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Titre : Caractérisation des déterminants moléculaires des changements comportementaux 

induits par la kétamine à l’échelle nanométrique 

Résumé : Au sein du système nerveux central (SNC), les récepteurs glutamatergiques de type 

NMDA (RNMDA) sont les principaux acteurs de la transmission neuronale excitatrice, permettant 

l'entrée massive de calcium dans les cellules neuronales et l'activation subséquente de voies de 

signalisation spécifiques. Les récents progrès de la microscopie super résolution ont révélé qu’au-

delà de leur fonction ionotropique, leur organisation précise et dynamique à l'échelle 

nanométrique au niveau des synapses contribuent aux phénomènes de plasticité synaptique 

sous-tendant la cognition et la mémoire. Ces observations soulèvent la question de l’intérêt 

thérapeutique potentiel de l'organisation synaptique des NMDAR. De plus, les antagonistes 

compétitifs et non compétitifs tels que les bloqueurs de canaux ouverts (OCB) provoquent une 

inhibition similaire de la signalisation des RNMDA mais différents résultats comportementaux, ce 

qui suggère l’implication de mécanismes indépendants de la fonction ionotropique. En utilisant 

une combinaison de techniques de microscopie super résolution et de tests comportementaux, 

nous démontrons que la kétamine, un antagoniste non compétitif des RNMDA, favorise la 

rétention synaptique des récepteurs et atténue ainsi les déficits comportementaux de type 

anxiété/dépression provoqués par les auto-anticorps de patients psychotiques. Nous avons 

ensuite examiné si ces modifications de distribution synaptique des RNMDA pouvaient contribuer 

aux réarrangements de la connectivité cérébrale soutenant les propriétés antidépresseurs de la 

kétamine. La dépression est souvent attribuée à une activité anormale dans les structures clés 

soutenant l'humeur et la récompense, à savoir les structures cortico-méso-limbiques. Les 

traitements monoaminergiques actuels présentent un long délai d’efficacité et jusqu'à un tiers des 

patients sont résistants. Ainsi, la découverte qu'une dose sous-anesthésique de kétamine induit 

un effet antidépresseur rapide et durable a fait naître de nouvelles perspectives thérapeutiques. 

Cependant, les mécanismes par lesquels la kétamine agit sur la signalisation des RNMDA dans 

le réseau cortico-méso-limbique pour produire son effet antidépresseur ne sont toujours pas 

clairs. Les expériences ont été menées sur un modèle pharmacologique basé sur l’exposition 

chronique à la corticostérone (CORT). Une batterie de tests comportementaux a tout d’abord été 

réalisée pour évaluer l'impact de la kétamine sur les différentes modalités du phénotype dépressif 

chez la souris. Nous avons ensuite évalué à l’échelle mésoscopique les changements d'activité 

et les réarrangements des réseaux neuronaux au début (90 minutes) et à la fin (24 heures) de 

l'établissement de l'effet antidépresseur de la kétamine en couplant la détection de gène précoce 

immédiate et la microscopie à feuillet de lumière. Des expériences parallèles de suivi de RNMDA 

uniques par microscopie de localisation photoactivée (PALM) ont été réalisées sur des neurones 



corticaux chroniquement incubés avec de la corticostérone pour examiner les changements de 

diffusion des GluN2A-RNMDA et des GluN2B-RNMDA au niveau des synapses, 90 minutes ou 

24 heures après la kétamine. Dans l'ensemble, nous démontrons l’implication de nouveaux 

mécanismes moléculaires pour expliquer les changements comportementaux induits par la 

kétamine. Notre travail propose la manipulation de la distribution synaptique des RNMDA comme 

stratégie thérapeutique ciblant les déficits pathologiques induits par les auto-anticorps et les 

déficits associés à la dépression. 

Mots clés : récepteurs NMDA, kétamine, nano-organisation, dépression 
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Title: Exploring the molecular determinants of behavioral changes induced by ketamine at the 

nanoscale 

Abstract: In the central nervous system (CNS), NMDA receptors (NMDAR), part of the ionotropic 

glutamate receptors family, mediate the majority of fast excitatory neuronal transmission. By 

allowing calcium influx into neuronal cells and subsequent activation of signaling pathways, 

NMDAR play a central role in synaptic plasticity events that occur during development and underly 

cognition and memory processes. Recent advances in super resolution microscopy have revealed 

unexpected dimensions of NMDAR signaling beyond their ionotropic function, which contribute to 

synaptic physiology. Indeed, NMDAR adopt a precise and dynamically regulated nanoscale 

organization at synapses which regulates their plasticity and controls memory formation, thereby 

raising the question whether NMDAR synaptic organization can be of therapeutic interest. 

Moreover, competitive and non-competitive antagonists like open channel blockers (OCBs) elicit 

similar inhibition of NMDAR signaling but result in distinct behavioral outcomes, suggesting 

mechanisms independent of ion flux blocking. Using a combination of super resolution microscopy 

techniques and behavioral testing, we demonstrate that the non-competitive NMDAR antagonist 

ketamine enhances the synaptic trapping of receptors, and thereby alleviates anxiety/depression-

like behavioral deficits caused by autoantibodies from psychotic patients. We then examined 

whether these changes in NMDAR distribution at synapses may contribute to ketamine-elicited 

rearrangements in brain connectivity supporting its antidepressant properties. Major depressive 

disorder is a leading cause of disability worldwide and is believed to be the consequence of 

abnormal activity in key structures supporting mood and reward, namely cortico-meso-limbic 

structures. Current treatments, such as serotonin-based pharmacotherapies and 



psychotherapies, have a delayed onset of action and still up to one-third of patients are resistant. 

