic tree between receptors that stochastically cross

each other since we didn’t observe directed motion, or attraction,

between receptors before/after the interaction. When single diffusing

NMDAR and D1R get closer than 1 µm we observed that, on average,

30% of their localizations fall into the interaction area. At first glance,

interactions do not appear to be clustered in specific areas, although

we cannot rule out that specific membrane and/or intracellular sub-

domains favor the likelihood of interactions.

The strength of the interaction is finely regulated during devel-

opment. Quite strikingly, we observed that during a rather limited

developmental time window (DIV 10 to 15; doubling of glutamate

synapse numbers) the GluN1-NMDAR-D1R interaction was twice

stronger at the early time point, suggesting that important molecular

cascade change during the synaptogenesis period. We identified on

theD1RC-terminus a serine residue at position 397 that is regulated by

CK1 and regulates the receptor interaction. Although weak and tran-

sient, the NMDAR-D1R interaction plays an instrumental role in clus-

tering membrane NMDAR and promoting synaptogenesis in a mGluR-

dependent process. Together with previous evidence showing that

mGluRs are required for the experience- and activity-dependent

changes in NMDAR transmission (i.e. GluN2A/GluN2B ratio) during

development57, our data fuel thus a developmental model in which

ambient glutamate activates mGluRs that will locally favor NMDAR-

D1R interaction, NMDAR clustering, calcium influx, synaptogenesis,

and synaptic maturation through regulation of the GluN2A/GluN2B

ratio. In the absence of D1R (D1R knock-out mice), synaptogenesis and

spinogenesis are expectedly strongly reduced58. The NMDAR-D1R

interaction occurs early in development when the dopaminergic

innervation of the hippocampus is rather scarce59 supporting a pre-

ponderant role of protein-protein interaction independent of the

presence of dopamine. The classical dopamine intracellular signaling

cascade likely becomes prominent at adulthood when dopamine sig-

naling controls hippocampal synaptic plasticity and cognitive

functions60–70. The low level of dopamine in the neonate hippocampus

further strengthens the NMDAR-D1R interaction because dopamine

receptor activation drastically reduces this interaction20,23. In non-

physiological conditions, an upregulation of dopamine levels early in

development could thus strongly impact synaptogenesis and network

formation. Consistently, in the brain of dopamine transporter knock-

out mice the upregulated level of dopamine reduces the formation of

synapses and spines71. The synaptic maturation of the GluN2A/GluN2B

ratio is also corrupted in the brain of pups with elevated dopamine

levels following mother exposition to cocaine, a deficit that could be

rescued bypositivemodulation ofmGluR72. Thus, lowdopamine levels

likely favor dopamine-NMDAR crosstalk and its function whereas high

levels of dopamine activate dopamine receptors and classical GPRC

signaling but shut-off the dopamine-NMDAR direct crosstalk.

Surface NMDAR interacts with other neuromodulatory GPCRs,

such as cholinergic, adrenergic, or histaminergic ones16 that may be

involved in the newly-describedprotein-protein interplay. The size and

composition extent of the described protein-protein complex is thus

possibly larger. In addition to other monoamine receptors, NMDARs

can interact with, for instance, ion channels (e.g. BK, TRPM73–75; and

adhesion receptors, providing an additional layer of complexity on the

composition of such a putative complex, while also highlighting its

broad and strategic potential for regulating of G-protein signaling,

protein kinase/phosphatase, agonist-induced ionotropic transmission,

potassium currents and dendritic excitability. Furthermore, we

demonstrate that the D1R-NMDAR direct crosstalk at early stage

occurs in absence of dopamine, consistent with its low level in the

hippocampus. Such non-canonical process echoes previous evidences

demonstrating the non-canonical and functional interplay between the

ghrelin receptor (GHSR1a) and D1R, which are both present in hippo-

campal neurons76, but operate in a ghrelin-independent manner since

ghrelin, the agonist of GHSR1a, is not present in the hippocampus. It

further supports the view that receptor-receptor interaction, in an

agonist-independent manner, can regulate key functions of glutamate

synapses and associated behavior in mice. Since signaling molecules

related toGPCRcanbe spatially structureddown to thenanoscale level

to ensure specificity for GPCRs77, it further supports the view that

protein-protein interaction structures the receptor nanoscale organi-

zation, downstream signaling, and essential synaptic plasticity func-

tions. Furthermore, changes in the NMDAR membrane interactome

Fig. 5 | Surface interaction with D1R shapes GluN1 nano-organization and

clustering. a Representative image of hippocampal dendrites on which surface

GluN1-NMDAR (green) and D1R (magenta) were labeled from D1R-wt, D1R-S397D

(grey), or D1R-dT2 (orange) expressing neurons from 3 independent experiments.

Scale bar, 2 µm. b Correlation between the size of GluN1-NMDAR cluster and the

overlap between GluN1-NMDAR and D1R when co-expressed with D1R-wt, D1R-

S397D or D1R-dT2. P-value were calculated using a two-sided t-test. c Example of

diffraction-limited and super-resolution images of surface GluN1-NMDAR. Scale

bar, 300nm.dRepresentative images of super-resolved surface GluN1-NMDARand

diffraction-limited Homer 1 C staining. Scale bar, 1 µm. c, d Representative images

from 4 independent experiments. e Representative clustering images obtained

with SR-Tesseler software. Scale bar, 100nm. f Comparison of the density of

localizations per nanodomains inside and outside synapses when GluN1 is co-

transfected with either D1R-WT (n = 7 cells), D1R-dT2 (n = 7) or D1R-S397D (n = 6;

two-tailed Mann-Whitney U test). Data are presented as mean +/- SEM.

g Representative immunofluorescence image of surface D1R (magenta) and Homer

1 C (green) from 3 independent experiments. Scale bar, 10 and 5 µm. h Cumulative

distribution of the area in nm2 of extra-synaptic GluN1-NMDAR nanodomains

synapses when GluN1 is co-transfected with either D1R-WT (n = 88 nanodomains),

D1R-dT2 (n = 136 nanodomains) or D1R-S397D (n = 102 nanodomains; two-tailed

Kolmogorov-Smirnov test). Bar graphs represent mean +/- SEM. i Representative

GCaMP6f-fluorescence images from 3 independent experiments. Scale bar, 2 µm.

j Representative NMDAR-mediated Ca2+ signals, scale is 0.05 (D1R-WT and -dT2) or

0.2 (D1R-397D) ΔF/F. k Comparison of the NMDAR-mediated Ca2+-transient fre-

quency in protrusions and dendrite when GluN1 is expressed together with D1R-wt

(n = 153 spines and 54 shaft), D1R-S397D (n = 145 spines, 56 shafts) or D1R-dT2

(n = 105 spines, 45 shafts; two-tailed Mann–Whitney U test). Data are presented as

mean +/- SEM. Source data are provided as a Source Data file.
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alone have been associated to the emergence of psychotic disorders78,

and more broadly receptor hetero-complexes to understand their

roles in health and major brain neuropsychiatric disorders79–84.

As a limit, our approach provides an unprecedented resolution in

defining the membrane interaction between different receptors at

video rate. Yet, further improving the spatial and temporal resolutions

will likely shed additional lights on the protein-protein interaction.

Beyond these resolution aspects, performing these measurements

with more than 2-colors will allow us to image and quantify the for-

mation of possible heterocomplexes41. It also remains unknown whe-

ther NMDAR interacts in the same condition with other membrane

receptors. For instance, whether mGluR5, NMDAR, and D1R form a

protein complex at the surface of developing neurons is an interesting

question, particularly because mGluR5 and NMDAR can directly
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interact85. Such a large and diverse complex with ionotropic and GPCR

receptors may help to confine intracellular signaling pathways to

nanoscale domains77 and integrate diverse molecular information.

Technological breakthroughs that will permit to test the claim that

physical interactions between various membrane receptors form a

mosaic of signaling “hubs” that structure synapse formation and

plasticity will thus be of prime interest.

Methods
Cell cultures
Cultures were kept at 37 °C – 5% CO2.

Primary neuronal cultures. Tissue for dissociated hippocampal cul-

tures was harvested from embryos of an unascertained mixture of

sexes prevenient from gestant Sprague-Dawley rats at the age of

9–12 weeks old purchased weekly from Janvier Labs (Saint-Berthevin,

France). Hippocampal cultures were prepared from embryonic stage

(E18) rats. Briefly, hippocampi were dissected and collected in HBSS

containing Penicillin-Streptomycin (PS) and HEPES and dissociated

with Trypsin-EDTA/PS/HEPES. Cells were plated either at a density of

250000per 60mmpetri-dishes onto 1mg/mlpoly-L-lysinepre-coated

18mm coverslips or at 40 000 cells per microfluidic chambers.

Regarding midbrain cultures, ventral mesencephalons were dissected

from E14 rats, collected in Leibovitz L-15 medium (Gibco, # 11415056),

and dissociated with Trypsin-EDTA/PS/HEPES. Cells were plated at a

density of 40,000 cells per chambers. Neuronal cells weremaintained

in Neurobasal Plus medium (Gibco, A3585911) supplemented with

GlutaMAXTM (Gibco, #35050-038), B-27TM Plus (Gibco, A3653401).

Heterologous cell culture. COS-7 cell-line came directly from com-

mercial sources that state for their authenticity (https://www.

sigmaaldrich.com/FR/fr/product/sigma/cb_87021302). We did not

perform in-house identification. All cell lines were tested negative for

mycoplasma contamination. Mycoplasma testing was performed by a

third-party (Eurofins) via qPCR from cell culture media. COS-7 cells

were kept in Dubelcco’s Modified Eagles’s Medium (DMEM) supple-

mented with 10% fetal calf serum, 1% pyruvate and 2mM GlutaMAX.

Cell transfection
Primary cultures. Hippocampal neurons were transfected either at 7

or 10 DIV using the calcium-phosphate coprecipitation method. DNA

plasmids were diluted in TE buffer (1mM Tris-HCl pH 7.3, 1mM EDTA)

and a final concentration of 250mM of CaCl2 (2.5M CaCl2 in 10mM

HEPES, pH 7.2)were added. Thismixwas addeddropwise to 2XHEPES-

buffered saline (inmM: 12 dextrose, 50HEPES, 10KCl, 280NaCl and 1.5

Na2HPO4 ∙ 2H2O, pH 7.2). Coverslips were transferred to 12-well plate

containing 250 µl/well of conditioned culture medium supplemented

with 2mM kynurenic acid. 50 µl of the precipitate solution was added

to eachwell and incubated for 1 h at 37 °C. Cellswere thenwashedwith

non-supplemented Neurobasal medium containing 2mM kynurenic

acid and moved back to the culture dish. To prevent excitotoxicity,

50 µM of D-2-amino-5-phosphonovalerate (D-AP5) was added to the

culture medium when transfecting with GluN1-NMDAR. Hippocampal

neurons in co-culture with midbrain neurons through microfluidic

chips were transfected using lipofectamine-2000 (Invitrogen)

according to the manufacturer’s recommendations. Where indicated,

cells were incubated chronically with competing peptides, namely

TAT-NS (YGRKKRRQRRRGSSEVILDQPVIAKPLIPALSVALSVKEEA), TAT-

T2 (YGRKKRRQRRRLVYLIPHAVGSSEDLKKEEAGGIAKPLEKL) and TAT-

T3 (YGRKKRRQRRRSPALSVILDYALSVVSLEKIQPVTHSGQHST) at a final

concentration of 1 µM for four consecutive days or at 10 µM for 10

to 25min.

COS-7 cells. Transfection with X-tremeGENE HP DNA (Roche) was

done 1 day after plating. 200 µM of D-AP5 were added to the culture

media when transfecting with GluN1-NMDAR. Cells were imaged 20-

24 hours after transfection.

Animals
This study was conducted in accordance with both the NIH and Eur-

opean Community guidelines (Directive 2010/63/EU) for the care and

use of animals. Every effort was made to minimize the number of

animals used and their suffering. All animals were housed and main-

tained on a 12-h cycle at room temperature (22 °C) and 40–70%

(typically 60%) humidity with ad libitum access to food and water.

C57BL/6 J mice. The protocol was approved by the Experimental

Animal Ethics Committee of the University of Tokyo (approval num-

ber: P29-14). A total of 18, 14 and 11 male C57BL/6 J mice at postnatal

day 4, 7 and 29 with preoperative weights of 5–7 g and 20–30 g,

respectively, were used in this study.

Sprague-Dawley rats. The protocol was approved by the Animal Care

Committee of the Centre for Addiction and Mental Health (approval

number: #824) of the University of Toronto as well as by the local

Bordeaux Ethics Committee (APAFIS#21727-2019010918359887). A

total of twice 3 male Sprague-Dawley rats at post-natal day 7 and 36

were used in this study (co-IP), and gestant Sprague-Dawley rats at the

ageof9−12weeks oldwerepurchased from Janvier Labs, andP5 (n = 4),

P10 (n = 3) and P25 (n = 3) animals were randomly chosen for the

experimentation.