Thus, the recent discovery that a subanesthetic dose of ketamine induce a rapid-acting and 

sustained antidepressant effect has risen new hopes for the treatment of depression. Despite 

intense investigation, the mechanisms through which ketamine acts on NMDAR signaling within 

the cortico-meso-limbic network to produce its antidepressant effect remain unclear. To address 

this, we have developed a multi-level approach combining single-molecule imaging to monitor 

NMDAR synaptic redistributions and detection of immediate early gene expression in a 

pharmacological model of depression using light-sheet microscopy to identify network 

rearrangements induced by ketamine. Among all existing depression model, experiments were 

performed on a pharmacological model using corticosterone (CORT). A battery of behavioral tests 

was performed to evaluate ketamine impact on different modalities of the depression-like 

phenotype. We then assessed activity changes and network rearrangements at early (90 min) 

and later (24 hours) stages of ketamine antidepressant effect establishment. Parallel single-

particle tracking using photoactivated localization microscopy (PALM) experiments were 

performed on cortical neurons chronically incubated with corticosterone to examine changes in 

GluN2A-NMDAR and GluN2B-NMDAR organization at synapses, 90 min or 24 hours after 

ketamine. Overall, we provide new molecular mechanisms supporting ketamine-elicited 

behavioral changes, offering NMDAR synaptic distribution manipulation as a therapeutic strategy 

for both autoantibody-induced pathological deficits and depressive-associated deficits. 

Keywords: NMDA receptor, ketamine, nanoscale organization, depression 
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Introduction 

CHAPTER I: NMDA RECEPTORS IN BRAIN FUNCTIONS AND 
MENTAL DISORDERS 

A. A glutamatergic overview 

The brain is a complex organ responsible for the gathering and processing of various types of 

signals coming from the body and the environment. Its cellular components, neurons and glial 

cells, are able to communicate between each other at contact points called synapses, notably 

by the release of chemical messengers called neurotransmitters that cross the synaptic cleft 

to reach out specific receptors. This interneuronal communication underlies brain function 

(Lovinger, 2008). To guarantee a good and stable communication, neuronal circuits keep a 

balance between excitation processes and inhibition events, where two major types of 

systems intervene: an excitatory system supported by excitatory neurotransmitters and an 

inhibitory system supported by inhibitory neurotransmitters. Glutamate is the main excitatory 

neurotransmitter of the central nervous system, which makes the glutamatergic system the 

principal excitatory system of the brain (Orrego and Villanueva 1993).  

 

The glutamatergic system is a dynamic system, meaning that it involves different types of 

actors that are presynaptic, postsynaptic, neurotransmitters. Moreover, the quantity, the 

sensitivity and the level of activity displayed by these different actors define the strength of the 

synaptic transmission. The glutamatergic system also involves the action of two categories of 

glutamatergic receptors, i.e. ionotropic receptors and metabotropic receptors.  Metabotropic 

glutamate receptors (mGluR) regulate synaptic neuronal transmission through the activation 

of G proteins modulating second messenger systems. On the contrary, ionotropic glutamate 

receptors (iGluR) are fast-acting ion channels composed of different subunits organized 

around a central pore. They are directly activated upon glutamate binding, causing ion flux 

modifications and consequent changes in the electrical potential of the membrane and 

neuronal excitability. Ionotropic glutamate receptors are divided in several categories 

depending on the binding ligand, including N-methyl-D-aspartate receptors (NMDAR), α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and kainate receptors 

(Ottersen and Landsend 1997; Reiner and Levitz, 2018). Rapid mobilization of glutamatergic 

receptors at the synapse and its signaling interactors is possible thanks to a specific zone 

organized in the postsynaptic neuron called the postsynaptic density (PSD). 
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The PSD is a 30 to 50 nm thick protein-concentrated zone that is connected to actin filaments 

of the cytoskeleton. Indeed, hundreds of proteins supporting synaptic transmission are located 

in the PSD including receptors, scaffolding proteins and cytoskeletal proteins (Sheng and Kim, 

2011). More precisely, the PSD is divided into a core layer and a pallial layer. The core layer 

of the PSD is directly located below the postsynaptic membrane and contains membrane 

associated guanylate kinases (MAGUK), of which the most abundant is postsynaptic density 

protein 95 (PSD-95). PSD-95 is binding to receptors of the postsynaptic membrane, NMDA 

and AMPA receptors with their N-terminal tail, and to a guanylate kinase-associated protein 

(GKAP) at their C-terminal (Dosemeci et al., 2016). The core layer of the PSD is followed by 

the pallial layer, more cytoplasmic. This pallial layer is mainly composed of Shank and Homer 

proteins that are able to bind each other to functionally connect post synaptic receptors to 

intracellular calcium stores of the endoplasmic reticulum (Sheng 2011). Upon excitation, the 

PSD undergoes morphological changes triggered by bonding of its different components, 

leading to the activation and accumulation of calmodulin-dependent protein kinase II (CaMKII) 

in the pallial layer of the PSD, where functioning coupling to NMDA receptors and subsequent 

calcium ion influx become possible (Petersen et al., 2003). 

Figure 1: The glutamatergic synapse and its main actors. Postsynaptic receptors (NMDAR, AMPAR, EphR) 

and transmembrane proteins (Neuroligin, N-cadherin) are anchored to the membrane by interactors of the core 

layer of the PSD, i.e. PSD95 and GKAP. These proteins interact with the pallial layer of the PSD containing SHANK 

and Homer proteins. The pallial layer of the PSD is connected to the cytoskeleton via filaments of F-actin.  

In order to bring structural stability and signal transmission efficiency, multiple synaptic protein 

complexes and transmembrane receptors are inserted into the phospholipid bilayer. Synaptic 

cell adhesion molecules (CAM) have a direct control over the organization of molecules at 

both presynaptic and postsynaptic sites. Indeed, they regulates excitatory synaptic 

transmission through interactions with glutamate receptors. CAM usually form trans-synaptic 

adhesion complexes that shape postsynaptic properties. For example, neurexin-neuroligin 
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complexes, N-cadherin- β-cadherin associations and Ephrin-B-EphBs (EphB receptor tyrosine 

kinase) complexes are known to tightly regulate synaptic plasticity notably by interacting with 

NMDA receptors and AMPA receptors (Figure 1)(de Wit and Ghosh, 2016; Jang et al., 2017; 

Kim et al., 2022). mGluR are G-protein-coupled dimers activated involved in slower and 

complex modulation of synaptic transmission and protein-protein interactions (Niswender and 

Conn, 2010). In the end, iGluR and more precisely NMDA receptors, are the greater 

contributors to synaptic plasticity; NMDAR display unique properties including for instance a 

wide subunit diversity and calcium permeability, making them one of the biggest vulnerable 

targets in favor of synaptic dysfunctions, rooting for neuropsychiatric disorders. 

B. NMDA receptors (NMDAR) 

NMDAR are glutamate-gated ion channels selectively permeant to sodium, potassium and 

calcium. Calcium permeability is a key feature of NMDAR that plays pivotal role in several 

receptor functions, including the initiation of NMDAR-mediated forms of synaptic plasticity as 

well as learning and memory formation (Hansen et al., 2021). 

1. Architecture and ionotropic function 

a. NMDAR topology 

NMDAR are heterotetrameric assemblies composed of two glycine- or D-serine-binding GluN1 

obligatory subunits combined with two additional glutamate-binding GluN2 or, less commonly, 

glycine-binding GluN3 subunits. Eight different variants of the GluN1 subunit (GluN1-[1-4]a 

and GluN1-[1-4]b) are produced through alternative splicing of the GRIN1 gene at exons 5 (N-

terminal domain), 21 and 22 (C-terminal domain). They can assemble with four possible GluN2 

(A-D) and two possible GluN3 (A-B), each encoded by a single gene, resulting in a large 

diversity of NMDAR encompassing several hundreds. The various combinations of GluN2 and 

GluN3 subunits allow the formation of either diheteromeric (two GluN1 and two identical GluN2 

or GluN3 subunits) or triheteromeric (two GluN1 and two different GluN2 and GluN3 subunits) 

receptors and result in a multitude of NMDAR complexes with unique trafficking, biophysical, 

pharmacological, and signaling properties (Hansen et al., 2021; Paoletti et al., 2013; Zhou and 

Tajima, 2023). While GluN2A and GluN2B subunit-containing receptors predominate in the 

forebrain, the composition of NMDAR evolves during development and varies across brain 

regions, and the respective proportions of diheteromeric versus triheteromeric NMDAR 

complexes remain a matter of intense debate.  
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Each GluN subunit is articulated in four structural and functional domains: the amino-terminal 

domain (NTD), the ligand-binding domain (LBD; also called agonist-binding domain, ABD), the 

transmembrane domain (TMD) and the carboxyl-terminal domain (CTD) (Figure 2). 

 

Figure 2: NMDAR molecular architecture. (A) Upper panel, NMDAR topology: subunits are organized in 

domains: the extracellular N-terminal-domain (NTD), the ligand-binding domain (LBD), the transmembrane domain 

(TMD) and the intracellular C-terminal-domain (CTD). Bottom panel, representations of di-heteromeric and tri-

heteromeric NMDAR assemblies. (B) Cryo-electron microscopy resolved structure of a di-heterotetrameric GluN1-

GluN2 NMDAR. Fixation sites of the different modulators are targeted by arrows. (from Zhou and Tajima, 2023) 

 

Compared to other iGluR, NMDAR have a more compact extracellular region, conceding a 

tight coupling between NTD and LBD. Consequently, these two domains interact with each 

other in a reciprocal manner and operate as a single cohesive unit, which is crucial for 

allosteric signaling and channel gating modulation. The NMDAR NTD controls biophysical 

parameters such as channel open probability (Po) and deactivation kinetics. It also plays a 

role in NMDAR assembly in the endoplasmic reticulum, and is involved in protein-protein 

interactions influencing the trafficking and signaling of receptors (Zhu and Paoletti, 2015). 

NMDAR NTD display a clamshell-like structure composed of two lobes, the upper lobe (UL or 

R1) and the lower lobe (LL or R2) connected by a three-peptide link (Krieger et al., 2015). 

Globally, NMDAR NTD function under two conformations, i.e. an open state in the absence of 

ligand and a closed state when a ligand is bound. Subunit-specific allosteric modulators can 

bind to different sites displayed by NTD, the best-characterized examples so far targeting 

GluN2A- and GluN2B-containing receptors. As an example, zinc binding to the NTD of GluN2A 

triggers a conformational transition of the domain to a closed stated that directly impacts the 

LBD and decreases the open probability of the receptor (Romero-Hernandez et al., 2016). 

Thus, zinc is defined as a negative allosteric modulator (NAM), a category that also includes 
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drugs like ifenprodil and Ro25-6981 which bind at the GluN1-GluN2B NTD heterodimer 

interface (Figure 2). On the contrary, positive allosteric modulators (PAM), such as polyamines 

(e.g. spermine), bind to the GluN1-GluN2B NTD interface and stabilize it in an open-cleft 

conformation, thus increasing channel Po and subsequent excitatory transmission (Mony et 

al., 2011).  

 

Connected to the NTD by a linker, the LBD displays binding sites for glutamate on GluN2 

subunits and for the co-agonists glycine and D-serine on GluN1 and GluN3 subunits, whose 

concomitant binding allow full activation of the receptor through subsequent channel opening 

(Furukawa et al., 2005). The LBD is also the binding site for competitive antagonists such as 

D-AP5. Like NTD, the GluN1-GluN2 ABD heterodimer is folded in a clamshell shape mostly 

interacting through upper lobes (D1 lobes). Movements of this D1 lobes interface controls 

channel Po and agonist affinity. Indeed, their interaction (closed cleft conformation) or 

dissociation (open cleft conformation), as occurring in the presence of agonists or antagonists, 

are involved in a potentiation or an inhibition of the receptor, respectively (Regan et al., 2015). 