Multi-dimensional spectral single molecule localization
microscopy
Neurons were first incubated for 10min with a mix of rabbit anti-GFP

and mouse anti-Flag primary antibodies, washed and incubated for

Fig. 6 | GluN1-D1R interaction is necessary for synaptogenesis. a Experimental

design of the TAT-competing peptide challenge in developing immature neurons

with representative images of hippocampal dendrites on which Homer 1 C cluster

(synapses), GluN2A subunit, or GluN2B subunit were labeled in the presence of

TAT-NS or TAT-T2 competing peptides. Scale bar, 5 and 1 µm. b Comparison of the

number of synapses (e.g. number of Homer 1 C clusters per µm of dendrite) after

treatment with TAT-NS (n = 60 fields) or TAT-T2 (n = 62) and (c) the percentage of

synapses that are positive for GluN2B (TAT-NS, n = 23; TAT-T2, n = 34) and/or

GluN2A (TAT-NS, n = 25, TAT-T2, n = 33; two-tailed Unpaired t-test). Data are pre-

sented as mean +/- SEM. Scale bar, 5 and 1 µm. d Experimental design alongside

representative images of hippocampal dendrites on which Homer 1 C cluster

(synapses), GluN2A subunit, or GluN2B subunit were labeled in the presence of

TAT-NS or TAT-T2 competing peptides. Scale bar, 5 and 1 µm. e Comparison of the

number of synapses after treatment with TAT-NS (n = 59 fields) or TAT-T2 (n = 55)

and (f) the percentage of synapses that are positive for GluN2B (TAT-NS, n = 19;

TAT-T2, n = 11) and/or GluN2A (TAT-NS, n = 19; TAT-T2, n = 14; two-tailed unpaired

t-test). Data are presented as mean +/- SEM. g Experimental set-up with repre-

sentative images and (h) corresponding comparison of the number of synapses

following expression of D1R-WT (n = 44 fields) or D1R-S397D (n = 41; two-tailed

unpaired t-test). Data are presented as mean +/- SEM. Scale bar, 5 µm.

i Representative images of TH immunostaining. Scale bar, (i) 500 µm and 100 µm.

j Experimental setup with representative fluorescence images from 4 independent

experiments. Scale bar, 100 µm and 5 µm. k Representative Homer 1 C images.

l comparison of the synaptic density in hippocampal neurons co-cultured with

hippocampal (h-h, n = 24 fields) or midbrain neurons (m-h, n = 25; two-tailed

unpaired t-test). Data are presented as mean +/- SEM. Scale bar, 5 µm.

m Representative images and (n) comparison of the synaptic density in hippo-

campal neurons co-cultured with midbrain neurons and chronically treated with

competing peptides, either TAT-NS (n = 12 fields) or TAT-T2 (n = 25; two-tailed

unpaired t-test). Data are presented as mean +/- SEM. Scale bar, 5 µm. Source data

are provided as a Source Data file.
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10min with F(ab’)2-Goat anti-Rabbit IgG (H + L) Secondary Antibody,

Qdot 705, F(ab’)2-Goat anti-Mouse IgG (H + L) Secondary Antibody,

Qdot 655, and nanodiamond (Adamas Nano). All incubations were

done in conditioned 1% BSA-Tyrode solution (inmM: 105 NaCl, 5 KCl, 2

MgCl2, 12 D-glucose, 25 HEPES, pH 7.4). Surface receptors diffusion

were imaged for 1000 consecutive frames with an acquisition time of

50ms (20Hz).

Microscopy set-up. Our spectral microscope uses a 4Pi configuration

composed of two commercially inverted microscope bodies (Nikon

TiE) precisely aligned one on top of the other thanks to a (x, y, θ, φ)

stage (UMS, Scientifica). The lowermicroscope is equippedwith a high

NA TIRF objective (100X Oil NA1.49, Nikon), an azimuthal TIRF/HiLo

illumination device (iLAS2, Gataca Systems), a Quad band filter set

(F66-04TN, AHF) and an astigmatism-based kit (manual N-STORM kit,
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Nikon) which altogether enable to perform state-of-the-art 3D SMLM.

The upper microscope is equipped with a high NA water dipping

objective (60X, Water Dipping NA1, Nikon) and a spectral detection

arm for spectral (λ) characterization of the detected single molecules.

The spectral detection arm is composed of a low dispersive prism (10°

edge prism, PS814-A, Thorlabs) placed in the Fourier plane of a 4 f

imaging relay to convert each emitter’s wavelength into a spatial dis-

placement, laterally shifting the localization of the single emitter lin-

early with respect to its mean spectral emission, and a triple laser lines

rejection filter (ZET 405/488/561, F67-408, AHF) to reject excitation

laser light. It also integrates a ~ 1.5x zoom to optically match the lower

(spatial) and upper (spectral) FOVs as closely as possible. Two syn-

chronized sensitive EMCCDs (Photometrics EVOLVE 512B), one for

each detection path, allow the microscope to track single emitters

across 80 µm x 80 µm field-of-views. Finally, the whole 4Pi microscope

is caged in a custom plexiglass heated at 37 °C (Life Imaging System)

and driven by the MetaMorph software (Molecular Devices).

Single Molecule Localization analysis. We used PALMTracer, a

custom-made software operating as a plugin of MetaMorph software,

to analyze and represent themulti-dimensional (x, y, t, λ) SMLMdata. It

uses a combination of wavelet decomposition and 2D Gaussian

fitting86,87 to perform state-of-the-art astigmatism-based 3D single-

molecule localization. Once localized, molecule trajectories are com-

puted from the molecular coordinates of the spatial channel using a

simulated annealing algorithm88. Files are automatically analyzedusing

an integrated batch engine.

Spectrally displaced localization analysis. The spectral determina-

tion of each localizedmolecule has been described here41. It is based

(1) on the pairing of single emitter’s localizations obtained on both

spatial and spectral channels, and (2) on measuring the spatial shift

induced by the prism inserted in the spectral detection arm. From a

spectral shift calibration process, it is then possible to retrieve the

mean emission wavelength of the detected single molecule. Briefly,

a field transformation of the spatial localizations (lower channel) is

first applied to superposed both field-of-views. Then, the localiza-

tions in the spatial and the spectral channels are paired thanks to a

linear search in a pair search zone defined around the transformed

spatial localization froman a-priori knowledge of the prism-induced

spatial dispersion and molecules emission wavelength. The pair

distance d is finally measured enabling to assignment an emission

wavelength to the spatial localization thanks to a spectral calibra-

tion of the spectral detection arm (Supplementary Fig. 1b). The

spectral calibration was performed using multicolor diffraction

limited microbeads (100 nm) with well-defined fluorescence spec-

tra, simultaneously detected on both channels. The spatial shift

induced by the dispersive element inserted into the spectral

detection arm is then computed measuring the distance of the

localization of each emission peaks on the spectral channel from the

fiducial localizations on the spatial channel after field transforma-

tion. This calibration leaded to a computed spectral shift of

�8:1 ±0:1 nm/pixel (Supplementary Fig. 1c). Lastly, independent

lateral drifts in either of the channels were compensated on each

path separately by tracking fiducials markers of known emission

spectra to ensure robust spectrally displaced localization analysis

along the entire acquisition time.

Spectrally-informed multi-Gaussian fitting. In order to distinguish

overlapping single molecule signals, i.e. occurring when single emit-

ters are separated by less than ~200nm, we devised a multi-emitter

fitting approach that take advantage of the localization information in

the spectral channel41 (Supplementary Fig. 1d). by increasing the

robustness and accuracy of the multi-gaussian fitting process, such

parameters initialization allows for monitoring receptors of different

species that are simultaneously exploring the same nanoscopic

environment.

Analysis of particle-particle interactions. A computational algorithm

was developed to extract the distances separating each receptor

couple in our recordings. Receptors were considered as interacting

when their distance fell within the confined threshold. This threshold

was set at 100 nm.

Immunohistochemistry
Live surface staining (15min at 37 °C)was followedby 15min fixation in

4% paraformaldehyde (PFA) / 4% sucrose in PBS at room temperature

(RT). The cells were then incubated for 15min in PBS with 50mM

NH4Cl and blocked inPBS-1% bovine serumalbumin (BSA) for 1 hour at

RT. For intracellular staining, cells were fixed, permeabilized with 0.1%

Triton X-100/PBS for 5min and blocked 30min in PBS-1% BSA. Alter-

natively, cells were fixed and permeabilized with ice-cold methanol.

The secondary antibodies were prepared in blocking solution and

incubated for 1 hour at RT. Coverslips were mounted in Fluoromount

media and kept at 4 °C until imaging.

When needed, cells were, prior to fixation, co-incubated for

25min at 37 °Cwith primary antibodies and various inhibitors or 5min

with 50 µM of glutamate or KCl (at 50mM or 2.5mM).

Microfluidic devices production
Microfluidic molds were fabricated on glass by soft lithography with

the UV-curable adhesive NOA81 (Thorlabs) which resulted in a positive

relief pattern of themicrofluidic chip. Amixture of PDMS (Sylgard 184)

with curing agent (10 to 1 ratio) was poured onto the positive replicate,

degassed under vacuum before reticulated over-night at 70 °C. The

resulting negative replica-polymer was detached, punched to create

four reservoirs, cleaned and dried in sterile conditions. Finally, the

polymer print was bonded onto a 1mg/ml poly-L-lysine coated glass

coverslip and stored at 37 °C until cell seeding.

Epifluorescence confocal image acquisition and analysis
Spinning disk. Images were acquired using a high-speed spinning disk

confocal unit equipped with an electron multiplying charge-coupled

device (EMCCD) camera (Photometrics QuantEM 512SC) through

either a 20x objective (Leica, HC PLAN APO, 0.7 NA) and/or a 63x oil

objective (Leica, HCX HPL APO CS, 1.4-0.6 NA). Hardware was con-

trolled withMetaMorph software (Molecular Devices). All images were

analyzed with ImageJ 1.53c (National Institute of Health, USA). For the

Sholl Analysis, hippocampal neurons were transfected with a GFP-

encoding plasmid at DIV 7, and hippocampal dendritic trees were

Fig. 7 | GluN1-D1R interaction is required for early basal network activity

in vivo. a Experimental timeline for P7 head-fixed mice with representative LFP

traces and the corresponding root mean square (RMS) in control (CTL), TAT-NS

and TAT-T2 injected mice. b Comparison of the frequency of GDP events (n = 6

mice per group; two-tailed Mann–Whitney U test). Data are presented as mean +/-

SEM. c Experimental timeline for P12 urethane-anesthetized mice with repre-

sentative LFP traces and the corresponding root mean square (RMS) in control

(CTL), TAT-NS, and TAT-T2-injected mice. d Distributions of inter-LB intervals.

e Comparison of the frequency of LB events (n = 4-5 mice per group; two-tailed

Mann–WhitneyU test).Data are presentedasmean+/- SEM. f Experimental timeline

for P35 freely moving mice and representative LFP traces in control, TAT-NS and

TAT-T2-injected mice. Hippocampal ripple events are indicated by black dots

(above the traces). g, h Comparison of fast Fourier Transform (FFT) plots of LFP

activity at 1–100Hz bands excluding 48-52Hz, (n = 3–4 mice per group). Data are

presented asmean +/- SEM. iComparison of the frequency of ripple events (n = 3–4

mice per group; two-tailed Mann-Whitney U test). Data are presented as mean +/-

SEM. Source data are provided as a Source Data file.
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reconstructed using the ImageJ’ plugin “SNT”. The overlap between

D1R and GluN1-NMDAR was defined as the fraction of GluN1 cluster

area that overlap with D1R cluster.

Calcium imaging. Neuronal cells were transfected with GCaMP6f

together with either D1R-wt, D1R-dT2 or D1R-S397D at DIV 7 and

imaged 2-3 days post-transfection. For isolation of NMDAR-dependent

Ca2+ transients, neurons were incubated in Mg2+-free Tyrode’s solution

containing 5 µM nifedipine and 5 µM bicuculline for 15min before

imaging. Two time-lapse images of 3000 frames were acquired at

20Hz, one before and one 5min after incubationwith D-AP-5 at 50 µM.

Calcium activity was analyzed as previously described89. Briefly, mean

normalized fluorescence i.e. ΔF/F was calculated by subtracting each

value with the mean of the previous 5-s values lower than P50 (µ) and

dividing the result by µ. ΔF/F traces were smoothened by convoluting

the raw signal with a 10-s squared kernel and positive calcium tran-

sients were automatically defined based on a threshold set at 5*SD of

the AP-5 trace.

dSTORM
Images were acquired using a Nikon Ti eclipse system equipped with a

Perfect Focus System (PFS), an azimuthal TIRF arm (Gataca Systems,

Massy, France), and an Apo TIRF 100x NA1.49 oil-immersion objective

and anEvolve EMCCD camera (Photometrics, Tucson, USA) with a final

pixel size of 65 nm. This system is equipped with a Ti-S-ER motorized

stage controlled by MetaMorph software (Molecular Device, USA).

Samples were illuminated in TIRF mode and images were obtained

with an exposure time of 20mswith up to 40,000 consecutive frames.

Imaging was carried out at room temperature in a closed Ludin

chamber (Life Imaging Services, Switzerland) using a pH-adjusted

extracellular solution containing oxygen scavengers and reducing

agents. Multicolor fluorescent microspheres (Tetraspeck, Life Tech-

nologies) were used for lateral drift correction. Super-resolution ima-

ges were reconstructed with PALMTracer and protein-clustering into

nano-size clusters i.e. nanodomains was obtained using the SR-

Tesseler method90. Segmentations of the clusters were performed by

applying a threshold of twice the average density δ of the whole

dataset, with a minimum area of 7 and a minimum number of locali-

zations of 5. Clusters’ nanodomains were identified by applying a

threshold of one time the average density of each cluster (0.4 mini-

mum area, 25 minimum number of localizations). To analyze GluN1

enrichment at post-synapses (considered as homer 1 C puncta), the

average density of detections was divided by the average density of

extra-synaptic detections.

Frequency-domain-based FRET-FLIM microscopy
COS-7 cellswere co-transfectedwith carboxyl terminally taggedGluN1-

GFP together with HA-GluN2A andwith the carboxyl terminally tagged

D1R (WT or S397D)-mCherry in a proportion of 1:1:1, unless stated

otherwise. mCherry alone was used as a FRET-negative control. Cells

were imaged with an HCX PL Apo 63x oil NA 1.4 objective using an

appropriate GFP filter set. Cells were excited using a sinusoidally

modulated 3W 478 nm LED (light-emitting diode) at 36MHz under

wild-field illumination. Emissionwas collectedusing an intensifiedCCD

LI2CAM camera (Lambert Instrument BV, Groningen, The Nether-

lands). Lifetimes were calibrated using a solution of erythrosin B that

was set at 0.086 ns. The lifetime of the sample is determined from the

fluorescence phase-shift between the sample and the reference from a

set of 12 phase settings using the manufacturer’s LI-FLIM software.

In vivo electrophyisological recording
Peptide administration. TAT-NS and TAT-T2 peptides (3mg/kg, i.p.)

were daily administered for 3–4 consecutivedays. For P4mice, peptide

administration was performed for 3 days and an electrophysiological

recording was performed under a head-fixed condition at P7 (termed

P7 head-fixed). For P7mice, peptide administration was performed for

4 days and an electrophysiological recording was performed under a

urethane-anesthetized. For P29 mice, an electrode assembly was first

implanted into the hippocampus and peptide administration was

performed for 4 days from P30 and recordings were obtained at P12

(termed P35 freely moving). Control mice were not injected with

any drugs.