Attached to the LBD by specific peptide linkers, the transmembrane domain (TMD) is 

composed of three hydrophobic transmembrane helices (M1 M3 and M4), and a reentrant loop 

M2 forming the cation-selective (Na+, K+, Ca2+) pore of the channel where Mg2+ ions get 

trapped and occlude ion fluxes at hyperpolarized resting membrane potentials, a distinctive 

feature of NMDAR on which relies their voltage sensitivity (Hansen 2021). The pore is also 

the site of action of activity-dependent blockers, also referred to as non-competitive 

antagonists, such as ketamine, dizocilpine (MK-801) or phencyclidine (PCP) which trap 

NMDAR in an agonist-bound but ionotropically-silent conformation. Finally, the C-terminal 

domain (CTD) of NMDAR encompasses the cytosolic amino acid stretches connected to the 

TMD helices, including the C-terminal tail of the receptors whose size and roles vary 

dramatically depending on subunits. In particular, the large CTD of GluN2 subunits are major 

sites of post-translational modifications (e.g. phosphorylation, palmitoylation) and protein-

protein interactions, and contribute to the regulation of NMDAR assembly, surface trafficking, 

synaptic trapping channel gating and downstream signaling, as well as targeting for 

degradation (Warnet et al., 2021).  

b. Subtype-dependent biophysical and pharmacological properties 

At hyperpolarized resting membrane potential, NMDAR are essentially closed due to the 

obstruction of ion pore by Mg2+ ions (Mayer et al., 1984). NMDAR activation can only take 

place when three conditions occur concomitantly, i.e. (i) glutamate binding to the LBD of GluN2 

subunits, (ii) glycine or D-serine binding to the LBD of GluN1 subunits, and (iii) AMPAR-

mediated post-synaptic depolarization allowing the voltage-dependent removal of Mg2+ from 
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the pore (Seeburg et al., 1995). Since both presynaptic neurotransmitter release and post-

synaptic membrane depolarization are required for their activation, NMDAR are commonly 

considered as molecular coincidence detectors of simultaneous pre and post-synaptic activity 

which is believed to be the basis for Hebbian changes in synaptic strength underlying learning 

and memory. The first step of receptor activation is the binding of agonists and co-agonists to 

the cleft between the S1 and S2 segments of GluN2 and GluN1 LBD, respectively. All four 

agonist/co-agonist binding sites must be occupied for receptor activation to occur, which leads 

to closure of the S1/S2 clamshell and separates LBD one from another, creating tension in 

the linkers resulting in the reorganization of the TMD and opening of the ion pore (Mony and 

Paoletti, 2023). 

 

Calcium influx permeability and Mg2+ blockade can vary in function of the subunit composition 

of the receptor. For instance, GluN2A- and GluN2B-containing receptors display a higher 

sensitivity to magnesium and permeability to calcium than GluN2C- and GluN2D-containing 

receptors (Paoletti et al., 2013). Because of this double requirement and their kinetics 

properties, NMDAR are able to integrate and transduce signals into modifications of synaptic 

strength, i.e. synaptic plasticity. During long-term potentiation (LTP), NMDAR are activated 

and allowing the entry of calcium ion flux, participating to the rise of intracellular calcium levels. 

This leads to the activation of specific signaling cascades eliciting the insertion of AMPAR at 

the post-membrane, thereby increasing synaptic strength. On the contrary, when the activated 

signaling cascades promotes removal of AMPAR from the post-synaptic membrane, synaptic 

strength decreases to form long-term depression (LTD) (Citri and Malenka, 2008). Synaptic 

plasticity occurs at specific locations and times within the brain, triggering diverse cognitive 

processes, thus highlighting NMDAR changes in terms of spatial distribution and neuronal 

development.  

2. NMDAR distribution and functions 

NMDAR heteromers are produced in the endoplasmic reticulum (ER) by ribosomes with the 

particularity that GluN1 subunits are oversynthetized compared to GluN2 and GluN3 subunits, 

guaranteeing their availability for other subunits production. GluN2 subunits, along with certain 

GluN1 splice variants, remain within the endoplasmic reticulum (ER) until they are assembled 

into functional complexes. Once out of the ER, receptors are transported through the Golgi 

apparatus. Subsequently, they are either inserted directly into vesicles and sent to the plasma 

membrane or delivered into dendrites to reach spines (Horak et al., 2014; Wenthold et al., 

2003). Subunit composition within NMDAR is a dynamic process that evolve and is modified 

along with neuronal development.  
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a. NMDAR distribution throughout the brain 

NMDAR are ubiquitously expressed throughout the brain. However, the expression patterns 

of NMDAR subunits - and thereby of NMDAR subtypes - are not uniform and vary across cell 

types, brain regions and developmental stages (Monyer et al., 1994). The obligatory GluN1 

subunit is ubiquitously expressed in the brain and particularly concentrated in the forebrain 

and cerebellum, with isoform-specific regional and developmental expression patterns which 

are mostly fixed from birth and show little variations throughout life (Figure 3). However, 

expression levels and patterns of GluN2 and GluN3 auxiliary subunits are tightly regulated in 

time and space (Monyer et al., 1994; Watanabe et al., 1993). GluN2B and GluN2D expression 

only are detected at embryonic stages. At birth, GluN2B expression is widespread and peaks 

at the end of the first postnatal week, after which it decreases and remains essentially 

abundant in the forebrain. 

 

During early postnatal development and throughout all the central nervous system, the subunit 

composition of NMDAR switches from predominant GluN2B subunits to mostly having GluN2A 

subunits. While GluN2B subunits persist in many adult CNS regions, GluN2A increased 

presence brings distinct alterations in NMDAR-mediated synaptic currents, including faster 

decay kinetics and changes in pharmacology. This shift is marked by increased sensitivity to 

zinc and reduced response to GluN2B-specific antagonists. The exact molecular mechanisms 

underlying this switch remain unclear, but it seems to be driven by neuronal activity and 

sensory experiences, therefore in concomitance with the critical period of development 

(Monyer et al., 1994; Paoletti et al., 2013). Furthermore, GluN1, GluN2A and GluN2D are 

found in high levels from P7 to P14, then decrease until more moderate levels in adult. In the 

contrary, GluN2B and GluN2C have the inverse tendency, meaning that their levels are initially 

very but increase from P7 until reaching high levels in adulthood (Lau et al., 2003; Monyer et 

al., 1994). GluN2C expression is quite restricted to the cerebellum while GluN2D is mainly 

expressed in the basal ganglia (Figure 3) (Monyer et al., 1994; Watanabe et al., 1993; Wyllie 

et al., 2013). Regarding GluN3 subunit expression, GluN3A and GluN3B present an opposite 

pattern of expression, i.e. high expression of GluN3A at birth followed by a decrease until 

adulthood and low initial expression of GluN3B that increases through development. GluN3A 

and GluN3B subunits are notably expressed in the hippocampus, entorhinal cortex, striatum 

and cerebellum (Murillo et al., 2021; Pachernegg et al., 2012; Wee et al., 2016). 
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Figure 3: NMDAR subunits expression through brain development. GluN1 is ubiquitous, GluN2A and GluN2B 

containing NMDAR undergo developmental switch. GluN2C expression is mainly restricted to cerebellum and 

GluN2D initial expression in midbrain is barely inexistent at mature state (Scalebar, 3.4 mm, adapted from Monyer 

et al., 1994). 

 

GluN3A and GluN3B subunits display opposite evolutions. Indeed, GluN3A expression is 

widespread and increases from birth until P8, after which it decreases until adulthood. Instead, 

GluN3B expression is barely detectable at early stages and peaks at adulthood where it can 

be detected in the brainstem, hippocampus, entorhinal cortex, striatum and cerebellum 

(Murillo et al., 2021; Pachernegg et al., 2012; Wee et al., 2016). GluN3A- and GluN3B-

containing NMDAR are expressed in multiple cell types including pyramidal cells, interneurons 

and motor neurons (Crawley et al., 2022).  
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b. NMDAR subcellular distribution and functions 

Electron microscopy studies reveal that NMDAR are widely distributed at the surface of 

neurons where they have been detected on the cell body, axon, and dendritic shafts (Petralia 

et al., 2010).  

 

Axonal NMDAR: regulation of glutamate release and presynaptic plasticity 

While NMDAR are particularly abundant at postsynaptic level, there has been increasing 

evidence of their axonal expression at presynaptic terminals in specific brain regions where 

they regulate synaptic transmission (Banerjee et al., 2016). For instance, implication of 

presynaptic NMDAR in the regulation of glutamate release has been reported at excitatory 

synapses in the visual cortex, the hippocampus, the entorhinal cortex, the somatosensory 

cortex as well as the cerebellum. Furthermore, presynaptic NMDAR have been shown to 

participate in short-term and long-term plasticity processes together with mGluR, IP3R-gated 

internal stores of the presynaptic terminal and retrograde endocannabinoid signaling to build 

functional circuits during development (Bouvier et al., 2015).   

 

Dendritic NMDAR: controlling cell survival and post-synaptic strength  

Dendritic NMDAR expression can be detected both at synaptic and extrasynaptic 

compartments. At a given time point, between 20% and 50% of NMDAR are extrasynaptic and 

located in dendritic shafts where they are not anchored to specific scaffold-dense zones, unlike 

in the synaptic compartment where they associate with the PSD (Blanpied et al., 2008; Harris 

and Pettit, 2007). In adults, the extrasynaptic compartment contains predominant GluN2B-

NMDAR with high affinity to glutamate while synapses mainly host GluN2A-NMDAR. This can 

be partially explained by the preferential association between GluN2A-NMDAR and PSD95 

scaffolding protein of the synapse (Papouin and Oliet, 2014). Regarding GluN2C/2D-

containing NMDAR, their presence is predominant in the extrasynaptic compartment (Groc et 

al., 2009; Wu and Johnson, 2015). It is also true for GluN3A-NMDAR, which can 

parenthetically reduce GluN2A-NMDAR dwelling time in synapses to expel it in 

extrasynaptically (González-González et al., 2023). Overall, it has been established that 

synaptic NMDAR promote the release of neurotrophic factors while NMDAR located in the 

extrasynaptic compartment are more prone to activate signaling pathways related to 

apoptosis, shaping an NMDAR controlling survival/death equilibrium through intracellular 

mechanisms (Hardingham et al., 2002). However, the role of NMDAR subunits or locations in 

inducing excitotoxicity-mediated cell death is still debated. Indeed, excitotoxicity would not 

exhibit preferential engagement with either 2A- or 2B-containing NMDAR (Papouin and Oliet, 

2014; Zhou et al., 2013). On a functional aspect, synaptic and extrasynaptic NMDAR mediate 

different signaling properties. Synaptic NMDAR generate phasic currents and calcium influxes 
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at the origin of intracellular signaling cascades while extrasynaptic NMDAR produce tonic 

currents that enhance neuronal excitability (Dupuis et al., 2023; Hansen et al., 2021). 

Additionally, the co-agonist control of NMDAR differs between the two compartments: D-serine 

gates synaptic receptors while glycine binds extrasynaptic receptors (Papouin et al., 2012). 

Finally, NMDAR are mobile and can travel laterally from a compartment to another, shaping 

their dynamic organization (Bard and Groc, 2011; Groc et al., 2006; Tovar and Westbrook, 

2002). 

It is well established that NMDAR ionotropic function is a key actor of synaptic plasticity 

supporting learning and other cognitive processes. Synaptic plasticity refers to the ability of a 

synapse to modulate its efficacy of transmission, whose most prominent forms are long-term 

potentiation (LTP) and long term depression (LTD) (Citri and Malenka, 2008). LTP and LTD 

have been described as involving high and low calcium entry respectively in the post-synapse 

(Lüscher and Malenka, 2012; Regehr and Tank, 1990). Yet, agonist binding to NMDAR, even 

without ion flux, has been later shown to be sufficient to initiate LTP and LTD mechanisms. By 

using NMDAR blockers like MK-801 and 7-chlorokynurenic acid (7-CK), it has been shown 

that inhibition of ion flux does not prevent the induction of NMDAR dependent LTD whereas 

in presence of competitive antagonists that hinder glutamate binding, NMDAR dependent LTD 

is not induced. Further research demonstrated that when ionotropic activity is blocked, 

glutamate binding is still able to trigger intracellular signaling notably through the activities of 

p38 mitogen-activated protein kinase (p38 MAPK) and CaMKII, highlighting metabotropic 

properties of NMDAR (Nabavi et al., 2013; Park et al., 2022; Stein et al., 2020). Moreover, 

NMDAR metabotropic activity can trigger an increase of synaptic strength, i.e. LTP, in absence 

of ionotropic activity, through glycine-elicited postsynaptic modifications. More precisely, 

glycine binding to GluN2A-NMDAR enhances phosphorylation of extracellular signal-

regulated protein kinase (ERK1/2) leading to an increase in AMPAR currents (Li et al., 2016; 

Park et al., 2022).  