Surgery and electrophysiological recording. For electro-

physiological recording from P7 head-fixed mice, the mice were

anesthetized with isoflurane gas (0.5–2.5%) and restrained with their

head held in place by a metal plate. A craniotomy was performed to

create a rectangular hole (3.0 × 1.0 mm2) centered at 1.5mm posterior

and 1.5mm lateral to the bregmausing ametal cutter, and the durawas

surgically removed. Two 32-gauge needles were implanted in the bone

above the cerebellum to serve as ground and reference electrodes. A

silicon probe that consisted of 64 recording sites (Buzsaki 64, Neuro-

Nexus) was inserted into the brain at a speed of 5μm/s so that the final

depth of the electrode tip in the brain was 1300μm. The electrodes

were allowed to stabilize at their final position for 10min before

recording began. To aid in the reconstruction of the tracks left by the

probe, the backside of the probe was coated with a DiI solution

(80mg/ml, Invitrogen).

For electrophysiological recording from P12 urethane-

anesthetized mice, the mice were anesthetized with urethane

(1.5 g/kg, i.p.) and the same procedures applied to the P7 head-fixed

mice were performed with a craniotomy centered at 1.8mm posterior

and 1.7mm lateral to the bregma and the final depth of the electrode

tip in the brain ranged from 1500 to 1800μm.

For electrophysiological recording from P35 freely moving mice,

the mice were implanted with an electrode assembly at P29. For

electrode implantation, themicewere anesthetizedwith isoflurane gas

(1–2%). A craniotomy with a diameter of ~2mmwas performed using a

high-speed drill, and the dura was surgically removed. Two stainless-

steel screwswere implanted in the bone above the cerebellum to serve

as ground and reference electrodes. An electrode assembly that con-

sisted of 4 tetrodes, which was created using a 3D printer (Form 2,

Formlabs), was stereotaxically implanted above the right hippo-

campus (1.8mmposterior and 1.5mm lateral to bregma). The tipof the

electrode bundle was lowered to the cortical surface, and the elec-

trodes were inserted 1.8–2.0mm into the brain at the end of surgery.

The electrodes were constructed from 17-μm-wide polyimide-coated

platinum-iridium (90/10%) wire (California Fine Wire), and the elec-

trode tips were platedwith platinum to lower electrode impedances to

150–300 kΩ at 1 kHz. Electrophysiological data were sampled at 2 kHz

and filtered between0.1 and 500Hz for at least 15min using aCereplex

direct recording system (Blackrock).

Histological analysis to confirm electrode locations. At the end of

the recording in P12 mice, the silicon probe stained with DiI was

carefully removed from the brain. All mice were perfused intracar-

dially with cold 4% PFA in 25mM PBS and decapitated. After dissec-

tion, the brains were fixed overnight in 4% PFA. For P12 mice, the

brains were rinsed in PBS and coronally sectioned at a thickness of

100 µm by a vibratome. For P35 mice, the brains were equilibrated

with 30% sucrose in PBS, coronally sectioned at a thickness of 50 μm

by a microtome, and counterstained with cresyl violet. The positions

of electrodes were confirmed by identifying the corresponding

electrode tracks in histological tissue.When electrode positionswere

not clearly visible, electrodes showing apparent LB events at P12 or

ripple events at P35 were considered as electrodes located inside the

hippocampus.

LFPdata analysis. For LFP recordingdata fromP7head-fixedmice, the

20-min LFP traces were band-pass filtered at 1–50Hz and the root
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mean square (RMS) was computed with a bin size of 100ms and giant

depolarizing potentials (GDPs) were detectedwhen the RMSexceeded

3 standard deviations above the mean. The minimum intervals

between neighboring GDPs were set to be 1 s.

For LFP recording data from P12 urethane-anesthetized mice, to

reduce 50-Hz humming noise, a 40-60Hz notch filter was applied to

the LFP data. The RMS of the 60-min LFP traces was computed with a

bin size of 1 s and large-amplitude burst (LB) events were detected if

the RMS exceeded a threshold of 1mV/s.

For LFP recording data from P35 freely moving mice, the power

spectra of LFP traces during 60-s quiescent periods at a moving speed

of less than 2 cm/s were calculated by fast Fourier transformation at

frequencies ranging from 1 to 100Hz. The power of LFPs in the fol-

lowing sub-frequency bands were calculated: theta (6–10Hz), slow

gamma (20–40Hz), and fast gamma (60–100Hz). For the detection of

ripples, LFP signals were band-pass filtered at 150–250Hz and the RMS

wascalculated in the ripple-bandwith abin size of 20ms. Ripple events

were detected when the RMS exceeded 3 standard deviations above

the mean.

Tissue preparation
P5 animals were anesthetized with pentobarbital (300mg/kg) and

transcardially perfused with 4% PFA. Whole brains were removed and

fixed overnight in 4% PFA, cryoprotected by immersion in 30% sucrose

solution and sliced into 20 µm thick coronal sections on a microtome-

cryostat (Leica CM3050S).

Biochemistry
Western Blot. Brain samples were snap-frozen in liquid nitrogen and

stored at −80 °C. Neuronal cultures and brain samples were homo-

genizedwith TETbuffer (20mMTris pH8 − 1mMEDTA −1.3% TritonX-

100) complemented with proteases inhibitors), incubated on ice

10min and centrifuge 10min at 10,000 g to remove debris. The pro-

tein concentrationof all sampleswas simultaneously determinedusing

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Either 4 or

10 µg of protein was loaded in 4-20 % precast SDS-polyacrylamide gel

electrophoresis and transferred to a nitrocellulose membrane (Bio-

Rad, Hercules, USA). The membrane was blocked in 5% non-fat milk

Tris-buffer saline (TBS)/0.1% Tween-20 (TBST) at R.T. for 1 hour. Pri-

mary antibodies were diluted in 0.5 %milk TBST and incubated O.N. at

4 °C under agitation. Incubation with corresponding secondary anti-

body was performed for 1 h at R.T. Specific protein stain was revealed

with SuperSignal West Femto Maximum Sensitivity Substrate detec-

tion kit (Pierce, Thermo Fisher Scientific Inc., Cambridge, UK) and total

membranes were scanned using a Li-COR Odyssey-Sc imaging system.

Quantification of band intensity was performed using Odyssey soft-

ware and it was normalized to tubuline staining. Full scan blots are

available in the Source Data file.

Co-immunoprecipitation. The co-immunoprecipitation assay was

performed as previously described50. Briefly, rat brain tissues were

homogenized in lysis buffer (50mM Tris-HCl, 150mM NaCl, 2mM

EDTA, 0.5% sodiumdeoxycholate, 1%NP-40, 1%TritonX-100, 0.1% SDS,

Protease inhibitor cocktail (Sigma-Aldrich, 1:100, pH 7.4) on ice. Then

the samples were gently shaken at 4 °C for 1 hour and centrifuged at

10,000 g for 10min. The supernatant was collected as the protein

extract. The concentration of samples wasmeasured using Pierce BCA

Protein Assay. For co-immunoprecipitation experiments, 500 – 700 µg

protein extract was incubated with protein A/G plus agarose (25 µl per

sample; Santa Cruz Biotechnology, catalog number: sc-2003) at 4 °C

for 1 hour, and then the supernatant was incubated together with new

protein A/G plus agarose in the presence of primary antibodies against

D1R (2 µg) or D2R (2 µg) or control IgG (1–2 µg) at 4 °C for 12 hours with

gentle shaking. Pellets were washed, boiled for 5min in SDS sample

buffer and 2-Mercaptoethanol and subjected to SDS-PAGE. A total of

50-100 µg of protein extract was used as a control in each experiment.

Full scan blots are available in the Source Data file.

Antibodies
▓

Reference Provider Dilution

Primary antibodies

rabbit polyclonal anti-GFP #A-6455 ThermoFisher Sc. 1/500 or
1/10 000

mouse monoclonal anti-Flag #F1804 Sigma-Aldrich 1/500 or
1/10 000

mouse monoclonal anti-TH #MAB318 Merck Millipore 1/1000

mouse anti-CK1 alpha #sc-75582 Santa Cruz 1/1000

mouse monoclonal anti-beta-
tubulin

TUB2.1 Sigma-Aldrich 1/5000

Rabbit anti-GluN2A Clone
A12W

Merck Millipore 1/
1000
(WB)

rabbit anti-GluN2A custom-
made

Agrobio 1/
200 (IF)

rabbit anti-GluN2B custom-
made

Agrobio 1/200
(IF), 1/
1000
(WB)

rabbit anti-D1R 17934-1-AP Proteintech 2 µg

rabbit anti-D2R 55084-1-AP Proteintech 2 µg

rabbit anti-NR2A NB300-105 Novus Biologicals 1/1000

rabbit anti-NR2B ab65783 Abcam 1/1000

Chicken anti-MAP2 ab5392 Abcam 1/5000

Mouse anti-synapsin 1 #106011 Synaptic System 1/1000

Mouse anti-PSD95 MA1-046 ThermoFisher Sc. 1/500
(IF), 1/
1000
(WB)

Rabbit anti-DBH ab209487 Abcam 1/2000

Secondary antibodies:

goat anti-mouse alexa fluor 488 #A11001 ThermoFisher Sc. 1/1000

Donkey anti-mouse alexa
fluor 647

#A31571 ThermoFisher Sc. 1/1000

goat anti-rabbit alexa fluor 647 #A21244 ThermoFisher Sc. 1/1000

Goat anti-chicken 488 #A11039 ThermoFisher Sc. 1/1000

anti-mouse H+ L HRP #715-
035-150

Jackson Immu-
noresearch

1/5000

goat-anti-rabbit IgG (H + L)
highly cross-absorbed second-
ary antibody Alexa Fluor
Plus 800

#A32735 ThermoFisher Sc. 1/5000

Alexa Fluor790AffiniPureGoat-
anti-Rat IgG (light chain
specific)

#112-
655-175

Jackson Immu-
noResearch

1/1000

Alexa Fluor790AffiniPureGoat-
anti-Rabbit IgG (light chain
specific)

#115-
655-174

Jackson Immu-
noResearch

1/1000

Quantum Dots:

F (ab’)2-Goat anti-Rabbit IgG-
coupled Qdot655

#Q11422MP ThermoFisher Sc. 1/50000

F (ab’)2-Goat anti-Rabbit IgG-
coupledQdot705

#Q11461MP ThermoFisher Sc. 1/50000

Statistical analysis
No statisticalmethods were used to predetermine sample size. Sample

size was based on previous publications with similar models and

experiments. To ensure replicability, results are derived from at least
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three independent experiments. No data were excluded from the

analysis. All statistical tests were performed using GraphPad Prism.

Datasets were analyzed for normality and parametric or non-

parametric statistical test (two-tailed) were used accordingly. Test

details and statistical outcomes are reported in the relevant figure and

figure legends.

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
Data and resources are available on request from the corresponding

author. Source data are provided as a Source Data file. Source data are

provided with this paper.

Code availability
Codes used for this paper are available on request from the corre-

sponding author.
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Supplementary Fig. 1 MS-SMLM method.  

a Spectrally displaced localization principle. b Calibration of the prism-induced shift in the spectral 

channel. c, Spectrally informed multi-gaussian fitting principle. d Representative reconstruction of 

GuN1-NMDAR and D1R surface diffusion. The white arrows represent the locations of the 

interacting events. Scale bar, 10 µm.  
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Supplementary Fig. 2 Role of the GluN2A/B subunit in the GluN1-NMDAR-D1R interaction.  

a Representative immunoblots with b corresponding quantification of the protein level (relative 

to tubuline) of the GluN2A and GluN2B subunits in the hippocampus of P5, P10 and P25 animals. 

N = 2 animals per group. c Representative fluorescence and color-coded GFP lifetime images. Scale 

bar, 50 µm. d Experimental set-up. e Quantification of the GluN1-GFP lifetime when GluN1-

NMDAR is co-expressed, in COS-7 cells, either with the GluN2B (GluN1-2B, n = 31 cells) or GluN2A 

(GluN1-2A, n = 31 cells) subunits alone or together with soluble mCherry (acceptor control, GluN1-

2B::soluble mCherry, n = 26 cells; GluN1-2A::soluble mCherry, n = 17 cells) or D1R-mCherry 
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(GluN1-2B::D1R, n = 41 cells; GluN1-2A::D1R, n = 41 cells). Two-tailed unpaired t-test. f 

Quantification of the GluN1-GFP lifetime in the GluN1-GFP-GluN2A::D1RmCherry configuration 

after incubation with either a control competing TAT-peptide (TAT-NS, n = 29 cells), or targeting 

either the T2 domain (between GluN1-NMDAR and D1R; TAT-T2, n = 28 cells) or the T3 domain 

(between GluN2A-NMDAR and D1R; TAT-T3, n = 30 cells). One-way ANOVA with Tukey’s post-hoc 

test. Dots represent the mean. 

 

 

 

 

 

Supplementary Fig. 3 GluN1-NMDAR-D1R interaction paradigm is conserved in cortical culture.  

a Representative immunofluorescence images with quantification of GluN1-NMDAR-D1R overlap 

in immature (9 DIV, n = 25 cells) and mature (>15 DIV, n = 28 cells) cortical neurons. Two-tailed 

unpaired t-test. Scale bar, 10 µm. 
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Supplementary Fig. 4 GluN1-NMDAR-D1R is regulated in a CK1 and mGluR5-dependent manner.  
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a-c Representative images of hippocampal dendrites on which surface GluN1-NMDAR (green) and 

D1R (magenta) were labelled after exposure to (a) control (buffer; n = 59 fields) or IC-261 (CK1 

inhibitor, 50 µM; n = 51 fields); (b) buffer (control; n = 38 fields) or AP-V and NBQX (50 µM and 

2µM, respectively; n = 42 fields); (c) buffer (control, n = 56 fields) or MTEP (mGluR inhibitor, 10 

µM; n = 49 fields). Two-tailed unpaired t-test. d Experimental set-up. e Representative 

fluorescence and color-coded GFP lifetime images. Scale bar, 20 µm. f Measure of GFP-

fluorescence lifetime when GluN1-GFP is expressed alone (n = 46 cells) or together with soluble 

mCherry (control condition, n = 40 cells), D1R-wt-mCherry (n = 48 cells) or D1R-S397D-mCherry 

(47 cells), one-way ANOVA with Tukey’s post-hoc test. g Representative images of hippocampal 

dendrites on which surface GluN1-NMDAR (green) and D1R (WT or S397D, magenta) were labelled 

alongside quantification of the overlap between GluN1-NMDAR and D1R-wt (n = 25 cells, 52 fields) 

or D1R-S397D (n = 30 cells, 60 fields), Two-tailed unpaired t-test. Scale bar, 5 µm. h (left) 

Representative images of hippocampal dendrites on which surface GluN1-NMDAR (green) and 

D1R-S397D (magenta) were labelled after exposure to TTX; (right) quantifications of the overlap 

between GluN1-NMDAR and D1R-S397D following application of either buffer (CTL, n = 30 cells, 

59 fields) or TTX (n = 30 cells, 53 fields). Two-tailed unpaired t-test. Scale bar, 5 µm. 
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Supplementary Fig. 5 CK1α is differentially expressed over neuronal development both in vitro and 

in vivo.  

a Representative immunoblots with corresponding quantification of the relative protein level of 

CK1-alpha in immature (n=4) and mature (n=4) hippocampal cultures. The results are normalized 

to immature. Unpaired t-test. b Representative immunoblots with quantification of the relative 

protein level of CK1-alpha in hippocampi from P5, P10 and P25 animals. N = 3 animals per group.  

The results are normalized to P5. One-way ANOVA with Tukey’s post-hoc test.  
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Supplementary Fig. 6  The interaction between GluN1 and D1R controls the organization of GluN1 

at the neuronal surface.   

a-b Correlation between the size of GluN1-NMDAR cluster and the overlap between GluN1-

NMDAR and D1R in control condition or after disruption of the interaction through competing 

peptides (a) or CKI-7 (b) incubation. c Quantification the number of GluN1 nanodomains per 

clusters when GluN1 is co-expressed with D1R-wt (n = 7 cells, 186 clusters and 214 nanodomains), 

D1R-dT2 (n = 7 cells, 217 clusters and 242 nanodomains) or D1R-S397D (n = 6 cells, 151 clusters 

and 169 nanodomains). d (left) Representative image of hippocampal dendrites at 12 days in vitro 

(DIV). Dendrites were labelled with MAP-2 (magenta) and postsynaptic densities with PSD-95 

(green). Scale bar, 10 µm.  (right) Percentage of post-synaptic densities i.e. PSD-95 puncta located 

in protrusion or onto the dendrite in DIV 12 hippocampal neurons (n = 17 neurons).  
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Supplementary Fig. 7 Longer incubation of mature neurons with TAT-competing peptides does not 

alter the number of post-synapses in vitro.  

a Experimental set-up. b Representative images of Homer 1c staining. Scale bar, 20 and 5 µm. c 

Quantification of the number of synapses in mature neurons treated for 8 consecutive days with 

control (TAT-NS, n = 33 cells) or competing peptides (TAT-T2, n = 30 cells). Two-sided unpaired t-

test. 
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Supplementary Fig. 8 Characterization of the primary neuronal culture from the midbrain.  

a Experimental set-up. b Catecholamines synthesis pathway. c Representative fluorescence 

images of TH (red) and DBH (gray) staining. Scale bar, 50 and 20 µm. d Quantification of the 

percentage of dopaminergic (DBH negative, TH positive) and noradrenergic (DBH positive, TH 

positive) neurons.  e Representative fluorescence images of hippocampal neurons co-cultured 

with hippocampal neurons (h-h) or dopaminergic-containing midbrain neurons (m-h). Scale bar, 

50 µm; f Sholl Analysis (step size of 10 µm). Two-tailed Kolmogorov-Smirnov test. g Total dendritic 

size of hippocampal neurons co-cultured with hippocampal neurons (h-h n = 15 cells) or with 

midbrain neurons (m-h, n = 18 cells). Two-tailed unpaired t-test. 
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Discussion and perspectives 

 
 Protein-protein interactions (PPI) between surface receptors: beyond the controversy 

Commonly used method to investigate protein-protein interaction, including biochemical 

strategies such co-immunoprecipitation (co-IP) or imaging approaches such as proximity ligation 

assay (PLA), and live imaging approaches such as RET (resonance energy transfer; FRET, 

fluorescence energy transfer and BRET, bioluminescence resonance energy transfer) and 

fluorescence recovery after photobleaching (FRAP), have been used to resolved the propensity of 

macromolecules to form heteromeric complexes (Dorsch et al., 2009; Milligan and Bouvier, 2005; 

Petit-Pedrol and Groc, 2021). Even if the data generated have supported the presence of such 

complexes, controversies concerning the prevalence and the role of such putative weak PPI (e.g. 

interactions between surface receptors), which typically are short-lasting and concern a limited 

fraction of receptors at a given time, have emerged. The above-mentioned techniques are bulk 

(e.g. intracellular and membrane), averaging measurement of populations of macromolecules, 

preventing thus to resolve oligomers’ kinetics and stability. Some of these limitations have been 

overcome thanks to the development of single particle tracking (SPT) techniques that permit to 

follow, at the cellular membrane, the diffusion of single receptors and allow to directly observe 

transient dimerization events. Such methods have been efficiently used to assess GPCR 

dimerization in heterologous cell cultures (e.g. CHO cells) following their labeling with fluorescent 

ligands or the exogeneous expression of recombinant receptors (SNAP-/ CLIP-tag technologies) 

(Asher et al., 2021; Calebiro et al., 2013; Hern et al., 2010; Kasai et al., 2011). However, they have 

been mainly used to track one, sometime two, populations of receptors in flat membranes and for 

limited periods of time due to both the low-fluorescence and photobleaching of fluorophores.  

Herein, we used a custom MS-SMLM approach developed by (Butler et al., 2022) to resolve the 

surface interaction between D1R and NMDAR at the membrane of hippocampal neurons after 

their sparse indirect co-immunolabeling with primary antibodies and Fab-coupled quantum-dots 

(QD) (~ secondary antibody) of different wavelengths (emitting at 655 and 705 nm). QDs are 

extremely bright and photostable nanoparticle that have been a prime choice to track the surface 

diffusion of membrane receptor, for extended periods of time, at the surface of neurons both in 
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culture and in slices ex vivo (Biermann et al., 2014; Varela et al., 2016). The interaction between 

D1R-GluN1-NMDAR were transient, repeatedly occurring in an ON/OFF manner between highly 

diffusing receptors and with on average 30% of their localizations falling into the interaction zone. 

In average, D1R-GluN1-NMDAR interaction lasted 130 ± 0.01 ms with an apparent dissociation 

rate (or Koff) of 13 ± 0.7 s-1.  

In my PhD work, we arbitrarily defined the cut-off distance between receptors to consider 

interacting versus non-interacting receptors at 100 nm. This was due to i) labeling strategy 

(indirect immunolabeling), ii) the size of the coated QDs (~ 20 nm in average), and iii) the size of 

the extracellular domain of the recombinant GluN1-NMDA and D1 receptors. Exogenous GluN1-

NMDAR were fused to a FLAG tag while D1R were fused to the green fluorescent protein (GFP) at 

their N-terminal domains. Future developments aiming for smaller probes (e.g. through direct 

immunolabeling with either primary antibody, Fab fragments or nanobodies (Choquet et al., 2021) 

directly coupled with QDs) as well as smaller fluorescent proteins could further lower this 

threshold distance of 100 nm. Furthermore, alternative approaches to the transfection of 

exogeneous receptors could provide a better physiological setting. Although our MS-SMLM 

approach allow to specifically track endogenous receptors, there is nowadays no commercially-

available primary antibody that allow to specifically target both D1R and GluN1-NMDAR at the 

neuronal membrane in live cells. Secondly, even if several CRISPR – Cas9 editing strategies have 

been extensively developed to modify surface neurotransmitter receptors in primary neurons in 

culture (Fang et al., 2021; Willems et al., 2020), their use is however limited due to low rates of 

efficiency making near-impossible of finding double knock-in neurons. On a side note, it has been 

shown that the size of the fluorescent protein / QD can limit the capacity of tagged-

neurotransmitter receptor to enter inside synaptic clefts, which are ~ 20 nm wide in average 

(Choquet et al., 2021; Groc et al., 2007b; S. H. Lee et al., 2017). It is however important to consider 

that D1R are mainly located extrasynaptically (Uchigashima et al., 2016) as well as the interaction 

between D1R-GluN1-NMDAR (Ladepeche et al., 2013), limiting this negative impact.  
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 PPI: membrane receptor organizers in immature neurons 

 D1R-GluN1-NMDAR interaction over the course of neuronal development 

We observed that the strength of the interaction was differentially regulated during neuronal 

maturation, which was defined by two time points, referred as “immature” and “mature”, 

between which the number of excitatory synapses doubled. The D1R-GluN1-NMDAR interaction 

were drastically reduced in this time window both in vitro and in vivo. This developmental 

regulation of the D1R-GluN1-NMDAR interaction that were observed in hippocampal neurons was 

conserved in glutamatergic cortical neuronal cultures. At the immature stage, interactions 

between D1R-GluN1-NMDAR were promoted by ambient glutamate through the recruitment of 

metabotropic glutamate receptors mGluR. We showed that mGluR activate the protein kinase 

Casein Kinase 1 (CK1), leading to the phosphorylation of D1R C-tail at the serine 397 (i.e. located 

inside the interaction domain, known as T2 domain, of D1R with GluN1-NMDAR) which is sufficient 

to increase the interaction between D1R-GluN1-NMDAR. Noteworthy, we unveil that CK1-subunit 

α content decreased by half over development (in vitro and ex vivo), consistent with the above 

scenario.      

It is well accepted that PPI is a multi-step process. Random collisions occur between diffusing 

surface receptors, leading to the formation of very short-lived encounter complex that can convert 

into a productive complex upon “true” interaction. The formation of a longer-lived encounter 

complex is associated with molecular rearrangements of the protomers and formation of non-

covalent bonds. Thus, changes in membrane diffusion, receptor expression levels, and/or 

interaction avidity can impact the likelihood of having an interaction as well as its properties. The 

observed changes in the occurrence of the interaction between immature and mature neurons 

can be associated to the high instability of the immature neuronal membrane (e.g. high membrane 

diffusion) (Borgdorff and Choquet, 2002; Groc et al., 2006a, 2004). Indeed, such high surface 

diffusion would increase the likelihood of random collisions and thus of formation of encounter 

complexes. Such high lateral dynamics could also compensate for the initially relatively low 

amount of surface D1R in immature compare to mature neurons (annex 1). We showed a mGluR- 

and CK1-dependent post-translational modification of D1R at the 397 residues. This 

phosphorylation increases the number of negative charges in D1R C-tail, therefore strengthening 

its electrostatic bond with GluN1-NMDAR cassette C1 which in turn carry positive charges, 
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encompassing for the observed qualitative changes in the interaction properties. In addition, the 

GluN2-subunit composition of the NMDAR could influence the biophysical properties of the 

interaction since D1R can also interact with the CTD of GluN2A, which is enriched in mature 

neurons, through its T3 domain (Lee et al., 2002). Although we did not test the role of the T2 and 

T3 domains on the biophysical properties of D1R-GluN1-NMDAR interaction with our MS-SMLM 

approach, FRET experiments carried on heterologous cell systems showed that, in comparison to 

the T2 domain, the T3 domain had a negligible role on the interaction. Lastly, even if the 

interactions between surface receptors are considered as stochastic (Scarselli et al., 2016) and 

that we did not observe any indications towards interaction hot-spots, we cannot rule out the 

existence of membrane (sub)-domains that will favor the interaction. In fact, presence of such hot-

spots would dramatically increase the likelihood of interaction between highly diffusing receptors. 

Surely, assessing the presence of interaction hot-spots by combining MS-SMLM with other super-

resolution microscopy approaches will feed our understanding on the development-dependent 

regulation of the D1R-GluN1-NMDAR interaction.  

 

 D1R-GluN1-NMDAR favors the functional clustering of NMDAR and promote excitatory 

synaptogenesis 

Surface GluN1-NMDAR start to cluster when the interaction with D1R are possible, thus supporting 

the hypothesis that D1R-GluN1-NMDAR interaction seed NMDAR clusters in immature neurons. 

Indeed, D1R are able to aggregate GluN1-NMDAR within large clusters, enriched in the 

extrasynaptic membrane. When the interaction was prevented, D1R were unable to aggregate 

GluN1-NMDAR at this early stage. The interaction-dependent increase in the clustering of NMDAR 

was sufficient to promote excitatory synaptogenesis. Indeed, the chronic disruption of the 

interaction, at a time of a strong D1R-GluN1-NMDAR interaction, dramatically reduced the 

number of excitatory synapses. Promoting the interaction increased the number of excitatory 

post-synapses. On the other hand, competing with the interaction at later stages, when the 

interaction was reduced, had no effect on the number of synapses.  

Herein, we reported a positive correlation between D1R-GluN1-NMDAR interaction with the 

surface nano-organization of GluN1-NMDAR. Upon collision, diffusing receptors oligomerize, 
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which leads to their trapping and local clustering. Considering the 1:1 valency of the interaction 

and the fact that the surface organization of GluN1-NMDAR is perturbed but not lost upon 

disruption of the interaction, one could hypothesize additional regulatory mechanisms allowing 

the extrasynaptic organization and aggregation of NMDAR. First, as exposed earlier, we cannot 

exclude the existence of membrane and/or cytosplasmic subdomains that will favor the clustering, 

and thus the interaction, of both D1R and GluN1-NMDAR. Of note, it has been shown that the 

surface nano-organization and diffusion of the GPCR GABAB were dependent on their interaction 

with cortical actin filaments (Jobin et al., 2023). Secondly, the NMDAR interactome is very large 

and include several neuromodulator and neurotransmitter receptors, including mGluR, as well as 

adhesion molecules (Petit-Pedrol and Groc, 2021). We thus cannot dismiss the possibility of having 

the existence of hubs that are formed by different type of surface macromolecules, including 

neurotransmitter receptors. This would allow multimerization and lead to the aggregation and 

clustering of receptors. Answering to those questions will be essential to understand the 

mechanisms responsible for the regulation of the interactions per se as well as the positive effects 

of those interaction on excitatory synaptogenesis.  