3. Mechanisms controlling NMDAR distribution and organization at synapses 

The development of single-molecule localization microcopy (SMLM) at the beginning of the 

century has allowed nanoscopic explorations of the organization of pre- and post-synaptic 

elements. These studies have revealed that glutamatergic receptors are not uniformly 

distributed and everlastingly stable at synapses. Instead, they aggregate within nanometric 

clusters that are structured by cytosolic scaffolding proteins and aligned with the presynaptic 

glutamate release machinery through the contribution of cell adhesion molecules, forming 

trans-synaptic functional units which have named nanocolumns (Groc and Choquet, 2020; 

Kellermayer et al., 2018; MacGillavry et al., 2013; Nair et al., 2013; Tang et al., 2016). 
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Moreover, receptors are only transiently trapped within these domains and continuously 

undergo dynamic redistributions through lateral diffusion within the membrane plane following 

a Brownian motion regime driven by thermal agitation, allowing a powerful control of receptor 

numbers and composition that shapes the intensity of synaptic transmissions (Dupuis et al., 

2023; Groc and Choquet, 2020). 

a. NMDAR nanoscale organization 

Within the PSD, NMDAR clusters contains from 10 to 40 receptors and are mainly central and 

surrounded by AMPAR clusters of 15 to 100 receptors (Maynard et al., 2023). Synaptic 

GluN2A-NMDAR and GluN2B-NMDAR differ in their nanoscale organization, they each form 

1 to 4 clusters of about 60 nm diameter, with 30% overlapping. It is believed that distinct 

synaptic anchoring mechanisms explains this different and non-overlapping nanoscale 

organization (Dupuis et al., 2023; Kellermayer et al., 2018). Furthermore, synaptic GluN2B-

NMDAR nanoscale organization varies along the dendrite ;  more proximal synapses display 

larger and denser GluN2B-NMDAR nanodomains because of its interaction with CaMKII 

(Ferreira et al., 2020). Even if the function of this NMDAR nanoscale organization remains 

unknown, one hypothesis propose that it may negatively couple NMDAR currents within a 

nanodomain via calcium-dependent inactivation. The degree of negative coupling would be 

dependent of the distance between NMDAR, the closer they are, the more efficiently they 

inhibit each other (Iacobucci and Popescu, 2019).  

b. Diffusion-based NMDAR redistributions 

NMDAR move in different manners whether they are located inside, at the interface or outside 

neurons, tuning synaptic functioning in both healthy and disease conditions. Overall, they 

undergo long and rapid intracellular transportation and shorter Brownian diffusion once at the 

surface. Usually, movements of NMDAR adapts during change of compartment (intracellular 

and surface, synaptic and extrasynaptic) (Groc and Choquet, 2020, 2006). Once produced 

and assembled, NMDAR-vesicles are actively trafficking along the cytoskeleton to reach 

plasma membranes or endosomes. More precisely, NMDAR-vesicles are transported on 

microtubules by kinesin motor proteins on the longest distance from the soma to dendrites. 

NMDAR are thus first reaching extrasynaptic membranes, additional short-distance transport 

system is needed into spines. Indeed upon arrival to the synapse, trafficking is slower and 

involves myosin motors transport on actin filaments (Horak et al., 2014; Kapitein and 

Hoogenraad, 2011; Petralia et al., 2009; Setou et al., 2000). Once inserted in the plasma 

membrane, NMDAR can travel long distances along the dendritic arborization by lateral 

diffusion and they can eventually reach synapses and the PSD (Choquet and Triller, 2013). 

Thus, exocytosis, endocytosis and lateral diffusion processes finely regulate and adjust the 
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number, composition and distribution of NMDAR, making them extremely dynamic and subject 

to constant renewal (Dupuis et al., 2023). Furthermore, the surface dynamics GluN2A-NMDAR 

and GluN2B-NMDAR are differently regulated at synapses, GluN2A-NMDAR being more 

stable (Bard et al., 2010; Groc et al., 2006). GluN2B-NMDAR are more mobile and display 

higher level of exchanges between synaptic and extrasynaptic compartments, regulating LTP 

by CaMKII redistributions at hippocampal synapses (Dupuis et al., 2014). NMDAR diffusion is 

tightly regulated by different types of interactors, intracellular transmembrane and 

extracellular. 

c. Regulators of NMDAR synaptic trapping and surface redistributions 

Intracellular modulators  

The lateral diffusion of NMDAR can be regulated by interaction of their C-term tail with MAGUK 

proteins. Indeed, these protein-protein interactions support NMDAR synaptic organization and 

anchoring at the PSD (Bard et al., 2010; Dupuis et al., 2023). More precisely, the PSD-95 

family of PDZ-containing scaffold proteins are the main MAGUK interactors of NMDAR. This 

family is composed of 4 different type of proteins encoded by 4 distinct genes : PSD-95, PSD-

93, SAP102 and SAP97 (Sheng and Kim, 2011). These PSD-MAGUK protein share a similar 

organization and contain three PDZ domains at their N-term extremity, a SH3 domain and a 

guanylate cyclase domain at their C-term extremity (Elias and Nicoll, 2007). PSD-MAGUK 

proteins are able to interact with GluN2 subunits, with a preferential association of GluN2A to 

PSD-95, PSD-93 and SAP97 and of GluN2B with PSD-95 and SAP102 (Gardoni and Di Luca, 

2021; Sans et al., 2000). Besides modulating NMDAR surface diffusion, PSD-MAGUK are 

also interacting with NMDAR during their intracellular trafficking; SAP97 is mainly driving 

NMDAR traffic through the endoplasmic reticulum and Golgi from soma to dendrites (Gardoni 

and Di Luca, 2021).  