We showed that the interaction between D1R and GluN1-NMDAR were necessary and sufficient 

at early stages for synaptogenesis. One can wonder whether the interaction between D1R-GluN1-

NMDAR preferentially occurs at axodendritic contact. The release of ambient glutamate will locally 

stabilize D1R-NMDAR, which in turn will flux calcium and recruits other synaptic and scaffold 

proteins leading locally to the formation and/or the stabilization of a synaptic contact. It is not 

clear however if D1R-GluN1-NMDAR heteromers activate specific signaling pathways and/or if the 

sole clustering of NMDAR, that could be obtained through extracellular cross-linking for instance, 

is sufficient to promote excitatory synaptogenesis. Alternatively, one could hypothesize the 

formation of a seed or hub of different receptors and associated signaling molecules (herein, the 

formation of spatially structured D1R-GluN1-NMDAR-mGluR-CK1 macro-complexes). The latter 

hypothesis is supported by the fact that mGluR activity, but not NMDAR, is involved in the 

regulation of the interaction, and that mGluR directly interact with GluN1-NMDAR (Perroy et al., 

2008). Future experiments aiming at assessing the existence of surface protein macro-complexes 

through proximity-dependent biotinylation labelling followed by proteomic profiling as well as 

multicolor MS-SMLM will be critical in the near future.    
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 Role of dopamine (DA) in the regulation of D1R-GluN1-NMDAR interaction and the D1R-

GluN1-NMDAR-mediated synaptogenic effect 

We observed that the synaptogenic effect of D1R-GluN1-NMDAR interaction is conserved in 

reconstructed networks that were composed by midbrain-containing dopaminergic neurons in co-

culture with hippocampal glutamatergic neurons. This result was however surprising considering 

the negative effect of DA, or its agonists, on D1R-GluN1-NMDAR interaction in hippocampal 

neurons (annex 2 and (Ladepeche et al., 2013)). Based  on the scarce dopaminergic innervation of 

the hippocampus in the neonate in comparison to adults (Bénac et al., 2024; Verney et al., 1985), 

one could hypothesize two different development-dependent periods for the regulation of the 

interactions between D1R and GluN1-NMDAR, with an early “dopamine-independent” and late 

“dopamine-dependent” period.  Following this view, the interaction between D1R-GluN1-NMDAR 

regulates NMDAR surface nano-organization, and allows for its functional clustering in the 

neonate brain. Later on, upon dopaminergic innervation of the hippocampus, the interaction will 

participate in the neuromodulation-neurotransmission interplay. For instance, it has been shown 

that disruption of the D1R-GluN1-NMDAR heteromers redistribute NMDAR from their 

extrasynaptic to the synaptic pools, therefore facilitating the synaptic transmission (Ladepeche et 

al., 2013).  

It is important to consider that different regulation mechanisms of the interaction have been 

suggested, depending on the brain region and the pathological condition. Indeed, it is well 

accepted that cocaine consumption increases the extracellular levels of dopamine, which leads, in 

the striatum, to an increase level of interaction between D1R-GluN1-NMDAR in mice but also in 

postmortem human samples (Andrianarivelo et al., 2021; Cahill et al., 2014). It was shown that 

such increased interaction between D1R-GluN1-NMDAR act as a key player in the addiction 

mechanism by inducing long-term molecular changes (such as an increased number of dendritic 

spines) and disrupting the interaction prevented them (Andrianarivelo et al., 2021). The molecular 

mechanisms involved are however not clear. It will be interesting to understand the molecular 

mechanisms underlying the above-mentioned brain region- and pathological-dependent 

regulation mechanisms of the interaction, and if whether they are due to changes in the 
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biophysical properties of the interaction or to the presence of different region-specific players 

(e.g. second messenger, surface interactor, etc.). 
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Result 2. The extracellular matrix tunes 

glutamatergic receptor surface organization in 

hippocampal neurons 
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Abstract 

The extracellular matrix (ECM) is an essential structure of the brain that tune cell communication 

and many other neuronal and glial processes. For instance, the ECM can modulate synaptic 

transmission, synaptogenesis, and long-term synaptic plasticity through molecular mechanisms 

that still remain to be fully uncovered. Here, we explore the molecular interplay between the ECM 

and membrane glutamatergic receptors that are essential in the glutamatergic synaptic 

transmission. Using a combination of superresolution imaging, pharmacological and genetic 

interventions to either decrease or increase the ECM content in hyaluronic acid (HA) in cultured 

hippocampal neurons and astrocytes, we provide evidence that HA and the ECM regulates the 

organization and lateral diffusion of membrane macromolecules. Surprisingly, the ECM   

differently affect glutamatergic receptors, i.e. NMDA and AMPA receptors, and membrane 

molecules. In addition, the extrasynaptic membrane compartment appears to be the prime target 

of the ECM changes. Together, these data strengthen the instrumental role of the ECM in tuning 

membrane receptor distribution at the extrasynaptic and synaptic compartments.     
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Introduction 

Brain excitatory neurotransmission is primarily mediated by glutamatergic synapses, and changes 

in their strength, also known as synaptic plasticity, are considered the foundation for learning and 

memory. This process often requires the activation of ionotropic glutamate receptors that are 

located within the post-synaptic membrane, such as the N-Methyl-D-Aspartate receptors 

(NMDAR).  NMDAR are obligate heterotetramers composed by two dimers of subunits, i.e. 

obligatory GluN1 subunits associated with GluN2 or 3 subunits, that are activated by co-agonist 

(glycine or D-serine) and agonist (glutamate), respectively (Paoletti et al., 2013; Stroebel and 

Paoletti, 2021). Synaptic activation and plasticity rely on the precise localization of the glutamate 

receptors which are constantly diffusing between synaptic and extrasynaptic compartments 

following thermally-driven Brownian motion (Dupuis et al., 2023; Groc and Choquet, 2020; 

Kellermayer et al., 2018; Tang et al., 2016). The extracellular matrix (ECM), a soluble meshwork of 

macromolecules that surrounds every cell and fills the extracellular space (ECS), has long been 

known to modulate the surface trafficking of membrane proteins, including receptors 

(Frischknecht et al., 2009; Jacobson et al., 2019; Schweitzer et al., 2017). The ECM consists of 

hyaluronic acid (HA), chrondroitin sulfate proteoglycans (CSPG) and glycoproteins such as tenascin 

(Zimmermann and Dours-Zimmermann, 2008). The ECM is well known to modulate the 

development of the brain, including progenitor proliferation and differentiation as well as 

synaptogenesis and neurite/axonal growth, but also brain activity and plasticity (Long and Huttner, 

2019). In fact, the ECM is considered as an integral part of the tetrapartite synapse, which 

comprises the pre- and post-synaptic compartments, glia cell and ECM components (Dityatev et 

al., 2010; Dityatev and Rusakov, 2011; Ferrer-Ferrer and Dityatev, 2018). In the naked mole rat 

(NMR), a subterranean African rodent species characterized by long lifespan and healthspan, 

prolonged development, and resistance to cancer and neurodegeneration (Buffenstein et al., 

2012; Buffenstein and Jarvis, 2002), HA display a very high molecular weight HA (vHMW-HA, > 

6,000 kDa) (Tian et al., 2013). The expression of vHMW-HA in mice is sufficient to transfer some 

cellular properties of the NMR (Zhang et al., 2023), further supporting the key role of the ECM on 

brain and other organ physiology. Yet, the molecular mechanisms underlying the modulation of 

the surface trafficking and their subsequent consequences on the neuronal membrane 

organization remain enigmatic. Using a combination of superresolution imaging, pharmacological 
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and genetic interventions to either decrease or increase the ECM content in HA in cultured 

hippocampal neurons and astrocytes, we provide evidence that HA, one of the main components 

of the ECM, regulates the organization and lateral diffusion of membrane macromolecules.  
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Material and Methods 

 Cultures 

Hippocampal tissues were harvested from embryonic stage (E18) embryos of an unascertained 

mixture of sexes prevenient from gestant Sprague-Dawley rat at the age of 9–12 weeks old, and 

purchased from Janvier Labs. Hippocampi were collected in HBSS containing Penicillin-

Streptomycin (PS) and HEPES and dissociated with Trypsin-EDTA/PS/HEPES. Dissociated cells were 

plated at a density of 275 000 per 60 mm petri-dishes onto 1 mg/ml poly-L-lysine pre-coated 18 

mm coverslips and were maintained in Neurobasal Plus medium (Gibco, A3585911) supplemented 

with GlutaMAXTM (Gibco, #35050-038), B-27TM Plus (Gibco, A3653401) and 1.5 % horse serum 

(ThermoFisher Scientific, #26050088). Hippocampal cultures were kept at 37 °C in 5 % CO2. Cell 

culture media were replaced with Neurobasal Plus/GlutaMAX/B-27-containing media after 3-days 

in vitro (DIV). HEK293T cells were plated at a density of 100 000 onto 0.1 mg/ml poly-L-lysine pre-

coated 18 mm coverslips in 12-well plate and kept in Dubelcco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal calf serum, 1% pyruvate and 2 mM GlutaMAX.  

 

 HAS2-encoding plasmids 

cDNA encoding for hyaluronidase synthase 2 (HAS2) from rattus norvegicus were purchased from 

Origene (NM_013153). The HAS2-N178S-N301S, herein referenced as HAS2-NMR, was obtained 

by performing site-directed mutagenesis, using Quickchange II XL Site-Directed Mutagenesis kit 

(Agilent), of the rattus norvegicus HAS2 cDNA with the following primers:  

Forward-N178S: 5’- CCAATTGGTCTTGTCTAGCAAGAGTATTTGCATC – 3’ 

Forward N301S: 5’ – GTGGAAGACTGGTACAGTCAGGAATTCATGGG – 3’ 

Reverse-N178S: 5’- GATGCAAATACTCTTGCTAGACAAGACCAATTGG – 3’ 

Reverse N301S: 5’ – CCCATGAATTCCTGACTGTACCAGTCTTCCAC – 3’ 
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 Transfection 

Hippocampal neurons were transfected between 7 and 10 DIV using the calcium-phosphate 

coprecipitation method. Briefly, DNA plasmids were diluted in TE buffer (1mM Tris-HCl pH 7.3, 

1mM EDTA) and a final concentration of 250mM of CaCl2 (2.5M CaCl2 in 10 mM HEPES, pH 7.2) 

were added. This mix was added dropwise to 2X HEPES-buffered saline (in mM: 12 dextrose, 50 

HEPES, 10 KCl, 280 NaCl and 1.5 Na2HPO4∙2H2O, pH 7.2). Coverslips were transferred to 12-well 

plate containing 250 µl/well of conditioned culture medium supplemented with 2mM kynurenic 

acid. 50 µl of the precipitate solution was added to each well and incubated for 1h at 37°C. Cells 

were then washed with non-supplemented Neurobasal medium containing 2 mM kynurenic acid 

and moved back to the culture dish. To prevent excitotoxicity, 50mM of D-2-amino-5-

phosphonovalerate (D-AP5) was added to the culture medium when transfecting with GluN1-

NMDAR.  

HEK293T cells were transfected with X-tremeGENE HP DNA (Roche) 1 day after plating as per 

manufacturer instructions.  

 

 Immunofluorescence 

For live surface staining, cells were incubated with primary antibodies diluted in cell culture media 

for 15 min at 37 °C and fixed for 15 min with 4 % paraformaldehyde (PFA) / 4 % sucrose in PBS at 

room temperature (RT). The cells were then incubated for 15 min in PBS containing 50 mM NH4Cl 

at RT and blocked for 30 min in 1 % BSA in PBS at RT. For intracellular staining, cells were fixed and 

permeabilized with 0.25 % Triton X-100/PBS for 5 min at RT before blocking. For non-live surface 

staining, cells were fixed then washed in PBS/NH4Cl before incubating with primaries antibodies, 

diluted in blocking solution and incubated overnight (ON) at 4 °C. Secondary antibodies were 

prepared in blocking solution and incubated for 1 hour at RT. For confocal microscopy, cells were 

then mounted in DAPI-containing Fluoromount media and kept in the dark at 4 °C until imaging. 

For dSTORM imaging, cells were post-fixed for 15 min with 4 % PFA / 4 % sucrose at RT, washed, 

and stored in PBS at 4 °C until imaging. When needed, cells were incubated with 50 units of 

hyaluronidase or heat-denatured hyaluronidase (10 min at 95 °C) at 37°C prior to fixation.  
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 Spinning disk 

Images were acquired using a spinning disk confocal unit equipped with an electron multiplying 

charge-coupled device (EMCCD) camera (Photometrics QuantEM 512SC) through either a 20x dry 

(Leica, HC PLAN APO, 0.7 NA) and/or a 63x oil-immersion (Leica, HCX HPL APO CS, 1.4-0.6 NA) 

objective. Hardware was controlled with MetaMorph software (Molecular Devices). All images 

were analyzed with ImageJ 1.53c. For the Sholl Analysis, hippocampal dendritic trees were 

reconstructed using the ImageJ’ plugin “SNT”. 

 

 SPT-Palm 

Images were acquired using a Nikon Ti eclipse system equipped with a Perfect Focus System (PFS), 

an azimuthal TIRF arm (Gataca Systems) and an Apo TIRF 100X NA1.49 oil-immersion objective 

and an Evolve EMCCD camera (Photometrics) with a pixel size of 65 nm, and equipped with a 

motorized stage controlled by MetaMorph software (Molecular Device). Imaging was carried at 

37 °C in an open Ludin chamber (Life Imaging Services). GluN1-mEOS3.2 was photoactivated using 

405 nm laser and resulting photoconverted single molecule fluorescence was excited with a 561 

nm laser. Both 405 and 561 nm lasers illuminated the samples simultaneously. Images were 

obtained with an exposure time of 50 ms with 4,000 consecutive frames, and a binning of 2. 

Trajectories were reconstructed with PalmTracer. For each single trajectory of more than 10 

points, the instantaneous coefficient diffusion (D) was calculated from linear fits of the first four 

points of the mean square displacement (MSD) over time function using MSD (t) ≤ r2 > (t) = 4Dt. 

Representative images of the trajectories were obtained using the software FluoSIM (Lagardère 

et al., 2020). When specified, cells were incubated with 50 units of hyaluronidase for 15 min at 37 

°C before the SPT-Palm acquisitions.  

 

 dSTORM 

Images were acquired on a commercial Leica SR GSD microscope (Leica Microsystems) equipped 

with a Leica HC PL Apo TIRF 160x NA1.43 oil-immersion objective and an iXion EMCCD camera 

(ANDOR) with a final pixel size of 100 nm. Hardware was controlled by Leica LAS software. Samples 
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were illuminated in TIRF mode and images were obtained with an exposure time of 20 ms with up 

to 95,000 to 100,000 consecutive frames. Imaging was carried out at room temperature in a closed 

Ludin chamber (Life Imaging Services) using a pH-adjusted extracellular solution containing oxygen 

scavengers and reducing agents, as detailed in (Beghin et al., 2017). Multicolor fluorescent 

microspheres (Tetraspeck, Life Technologies) were used for lateral drift correction. Super-

resolution images were reconstructed with PALMTracer and protein-clustering into nano-size 

clusters i.e. nanodomains was obtained using the SR-Tesseler method (Levet et al., 2015). 

Segmentations of the clusters were performed by applying a threshold of twice the average 

density δ of the whole dataset, with a minimum area of 10,000 nm2 and a minimum number of 

localizations of 5. Clusters’ nanodomains were identified by applying a threshold of one time the 

average density of each cluster (144 nm2 minimum area, 25 minimum number of localizations).  

 

 Antibodies 

Primary antibodies   Provider Dilution 

mouse anti-GluN1 clone 10B11 E. Gouaux 1/10 000 

chicken anti-MAP2 ab5394 Abcam 1/5 000 

rabbit anti-PSD95 124008 Synaptic System 1/1 000 

HABP-biotin AMS.HKD-BC41 AMSBIO 1/1 000  

Secondary Antibodies       

Donkey anti-mouse alexafluor 647 A31571 ThermoFisher Sc. 1/1 000 

Goat anti-chicken alexafluor 488 A11039 ThermoFisher Sc. 1/1 000 

Mouse anti-rabbit alexafluor 568 A10042 ThermoFisher Sc. 1/1 000 

Streptavidin-647 AS32357 ThermoFisher Sc. 1/1 000 

Streptavidin-568 511226 ThermoFisher Sc. 1/1 000 

 

 Statistical Analyses 

No statistical methods were used to predetermine sample size. Sample size was based on previous 

publications with similar models and experiments. To ensure replicability, results are derived from 

at least three independent experiments. All statistical tests were performed using GraphPad 

Prism. Datasets were analyzed for normality and parametric or non-parametric statistical test 

(two-tailed) were used accordingly. Test details and statistical outcomes are reported in relevant 

figure legends. 



142 

 

 

 Author contributions 

N.B., designed and validated the HAS2 and HAS2-NMR constructs, performed the experiments on 

neuronal development and on HEK cells. 

N.B., Z.J. performed Palm experiments on GluN1-NMDAR and analyzed the data. 

C.M. performed the Palm experiments on GPI-mEOS3.2 and C.M. and N.B. analyzed the data. 

C.C. performed the immunofluorescence and dSTORM imaging experiments on GluN1-NMDAR 

under N.B. supervision. 

N.B. and L.G. designed the study.  

N.B. and L.G. wrote the paper.  

  



143 

 

Results 

 

 GluN1-NMDAR surface nano-organization is disrupted upon acute HA degradation  

We first assessed whether the surface organization of NMDAR was regulated by the ECM. We 

acutely incubated hippocampal cultures between 14 to 17 days in vitro (DIV) with hyaluronidase. 

We confirmed that the acute (15 min) hyaluronidase incubation was indeed sufficient to fully 

digest HA (supplementary fig. 1). Using confocal microscopy, we observed that the number and 

the size of GluN1-NMDAR clusters were not altered, both inside and outside synapses, upon 

removal of the HA (fig. 1a-c). However, is it important to consider that the resolution (~ 200 nm) 

of conventional microscopy techniques is limited, mainly due to the diffraction of light, and does 

not allow to fully resolved the organization of NMDAR which are known to form nanodomains of 

~ 60 nm (Kellermayer et al., 2018). To this end, we used direct stochastic optical reconstruction 

microscopy (dSTORM) which allowed us to resolve the nano-organization of surface GluN1-

NMDAR (fig. 1d-e). Upon digestion of the matrix, the nano-organization of NMDAR were disrupted 

both inside and outside synapses (fig. 1f-g). At synaptic sites, GluN1-NMDAR nanodomains were 

smaller and denser as suggested by the increase in the density of localization (fig. 1f). However, 

the number of synaptic nanodomains per clusters, the number of localizations per nanodomain 

(fig. 1f) as well as the number and the size of PSD95 clusters were at control levels (supplementary 

fig. 2), suggesting a slight reorganization of surface GluN1-NMDAR without modification of the 

global synaptic organization. On the other hand, the extrasynaptic organization of GluN1-NMDAR 

was severely altered. In addition to the decrease in size and increase in density which were shared 

within both compartments, extrasynaptic GluN1-NMDAR nanodomains were increased in number 

and each nanodomain showed a slight reduction in the absolute number of localizations, possibly 

indicating a fragmentation of the extrasynaptic membrane (fig. 1h). Collectively, these data 

indicate GluN1-NMDAR nano-organization is regulated by the ECM.   
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Figure 1. GluN1-NMDAR surface nano-organization is disrupted upon acute HA degradation 

a, Representative fluorescence images of the dendritic marker MAP2 (red) alongside surface 

GluN1-NMDAR (green) and the post-synaptic marker PSD95 (magenta). Scale bars, 5 and 0.5 µm. 

Synaptic GluN1-NMDAR clusters were identified based on their co-clustering with PSD95. b, 

Quantification of mean size and (c) linear density (# clusters per µm of dendrite) of GluN1-NMDAR 

clusters in control (n = 29 neurons) or upon digestion of the ECM with hyaluronidase (n = 26 

neurons). d, Example of diffraction-limited and corresponding super-resolved images of surface 

GluN1-NMDAR. Scale bar, 2 and 0.4 µm. e, Representative clustering images obtained with SR-

Tesseler software. Synaptic or extrasynaptic NMDAR were identified based on the synaptic marker 

PSD95 (green).  (f-g), Comparison of the number of (i) nanodomains per clusters as well as the (ii) 

nanodomains area, (iii) density of localization, and (iv) number of localizations in control (n = 7 

cells) and following ECM digestion (n = 8 cells) both (f) inside (control, n = 335 nanodomains; 

hyaluronidase, n = 381 nanodomains) and (g) outside synapses (control, n = 310 nanodomains; 

hyaluronidase, n = 362 nanodomains). (b, c, f, g) Two-tailed Mann-Whitney U test, * p < 0.05, *** 

p < 0.001, **** p < 0.0001 
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 HA regulates GluN1-NMDAR organization at the neuronal membrane  

To upregulate the ECM, we acted on HA which is a large linear and hydrophilic polysaccharide 

composed by repeating glucuronic acid and N-acetylglucosamine linked by β (1,4) and β (1,3) 

glycosidic bonds, and a major component of the interstitial ECM. HA is synthetized at the inner 

side of the plasma membrane by transmembrane glycosyltransferase known as hyaluronan 

synthase (HAS) 1-3 and extruded to the ECS where, depending on its size and concentration, it 

modulates both the viscosity and viscoelasticity of the ECM (Toole, 2004, 2001; Weigel et al., 

1997). Each HAS isoenzyme will produce a polymer of different length, with HAS2 producing the 

longest chain, known as high molecular weight HA (HMW-HA). While it is well accepted that HAS2-

coding sequence is highly conserved across species (Faulkes et al., 2015; Tian et al., 2013), two 

point-mutations (N178S and N301S) were described in the sequence encoding the active site of 

HAS2 in the naked mole rat (NMR) as being responsible for the production of very high molecular 

weight HA (vHMW-HA) (Tian et al., 2013). Therefore, we subcloned the HAS2-coding cDNA 

sequence of rat into a bidirectional promoter (pBi) vector constitutively expressing zsGreen 

(transfection marker), either in its wild-type form (HAS2) or bearing the two point-mutations 

described in the NMR (HAS2-N178S-N301S and referred as HAS2-NMR) (Fig. 1a). We then tested 

whether the over-expression of HAS2 and HAS2-NMR were able to increase the content in HA in 

hippocampal cultures. To this end, we transfected E18-hippocampal cultures at 7-days in vitro 

(DIV) with control or HAS2/HAS2-NMR-encoding plasmid for 7-days before labeling for HA (Fig. 

1a). Both HAS2 and HAS2-NMR constructs efficiently increased the local HA content by two-fold 

in transfected neurons compared to neighboring non-transfected cells (from 20 to 300 µm). 

Together, it suggested a local increase in the production of HA by the transfected neurons without 

diffusion mechanisms to other non-transfected neighboring neurons (Fig. 1b, c).  

We next applied our strategies to confirm the role of the ECM on the surface organization of 

GluN1-NMDAR. To this end, we transfected E18-hippocampal neurons at 7 DIV with control, HAS2 

or HAS2-NMR plasmids and performed live surface immunolabeling for the endogenous obligatory 

GluN1 subunit of the NMDAR (fig. 2a). As expected, whereas the global macroscopic organization 

of the NMDAR (e.g. number of clusters) were not changed (Fig. 2d-f), increasing the local HA 

content by over-expressing HAS2-NMR, which produces vHMW-HA, enhanced GluN1-NMDAR 
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clustering (Fig. 2e). Altogether, these results indicate HA regulate the organization of NMDAR at 

the membrane of cultured hippocampal neurons. 
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Figure 2. HA controls GluN1-NMDAR organization at the neuronal membrane 

a, Experimental set-up. b, Representative immunofluorescence images of HABP (cyan), zsGreen 

(transfection marker, green), and DAPI (grey). White arrows indicate transfected neurons while 

yellow arrows show neighboring non-transfected cells. Scale bar, 50 µm. c, Relative HABP intensity 

following expression of either control (non-transfected n = 29 cells, transfected n = 27 cells), HAS2 

(non-transfected n = 19 cells, transfected n = 22 cells) or HAS2-NMR (non-transfected n = 24 cells, 

transfected n = 23 cells)-encoding plasmids. Results are normalized to non-transfected control 

condition. Two-way ANOVA with Tukey’s post-hoc test, * p < 0.05, **** p < 0.0001. d, 

Representative fluorescence images of zsGreen (green) and live-surface endogenous GluN1-

NMDAR (green). Scale bars, 25 and 10 µm. e, Quantification of mean size of GluN1-NMDAR 

clusters alongside (c) GluN1-NMDAR linear density in neurons transfected with either control (n = 
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28 cells), HAS2 (n = 30 cells) or HAS2-NMR (n = 30 cells)-encoding plasmids. (e-f) Kruskal-Wallis 

with Dunn’s multiple comparison test. *** p = 0.0005.   
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 HAS2 and HAS2-NMR expression alters neuronal development 

We next investigated the consequences of over-expressing HAS for several days on the neuronal 

development. Because HA is known to modulate the development of neuronal cells (Kultti et al., 

2006; Nagy et al., 1995; Oliferenko et al., 2000; Rilla et al., 2008; Roszkowska et al., 2016; Skupien 

et al., 2014; Takechi et al., 2020), we tested whether the dendritic tree and the number of 

dendritic spines were affected upon HAS2 and HAS2-NMR expression. Both HAS2- and HAS2-NMR 

transfected neurons showed defects in development (Fig. 3a-e). Transfected neurons showed a 

reduction in the number of dendritic spines (Fig. 3a-b) as well as in the length and complexity of 

the dendritic tree (Fig. 3 c-e). The latter were more profoundly affected following HAS2-NMR 

expression than HAS2 (Fig. 3e), supposedly reflecting a HA-polymer size-dependent effect.  

Because following HA expression, a portion remains tethered to cell membrane and forms a 

pericellular coat, we tested whether overexpressing HAS could hinder the expansion of cells. To 

this end, we investigated the morphology of HEK293T cells following HAS over-expression. 

HEK293T cells that over-expressed HAS2 and HAS2-NMR were smaller and more circular, as 

defined by the increase in circularity and decrease in aspect ratio (AR) (which tended to 1 

indicating an equalization between the major and minor axis) (supplementary Fig. 3). Importantly, 

cells that were expressing HAS2-NMR showed a significantly stronger phenotype compare to 

HAS2, supposedly reflecting a HA-size effect (supplementary Fig. 3). Collectively, these results 

suggest that HAS2 and HAS2-NMR expression prevent both dendritic outgrowth and spinogenesis 

by hindering cell expansion.   
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Figure 3. HAS2 and HAS2-NMR expression alters the maturation of hippocampal neurons in vitro 

a, (top) Experimental set-up. (bottom) Representative images of hippocampal neurons transfected 

with either control, HAS2 or HAS2-NMR-encoding plasmid. Scale bars, 20 and 5µm. b, 

Quantification of the number of spines in control (n = 33 cells) condition or when HAS2 (n = 30 

cells) and HAS2-NMR (n = 32 cells) are expressed. One-way ANOVA with Tukey’s multiple 

comparison test. ** p < 0.01. c, Representative reconstruction of the neuronal dendritic trees. 