 

Protein kinases located at the PSD are also privileged interactors of NMDAR, with 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) being the predominant one. The 

interplay between the C-term tail of GluN2B subunit and the activated form of CaMKII (i.e.  

αCaMKII) modulates NMDAR function and diffusion. Indeed, upon NMDAR activation, CaMKII 

preferentially bind GluN2B to increase GluN2B-NMDAR lateral diffusion into spines, causing 

CaMKII redistributions at synapse supporting LTP processes (Dupuis et al., 2023, 2014; 

Ferreira et al., 2020).  

 

Transmembrane modulators  

Transmembrane interactors participate in surface protein-protein cis-interactions with 

NMDAR, thus play a role in receptor functioning and organization. Neurotransmitter receptors 
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and ion channels mostly constitute the NMDAR surface cis-interactome. Overall, these 

interactions have been shown to regulate synaptic plasticity as well as NMDAR organization 

and diffusion, supporting glutamatergic synapse functioning in physiological and pathological 

conditions. These interactions are regulated by neurotransmitters like dopamine, 

acetylcholine, and opioids  (Figure 4)(Petit-Pedrol and Groc, 2021). 

 

Figure 4: NMDAR transmembrane interactors and their regulatory action. The NMDAR surface cis-

interactome is composed of different neurotransmitter receptors and ion channels that are involved in protein-

protein interactions with NMDAR. Together, they form nanodomains dynamically evolving in organization as a 

function of neurotransmitter release from projecting neurons (DR: dopamine receptors, TRPM4: transient receptor 

potential cation channel subfamily M member 4, IL1R: IL-1 receptor, H3R: histamine 3 receptor, P2X: purinergic 

P2X receptors, mGluR: metabotropic glutamate receptors subtype, nAChR: nicotinic acetylcholine receptors, µOR: 

µ-Opioid receptors, BK: voltage-activated potassium, Sig1R: Sigma-1 receptor, NL1: neuroligin 1, ApoER: 

Apolipoprotein E receptor, EphB2: Ephrin B2 receptor)(From Petit-Pedrol and Groc, 2021). 

For example, mGluR5-NMDAR interaction reciprocally regulate the trafficking and respective 

activities of both receptors (Perroy et al., 2008). Interactions with Ephrin-B2 receptors 

(EphB2R) favor NMDAR synaptic retention and its disruption is a feature of autoimmune 

antibody-induced neurological symptoms (Mikasova et al., 2012; Petit-Pedrol and Groc, 

2021). Among the most studied, dopamine receptors, especially the D1 subtype (D1R), 

physically interact with GluN1-NMDAR at their C-term tails to mainly maintain NMDAR into the 

extrasynaptic compartment, forming a reserve pool (Bénac et al., 2024; Ladepeche et al., 

2013; Lee et al., 2002). Indeed, when D1R are activated by dopamine release, the interaction 

with NMDAR breaks and induces an increase in NMDAR surface lateral diffusion causing an 

increase in NMDAR synaptic content and amplitude of synaptic currents, favoring LTP and 

memory processes (Ladepeche et al., 2013; Nai et al., 2010). Furthermore, it has recently 

been demonstrated that besides that functional role, D1R-NMDAR interaction is increased at 

immature state, inducing NMDAR clustering and synaptogenesis independently of D1R 

activation (Bénac et al., 2024).  
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Extracellular modulators  

The extracellular environment surrounding NMDAR contains a variety of molecules regulating 

receptor dynamics. Components of the extracellular matrix ECM - a meshwork of proteins 

providing structural and functional support to neurons (Dityatev et al., 2010) - have a robust 

impact on the surface diffusion of extracellular NMDAR. For instance, accumulation of the 

secreted glycoprotein reelin across development selectively enhances GluN2B-NMDAR 

diffusion and thus decreases their synaptic trapping and contribution to NMDAR-mediated 

currents.  Conversely, reelin inhibition enhances the synaptic trapping of GluN2B-NMDAR and 

prevents the developmentally-regulated reduction in their synaptic contribution (Groc et al., 

2007). Alike, modulation of integrin β1-dependent signaling by the matrix metalloproteinase-9 

(MMP-9) enhances NMDAR surface diffusion, a mechanism which may contribute to the 

involvement of MMP-9 in synaptic plasticity (Michaluk et al., 2009). Diffusible molecules 

present in the extracellular space also influence NMDAR surface dynamics. As an example, 

local variations in the concentrations of the co-agonists glycine and D-serine trigger subtype-

selective modulations of the diffusion and trapping of synaptic and extrasynaptic NMDAR. 

Indeed, higher synaptic concentrations of D-serine and extrasynaptic concentrations of glycine 

selectively decrease the surface diffusion of GluN2A- and GluN2B-NMDAR, respectively, a 

mechanism that could contribute to the spatial segregation of the two NMDAR subtypes and 

to participate in their developmental switch (Ferreira et al., 2017; Papouin et al., 2012). 

Typically, D-serine binding changes the conformation of NMDAR cytosolic domains, thereby 

weakening interactions between GluN2B-NMDAR and PSD-95 and impacting their trapping 

and synaptic content (Ferreira et al., 2017). The serine protease tissue plasminogen activator 

(tPA) binds to the NTD of the GluN1 subunit and promotes the diffusion and clustering of 

extrasynaptic receptors as well, thereby modulating NMDAR-mediated signaling and 

neurotoxicity (Lesept et al., 2016). Hormones can also regulate NMDAR surface diffusion 

properties in a subtype-selective manner, as illustrated by the estrogen 17β-estradiol E2 and 

the glucocorticoid corticosterone which both selectively enhance the synaptic trapping of 

GluN2B-NMDAR, thereby favoring synaptic potentiation causing spine density and associative 

memory formation in the hippocampus (Mikasova et al., 2017; Potier et al., 2016). Thus, 

numerous extracellular modulators contribute to the fine-tuning of receptor diffusion, and it is 

likely that other molecules present in the ECS, such as polyamines and zinc, may also act on 

NMDAR surface redistributions which appears to be an essential component of excitatory 

neurotransmission (Petit-Pedrol and Groc, 2021). 