Scale bar, 50 µm. d, Quantification of the total dendritic length following transfection with either 

control (n = 31 cells), HAS2 (n = 29 cells), or HAS2-NMR (n = 30 cells)-encoding plasmid with (e) 

Sholl analysis with a step distance of 10 µm. (d) Kruskal-Wallis with Dunn’s multiple comparison 

test. * p < 0.05, *** p < 0.005. (e) Two-way ANOVA with Tukey’s multiple comparison test. ** p < 

0.01, **** p < 0.0001. 
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 HA hinders the diffusion of membrane macromolecules 

  We then tested whether the observed changes in the membrane organization of GluN1-NMDAR 

were due to changes in lateral diffusion. To this end, we performed single particle tracking (SPT) 

experiments, which allow to track the diffusion of single GluN1-NMDAR, using photoactivated 

localization microscopy (SPT-PALM) (Fig 4a). First, we were able to confirm, by reconstructing the 

images of the localization of GluN1-mEOS3.2, the dramatic changes in the overall organization of 

the NMDAR upon over-expression of HAS2-NMR (Fig. 4b). Indeed, while GluN1-NMDAR were 

present in both dendritic spines and shaft at high density in control conditions, NMDAR appeared 

highly aggregated in the HAS2 and HAS2-NMR conditions (fig. 4b). Furthermore, the lateral 

diffusion properties of GluN1-NMDAR were also altered (fig. 4b-d). Even if the median diffusion 

coefficients per neuron of GluN1-NMDAR were not changed, GluN1-NMDAR showed an increased 

confinement level, as observed by the shift in the mean square displacement (MSD) curve, in the 

HAS2-NMR condition compare to both HAS2 and control (fig. 4c, d). In fact, a second immobile 

population of NMDAR, which were absent from control neurons, we present both in the HAS2 and 

HAS2-NMR content, with the latter having a stronger effect (fig. 4d). To test if the effects were 

directly due to HA, we acutely digested the matrix by adding exogenous hyaluronidase in the bath 

for 15 min before performing the experiment (fig. 4e, f, supplementary fig. 4). Hyaluronidase was 

sufficient to revert the effects of HAS2-NMR on both the diffusion and confinement of NMDAR 

(fig. 4e, f). Indeed, as expected in regards of the HAS2- and HAS2-NMR-dependent effects on the 

spinogenesis, GluN1-NMDAR were less confined in the HAS2 and HAS2-NMR-transfected neurons 

(fig. 4e). Altogether, these results indicate HA directly hinders the diffusion of GluN1-NMDAR.  

How much this effect is specific to NMDAR? To tackle this question, we investigated the diffusion 

of a smaller macromolecules, herein a GPI anchor, as well as receptor of similar size but which has 

been shown to be highly affected by HA (fig. 4a) (Frischknecht et al., 2009; Stroebel and Paoletti, 

2021). Indeed, direct steric hindrance mechanisms imply to have different strength of effects 

depending on the receptor type (e.g. extracellular domain size, charges, post-translational 

modifications, etc.) as well as the viscosity and viscoelasticity of the matrix. Following this view 

playing with the size of the extracellular domain of NMDAR, or herein assessing the lateral 

diffusion properties of another surface macromolecules of a different size (e.g. GPI anchor) might 

attenuate or alternatively enhance (upon increasing the size of putative extracellular domains) the 
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effects of the HA on the diffusion. Although the median diffusion coefficient per neuron were not 

different to control levels in the HAS2 condition, the GPI anchors showed a reduced confinement 

level, which is likely secondary to the decrease in the number of dendritic spines (fig. 3a, b). On 

the other hand, expressing HAS2-NMR, which has been described to produce vHMW-HA (Tian et 

al., 2013), drastically altered the surface diffusion of the GPI anchors (fig. 4g-i). GPI anchors 

appeared highly aggregated (fig. 4g) and the median coefficient diffusion per neurons were 

significantly lower in the HAS2-NMR condition compared to HAS2 (fig. 4i). Furthermore, the GPI 

anchors showed an increased confinement compared to both control and HAS2 conditions (fig. 

4h). We next tested another ionotropic glutamatergic receptor: the AMPA receptor. Over-

expressing both HAS2 and HAS2-NMR greatly affected the lateral diffusion of GluA1-AMPAR (fig. 

4j-l). In both conditions, GluA1-AMPAR showed an increased confinement and a reduced median 

coefficient diffusion (fig. 4k, l). Altogether, these data indicate the ECM, in particular HA, alters the 

lateral diffusion of membrane macromolecules differently depending on the macromolecule type.   
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Figure 4. HA sterically hinders the lateral diffusion of macromolecules at the neuronal membrane 

a, Experimental set-up. b, Representative fluorescence images of zsGreen (transfection marker, 

gray) alongside reconstructions of GluN1-mEOS3.2 diffusion-based color-coded trajectories and 

localizations. Scale bar, 5 and 2 µm. c, Mean Square Displacement curve. d, Median coefficient 

diffusion per neuron alongside corresponding semi-log plots for GluN1-NMDAR in control (n = 15 

cells), HAS2 (n = 15 cells), and HAS2-NMR (n = 14 cells) conditions. e, Mean Square Displacement 

curve of GluN1-mEOS3.2 following hyaluronidase treatment. f, Median coefficient diffusion per 

neuron alongside corresponding semi-log plots of the distribution of diffusion coefficients for 

GluN1-NMDAR after digesting HA by incubating with hyaluronidase in control (n = 16 cells), HAS2 

(n = 14 cells), and HAS2-NMR (n = 14 cells). g, Representative fluorescence images of zsGreen 
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(transfection marker, gray) alongside reconstructions of GPI-mEOS3.2 diffusion-based color-coded 

trajectories and localizations. Scale bar, 5 and 2 µm. h, Mean Square Displacement curve i, Median 

coefficient diffusion per neuron alongside corresponding semi-log plots of the distribution of 

diffusion coefficients for GPI anchor in control (n = 22 cells) or following over-expression of either 

HAS2 (n = 20 cells) or HAS2-NMR (n = 22 cells) conditions. j, Representative fluorescence images 

of zsGreen (transfection marker, gray) alongside reconstructions of GluA1-mEOS3.2 diffusion-

based color-coded trajectories and localizations. Scale bar, 5 and 2 µm. k, Mean Square 

Displacement curve i, Median coefficient diffusion per neuron alongside corresponding semi-log 

plots of the distribution of diffusion coefficients for GPI anchor in control (n = 19 cells) or following 

over-expression of either HAS2 (n = 20 cells) or HAS2-NMR (n = 20 cells) conditions.  (d, f, i, l) 

Kruskal-Wallis with Dunn’s multiple comparison test. * p < 0.05. (c, d, e, k) Kolmogorov-Smirnov 

test. * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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Supplementary Figures 

 

 

 

Supplementary Figure 1 (related to figure 1). HA degradation by hyaluronidase  

a, Representative fluorescence images of HABP (green) and MAP2 (magenta). Scale bar, 50 µm. b, 

Quantification of HABP intensity before (baseline, n = 40 cells) and after 15 min incubation with 

hyaluronidase (15 min HAse, n = 30 cells) or 180 min incubation with either hyaluronidase (HAse, 

n = 40 cells), heat-denatured hyaluronidase (denatured HAse, n = 30 cells) or buffer (Buffer, n = 

30 cells). Results are normalized to baseline. Kruskal-Wallis followed by Dunn’s multiple 

comparison test, **** p < 0.0001. 
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Supplementary Figure 2 (related to figure 1). Acute HA digestion does not affect PSD95 number nor 

size 

a, Quantification of the linear density (# per µm of dendrite) as well as (b) the size of PSD95 in 

control condition (n = 29 neurons) or following acute HA digestion through hyaluronidase 

incubation (hyaluronidase, n = 26 neurons). Two-tailed Mann-Whitney U test.  
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Supplementary Figure 3 (related to figure 3). HAS expression alters the morphology of HEK cells 

a, Representative fluorescence images of zsGreen (transfection marker, green) and DAPI 

(magenta). b-d, Analysis of HEK morphology with (b) cell area in µm2, (c) cell circularity and (d) 

aspect ratio (AR) defined as the product of the major axis divided by the minor axis upon 

transfection with control (n = 68 cells), HAS2 (n = 65 cells), and HAS2-NMR (n = 80 cells) -encoding 

plasmid. Kruskal-Wallis with Dunn’s multiple comparison test, * p < 0.05, ** p < 0.01, *** p < 

0.005, **** p < 0.0001.  
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Supplementary Figure 4 (related to figure 4). Effect HA digestion with on GluN1-NMDAR lateral 

diffusion in control condition or following over-expression of HAS2 and HAS2-NMR 

a, Representative fluorescence images of zsGreen (transfection marker, gray) alongside 

reconstructions of GluN1-mEOS3.2 diffusion-based color-coded trajectories and localizations 

following acute HA digestion with hyaluronidase. Scale bar, 5 µm.   
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Discussion and Perspectives 

 

We investigated the role of HA, one of the main components of the ECM, in the membrane 

organization and diffusion of GluN1-NMDAR by both decreasing and increasing HA content in the 

ECM. Enrichment was obtained by over-expressing one synthase responsible for the production 

of HMW-HA in its wild-type form or bearing two mutations, namely N178S and N301S (herein 

referred as HAS2-NMR), described in the NMR and widely accepted to be responsible for the 

production of vHMW-HA. We showed that the HA promotes the clustering of membrane NMDAR 

through a mechanism that remain to be elucidated. I will here discuss these data and propose 

potential mechanism that may underpin these effects.   

 

 Transfecting cultured hippocampal neurons with HAS2- and HAS2-NMR increases the ECM 

content in HA in vitro 

Transfecting hippocampal neurons with both HAS2 and HAS2-NMR likely increase the extracellular 

content in HA since HABP staining was increased at the vicinity of transfected neurons. The 

overexpression of theses synthases likely increases the global amount of HA in a soluble form, 

which will influence ECM viscosity and viscoelasticity. The changes in HABP remained, however, 

located to the transfected neuron with no obvious modification at the vicinity of neighboring non-

transfected neurons that were even at a very close proximity (from 20 µm up to 300 µm) to the 

transfected neurons. This suggest that the ECM modification remains spatially constrained in this 

time window. 

It is accepted that the formation of vHMW-HA is due to two point-mutations in the active sites of 

the HAS2 enzyme (Tian et al., 2013). Even if NMR HAS2 cDNA have been efficiently used to produce 

vHMW-HA in heterologous cell culture and in mouse in vivo (Tian et al., 2013; Zhang et al., 2023), 

there is no direct evidence that the two point-mutation within the HAS2-coding sequence are 

indeed responsible for mediating the production of vHMW-HA. In fact, recent studies showed that 

the production of vHMW-HA is an evolutionary adaptation to subterranean lifestyle and it is thus 

shared by all subterranean rodent species, including NMRs (Zhao et al., 2023). In fact, only one 
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out of the two mutations, at the 301 residue, is shared across subterranean species while the 

mutation at the 178 residue is present only in the NMR HAS2 (Faulkes et al., 2015). To understand 

whether these mutations are necessary and/or sufficient for the production of vHMW-HA, agarose 

gel electrophoresis or size exclusion chromatography following HA extraction and purification 

could be utilized. In addition, NMRs ECS shows unique properties, with smaller volume fraction 

and reduced diffusion (Thevalingam et al., 2021). Thus, it would be interesting to assess the 

complexity of the ECS, including diffusion permeability and nanoscale anatomy, using SPT (Godin 

et al., 2017; Grassi et al., 2023), in both organotypic and/or acute brain slices following HAS2 and 

HAS2-NMR expression.  

 

 HAS expression alters neuronal dendritic development 

We reported that over-expressing HAS2 or HAS2-NMR altered the number of dendritic spines as 

well as the development and the complexity of the dendritic tree of cultured hippocampal 

neurons. The latter supposedly produced longer polymers that may further reduce dendritic 

outgrowth.  

Previous reports have shown that treating hippocampal culture with exogenous hyaluronidase 

impairs neurites outgrowth (Takechi et al., 2020) while the addition of HA alone, on heterologous 

cells, induces the formation of membrane protrusions (Kultti et al., 2006; Nagy et al., 1995; Rilla 

et al., 2008; Skupien et al., 2014). At first glance, these studies and our data are contradictory. The 

endogenous expression of HAS2 is normally restricted to the late embryonic / early post-natal 

period  in vivo and to the first days of culture in vitro, with a maximum at DIV 3-7 (Fowke et al., 

2017; Takechi et al., 2020). In our experiments, we maintained the expression of HAS2 from DIV 7 

onwards. It is likely that HAS2 expression affect the viscoelastic properties of the ECM, such as its 

elastic modulus (or stiffness) of the ECM which in turn will impact dendritic growth. In line with 

this, we observed that HAS2 and HAS2-NMR-expression altered the morphology of HEK293T cells. 

The brain elastic modulus (E) varies around 0.1 – 1 kPa, which corresponds to a fluid-like structure 

in opposition to other structures like cartilage (~ 25 kPa) or bone (~ 40 kPa), for instance (Engler 

et al., 2006; Flanagan et al., 2002; Smith et al., 2018). Knocking-down the expression of HAS2 have 

been shown to reduce E (i.e. reduction in stiffness) (Sapudom et al., 2020), suggesting that over-
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expressing HAS2 will in turn increase the stiffness of the ECM. Since the number of neuronal 

branching is higher in soft media (Engler et al., 2006; Flanagan et al., 2002), one could 

subsequently hypothesize, and as we observed, that overexpressing  HAS2/HAS2-NMR decreases 

dendritic growth. In line with this, we observed that HAS2 and HAS2-NMR altered the morphology 

of HEK293T cells as they appeared smaller and more circular, likely indicating defects in their ability 

to expand. Obviously, additional studies are necessary to decipher the mechanism underpinning 

these effects. For instance, investigating how HAS2/HAS-NMR alter cell elastic moduli’s and ECM 

local properties will be of prime interest.  

As HA is a highly biologically active molecule that is involved in mediating several signaling 

cascades, we cannot exclude that HAS2/HAS2-NMR also trigger and recruit specific intracellular 

signaling that restrain dendritic growth. It will thus be interesting to test the overexpression-

induced changes in hippocampal neurons transcriptome. Furthermore, HA have been shown to 

be directly linked to mitochondria homeostasis (Zhang et al., 2024). Because changes in 

mitochondria dynamics and metabolism are instrumental for neuronal development, including in 

dictating its tempo (Iwata et al., 2023, 2020), future experiments assessing the effects of over-

expressing HAS2 and HAS2-NMR on mitochondria homeostasis will feed our understanding of the 

effects of HA on neuronal development.  

 

 The ECM regulates the organization and the diffusion of NMDAR 

 HA controls the surface organization of NMDAR 

We observed that digesting HA, through bath incubation with exogenous hyaluronidase, impairs 

NMDAR surface organization. The changes were detected using super-resolution imaging 

(dSTORM) but not with conventional fluorescence microscopy. NMDAR nanodomains were 

smaller and denser following hyaluronidase incubation, irrespectively of their synaptic or 

extrasynaptic localization. Increasing HA content or type by transfecting with HAS2-NMR-encoding 

plasmid increased the size of GluN1-NMDAR clusters. Thus, it emerges that HA-ECM can bi-

directionally tune NMDAR surface clustering. 

In conventional fluorescence microscopy approaches, the resolution, which is limited by the 

diffraction of light, typically lies around ~ 200 to 300 nm whereas the use of super-resolution 
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imaging techniques dSTORM allows to increase it by an order of magnitude (down to 20 – 30 nm). 

Furthermore, the sensitivity of the dSTORM technique is also increased as it is based on the 

detection of temporally and spatially separated single molecules. Hence, dSTORM allows, unlike 

conventional fluorescence microscopy, to detect changes in the organization of receptors without 

changes in their quantity. We observed that removing HA leads to a reorganization of the NMDAR: 

nanodomains were smaller and denser but with similar number of molecules.  

It has been previously shown that the acute digestion of the ECM with hyaluronidase, leads to an 

increase in the membrane diffusion of extrasynaptic AMPA receptors whereas the synaptic ones 

were mainly unaffected (Frischknecht et al., 2009). One could thus hypothesize that HA 

preferentially target the extrasynaptic membrane and its receptors. This hypothesis is 

strengthened by the observations that GluN2A-NMDAR lateral diffusion, which are mainly 

synaptic, is unaffected upon ECM removal (Frischknecht et al., 2009) and that HABP staining, 

which stains for HA, poorly colocalize with postsynaptic markers such as PSD95 and Homer1 

(Fowke et al., 2017; Frischknecht et al., 2009). Furthermore, the observation that the synaptic 

content in GluN2B-NMDAR, which are mainly present in the extrasynaptic membrane, is increased 

following digestion of HA (Schweitzer et al., 2017), further suggest that HA favors the extrasynaptic 

aggregation of the NMDAR. Upon removal, these receptors are free to diffuse and eventually 

translocate temporarily to synaptic sites. Herein, we observed that digesting HA massively altered 

the extrasynaptic nano-organization of GluN1-NMDAR. We report an increase in the number of 

extrasynaptic nanodomains which was associated with a decrease in the size and increase in the 

molecular density of the nanodomains as well as a decrease in the absolute number of molecules 

per nanodomains. We observed that the synaptic organization of the NMDAR was also altered 

with smaller and denser nanodomains. However, both the number of nanodomains per cluster 

and the absolute number of molecules per nanodomain were unaltered. Altogether, our data 

suggest an indirect effect of HA removal on synaptic NMDAR, possibly secondary to the direct 

action of the extrasynaptic membrane and/or to an alteration in the architecture/morphology of 

the dendritic spines (Dembitskaya et al., 2021; Levy et al., 2014; Roszkowska et al., 2016). Further 

experiments assessing the acute effects of HA removal on the nano-organization of the PSD and 

on the morphology of dendritic spines are necessary to shed light on this process. Similarly, 

understanding whether NMDAR cluster size increases preferentially at specific sites upon HAS 
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over-expression, and whether this changes the nano-organization of the PSD and the morphology 

of dendritic spines, will enlighten the roles of HA in neuronal membrane organization. 

Furthermore, one can explore the functional consequences of HA pro-clustering effect, especially 

on the extrasynaptic compartment. Indeed, an increase in extrasynaptic NMDAR have been shown 

to participate in triggering symptoms in Huntington’s and Alzheimer’s disease (Milnerwood et al., 

2010; Talantova et al., 2013). Understanding how increasing HA content affects neuronal activity 

will be particularly interesting.  

 

 HA sterically hinders the lateral diffusion of membrane macromolecules 

Increasing the ECM differentially hindered the lateral diffusion of surface macromolecules with 

variable levels depending on the over-expressed synthase (HAS2 or HAS2-NMR) and the type of 

macromolecule (GluN1-NMDAR, GPI anchor, and GluA1-AMPAR). Indeed, over-expressing HAS2 

solely affected the lateral diffusion properties of GluA1-AMPAR but no GPI anchor or GluN1-

NMDAR. On the other hand, over-expressing HAS2-NMR affected the lateral diffusion of all three-

studied membrane macromolecules. To confirm that the observed effect was caused by a direct 

action of HA, we acutely digested the matrix by pre-incubating neurons with exogenous 

hyaluronidase before performing PALM for GluN1-NMDAR. As expected, digesting the ECM 

reverted the effect of over-expressing HAS2-NMR on GluN1-NMDAR lateral diffusion, which 

further confirmed that HA directly hinders the lateral diffusion of membrane macromolecules.   

It is not clear whether the increased HA content hinders the lateral diffusion of membrane 

macromolecules by forming a viscous coating arounds neuron and/or by modifying the membrane 

compartmentalization into subdomains, as depicted by the anchored picket fence model 

(Jacobson et al., 2019; Kusumi et al., 2012). The anchored picket fence model has been the main 

model to explain the regulation of membrane lateral diffusion. Following this model, there is a 

continuum of connectivity between the ECM and the intracellular environment (e.g. cytoskeleton) 

through transmembrane proteins or “pickets” that altogether participate in creating membrane 

subdomains of different viscosity. While changes in the membrane compartmentalization imply 

equivalent effects irrespectively on the target membrane macromolecule, steric hindrance 

mechanisms would lead to different effects or different magnitude of effects depending on both 



164 

 

the target (e.g. extracellular domain height, charges, post-translational modifications, etc.) and 

the viscosity of the ECM, i.e. length of the HA polymer. In line with the latter hypothesis, we 

observed different effects depending on whether HAS2 or HAS2-NMR was over-expressed (i.e. HA 

polymer length) as well as the surface macromolecule (GPI anchor, GluA1-AMPAR, and GluN1-

NMDAR), which altogether further indicate steric hindrance mechanisms. We observed that the 

lateral diffusion of GluN1-NMDAR and GluA1-AMPAR, which are of similar extracellular height, 

were differently affected upon matrix enhancement. GluA1-AMPAR appeared highly sensitive to 

any matrix enhancement as both over-expressing HAS2 and HAS2-NMR increased GluA1-AMPAR 

confinement to similar levels whereas GluN1-NMDAR were differently affected depending on 

whether HAS2 or HAS2-NMR were over-expressed. Altogether, these data suggest that the size of 

the extracellular domain alone does not predict the susceptibility of the macromolecule to HA. 

The mechanisms underlying the differences in membrane macromolecule sensitivity towards the 

ECM are however not clear. Considering that HA closely interact with the plasma membrane and 

that it is negatively charged at physiological pH, one can expect differences in extracellular domain 

electrostatic charges and post-translational modifications to be determinant in defining one 

macromolecule sensitivity towards the ECM. It will thus be interesting to investigate the roles of 

post-translational modifications, such as N-glycosylation which have been shown to be highly 

prevalent in the brain (Hanus et al., 2016; Tsai et al., 2024), as well as electrostatic charges. 

We observed two different mechanisms of action of HA on GluN1-NMDAR and GluA1-AMPAR. 

While enhancing the HA content induced a continuous shift in the distribution of the diffusion 

coefficient to the left (i.e. towards slower values) for GluA1-AMPAR, we observed, in the case of 

GluN1-NMDAR, a specific subpopulation of highly immobile receptors. Importantly, GluN1-

NMDAR display 6 amino-acids (I272, N273, T335, G336, R337, and N350) that form a positively-

charged region within the ATD whereas the homologous region of GluN2B-ATD was shown to be 

negatively charged (Washburn et al., 2020). One can thus hypothesize direct electrostatic 

interaction between the negatively charged HA and the positively charged GluN1-NMDAR, 

accounting for the change in receptor diffusion and the immobilization of the GluN1-NMDAR. It 

will be interesting to investigate whether the effect of HAS2-NMR is lost upon expression of a 

sextuple mutant of the NMDAR that does not display the above-mentioned positively-charged 

pocket.  
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Our data support the hypothesize that the ECM not only acts as a passive and unspecific 

compartment but as a structure that can differentiate between membrane receptors. Collectively, 

these results lead to the hypothesis that the matrix, by acting on specific targets, could 

dramatically remodel the organization of the whole neuronal membrane. Following this view, HA 

not only sterically hinders the surface diffusion of membrane macromolecules but possibly directly 

interact with some, leading to their aggregation. This hypothesis is further supported by the fact 

that HMW-HA, but no LMW-HA, act as an extracellular crosslinker for one its receptor (Ooki et al., 

2019; Yang et al., 2012). Defining the nanoscale organization of the ECM in parallel to that of 

membrane receptors will surely shed light on the molecular mechanism underpinning the 

instrumental role of the ECM on membrane protein organization, dynamics and functions. 

Furthermore, it will thus be interesting to understand how the organization of all the neuronal 

surface macromolecules, also known as surfaceome, as developed by  (Jamet et al., 2024), is 

shaped by the ECM.  
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Annexes 

 

Annex 1 Surface abundance of GluN1-NMDAR and D1R during in vitro cortical development 

Annex 2 Effect of dopaminergic agonist SKF on D1R-GluN1-NMDAR interaction 
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Annex 1 

 

 

Surface abundance of GluN1-NMDAR and D1R during cortical development in vitro.  

Data extracted from the publicly available resource http://neurosurfaceome.ethz.ch/. (Van 

Oostrum et al., 2020) 

  

http://neurosurfaceome.ethz.ch/
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Annex 2 

 

 

 

Effect of the dopaminergic agonist SKF on D1R-GluN1-NMDAR interaction.  

a, Representative images of hippocampal dendrites on which surface GluN1-NMDAR (green) and 

D1R (magenta) were labelled after exposure to the D1/5R agonist SKF. Scale bar, 2 µm. b, 

Quantification of D1R-GluN1-NMDAR overlap after treatment with either buffer (CTL, n = 31 cells) 

or SKF (n = 30 cells). Unpaired t-test. 
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Ketamine alleviates NMDA receptor hypofunction through synaptic trapping  
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Summary 

Activity-dependent modulations of N-methyl-D-aspartate glutamate receptor (NMDAR) trapping 

at synapses regulate excitatory neurotransmission and shape cognitive functions. While NMDAR 

synaptic destabilization has been associated with severe neurological and psychiatric conditions, 

tuning NMDAR synaptic trapping to assess its clinical relevance for the treatment of brain 

conditions remains a challenge. Here, we report that ketamine and other clinically-relevant 

NMDAR open channel blockers (OCBs) promote interactions between NMDAR and PDZ domain-

containing scaffolding proteins and enhance NMDAR trapping at synapses. We further show that 
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ketamine-elicited trapping enhancement compensates for depletion in synaptic receptors 

triggered by autoantibodies from patients with anti-NMDAR encephalitis. Preventing synaptic 

depletion mitigates impairments in NMDAR-mediated CaMKII signaling and alleviates anxiety- and 

sensorimotor gating-related behavioral deficits provoked by autoantibodies. Altogether, these 

findings reveal an unexpected dimension of OCB action and stress the potential of targeting 

receptor anchoring in NMDAR-related synaptopathies. 
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Abstract  

Psychiatric and neurological symptoms, as well as cognitive deficits, represent a prominent 

phenotype associated with variable forms of autoimmune encephalitis, regardless of the 

neurotransmitter receptor targeted by autoantibodies. The mechanistic underpinnings of these 

shared major neuropsychiatric symptoms remain however unclear. Here, we investigate the 

impacts of patient-derived monoclonal autoantibodies against the glutamatergic NMDAR (NMDAR 

mAb) and inhibitory GABAaR (GABAaR mAb) signalling in the hippocampal network. Unexpectedly, 

both excitatory and inhibitory synaptic receptor membrane dynamics, content and transmissions 

are altered by NMDAR or GABAaR mAb, irrespective of the affinity or antagonistic effect of the 

autoantibodies. The effect of NMDAR mAb on inhibitory synapses and GABAaR mAb on excitatory 

synapses requires neuronal activity and involves protein kinase signalling. At the cell level, both 

autoantibodies increase the excitation/inhibition balance of principal cell inputs. Furthermore, 

https://doi.org/10.1038/s44319-024-00056-2
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NMDAR or GABAaR mAb leads to hyperactivation of hippocampal networks through distinct 

alterations of principal cell and interneuron properties. Thus, autoantibodies targeting excitatory 

NMDAR or inhibitory GABAaR trigger convergent network dysfunctions through a combination of 

shared and distinct mechanisms. 
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Abstract 

Single molecule localization (SML) and tracking (SPT) techniques, such as (spt) PALM, (u/ DNA) 

PAINT and quantum dot tracking, have given unprecedented insight into the nanoscale molecular 

organization and dynamics in living cells. They allow monitoring individual proteins with 

millisecond temporal resolution and high spatial resolution (< 30 nm) by precisely localizing the 

point spread function (PSF) of individual emitters and tracking their position over time. While SPT 

methods have been extended to study the temporal dynamics and co-organization of multiple 

proteins, conventional experimental setups are restricted in the number of proteins they can 

probe simultaneously and usually have to tradeoff between the number of colors, the spatio-

temporal resolution, and the field of view. Yet, localizing and tracking several proteins 

simultaneously at high spatial and temporal resolution within large field of views can provide 



175 

 

important biological insights. By employing a dual-objective spectral imaging configuration 

compatible with live cell imaging combined with dedicated computation tools, we demonstrate 

simultaneous 3D single particle localization and tracking of multiple distinct species over large field 

of views to be feasible without compromising spatio-temporal resolution. The dispersive element 

introduced into the second optical path induces a spectrally dependent displacement, which we 

used to analytically separate up to five different fluorescent species of single emitters based on 

their emission spectra. We used commercially available microscope bodies aligned one on top of 

the other, offering biologists with a very ergonomic and flexible instrument covering a broad range 

of SMLM applications. Finally, we developed a powerful freely available software, called PALM 

Tracer, which allows to quantitatively assess 3D + t + λ SMLM data. We illustrate the capacity of 

our approach by performing multi-color 3D DNA-PAINT of fixed samples, and demonstrate 

simultaneous tracking of multiple receptors in live fibroblast and neuron cultures. 
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