Interestingly, diffusible modulators of NMDAR surface trafficking can also emerge in 

pathological contexts. Indeed, anti-NMDAR circulating antibodies from patients with anti-

NMDAR encephalitis and psychosis have been reported to impair NMDAR surface diffusion 
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and synaptic organization properties, resulting in NMDAR-mediated signaling and plasticity 

deficits which lead to major cognitive and behavioral deficits (Jézéquel et al., 2017; Mikasova 

et al., 2012). Thus, impairment in NMDAR synaptic organization and diffusion-based surface 

redistributions may contribute to the etiology of neuropsychiatric conditions.  

4. NMDAR diffusion impairment in psychiatric disorders 

Dysfunction of NMDAR signaling is a main feature of neuropsychiatric disorders and intense 

efforts have been made to investigate the mechanisms underlying its contribution to brain 

illnesses. Indeed, pathological NMDAR hyper- or hypofunction have been reported in a variety 

of neurological conditions including epilepsy, ischemic stroke, Parkinson’s, Huntington’s and 

Alzheimer’s disease. They also been associated with mental disorders such as intellectual 

disability, autism, schizophrenia and depression. Interestingly, pathological NMDAR 

dysfunctions do not necessarily result from channel gating deficits. In Alzheimer’s disease for 

instance, it appears that synaptic plasticity deficits and dendritic spine loss may result from 

non-ionotropic NMDAR signaling initiated by β-amyloid oligomers which cause changes in the 

conformation of cytosolic domains of the receptors and affect their interaction with scaffolds 

(Kessels et al., 2013; Lacor et al., 2007; Shankar et al., 2008).  Moreover, the recent discovery 

of an autoimmune disorder affecting NMDAR surface trafficking further highlighted the fact 

that channel dysfunctions cannot be considered as the sole etiological factor in brain 

conditions associated with NMDAR dysfunction. Since then, it has been demonstrated that 

the surface dynamics and organization of NMDAR are altered in various neurological and 

psychiatric disorders (Figure 5) (Dupuis et al., 2023; Groc and Choquet, 2020). Most of our 

knowledge regarding NMDAR surface trafficking impairment in psychiatric diseases comes 

from an autoimmune disorder called NMDAR encephalitis where NMDAR are targeted by 

autoantibodies (NMDAR-Abs) directed against the GluN1 obligatory subunit. NMDAR 

encephalitis is characterized by a viral-like prodromal phase followed by psychotic symptoms 

and a later stage including seizures and autonomic dysfunction (Dalmau et al., 2007; Hunter 

et al., 2021). Early single molecule imaging studies have shown that NMDAR-Abs induce a 

rapid dispersal of synaptic NMDAR and a rearrangement and internalization of extrasynaptic 

receptors, causing alterations in NMDAR-mediated synaptic plasticity that may underlie some 

of the psychotic symptoms observed in patients (Jézéquel et al., 2017; Mikasova et al., 2012; 

Dupuis et al., 2023). The sequence of antibody-elicited events leading to NMDAR 

hypofunction was recently better characterized in a study reporting that NMDAR-Abs primarily 

affect the diffusion, nanoscale organization and interactions of extrasynaptic NMDAR which in 

turn leads to the disruption of NMDAR synaptic organization, highlighting the major 
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physiological importance of maintaining balanced surface exchanges between the two 

compartments (Jamet et al., 2024). 

 

 

Figure 5: NMDA receptors dynamics into the different neuronal compartments. NMDAR move in different 

manners whether they are located inside, at the interface or outside neurons, tuning synaptic functioning in both 

healthy (blue) and disease (red) conditions. “+” refers to positive modulation while “-“ refers to negative modulation 

(from Groc and Choquet, 2020). 

Consistently, NMDAR surface diffusion and organization impairment have been reported in 

other models of psychosis such as (i) knock-down of the susceptibility gene DISC1, (ii) 

exposure to CSF samples from psychotic patients or (iii) to the envelop protein of the human 

endogenous retrovirus (HERV) type W found in patients with neuropsychiatric conditions, all 

of which result in abnormal redistribution patterns and plasticity deficits (Espana et al., 2021; 

Jézéquel et al., 2017; Johansson et al., 2020). Thus, besides impairment of the ionotropic 

function of the receptors, alterations of NMDAR surface trafficking also emerge as a hallmark 

of neuropsychiatric conditions and could represent a valuable target for therapeutic 

intervention.  Thus, NMDAR surface dynamics, independently of receptor ionotropic function, 

became a strong target of action to develop therapeutic strategies within psychiatric and 

neurological diseases.   

5. NMDAR as pharmacological targets 

Antagonization of NMDAR occurs naturally in presence of endogenous molecules like 

magnesium or zinc, or by exposure of an exogenous synthetized drug. NMDAR antagonists 
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can broadly be classified according to their binding site on the receptor into competitive and 

uncompetitive antagonists (Figure 6).  

 

 

Figure 6: The NMDAR and its antagonists. Zinc, along with ifenprodil and Ro25-698 are NAMs that bind the 

ATD/NTD of GluN2B subunits. D-AP5, competitive antagonist, prevent NMDAR agonist binding. Open-channel 

blockers like magnesium, ketamine, MK-801 and memantine, block ion flux through the receptor.  

 

Competitive ligands block receptor activation by binding the fixation site of GluN1-NMDAR 

agonists (glutamate and NMDA). NMDAR-LBD is therefore maintained in an open cleft 

conformation, preventing channel gating (Hansen et al., 2021). 2-amino-5-phosphonovalerate 

(AP5) is the first discovered and most selective NMDAR competitive antagonist and is still 

extensively used in fundamental research, D-AP5 being the active isomer of the racemic 

mixture (Collingridge et al., 1983; Lodge et al., 2019). Collingridge and collaborators have 

demonstrated in the early 1980s thatD-AP5 prevents synaptic potentiation in CA1 after high 

frequency stimulation (HFS) of Schaffer collaterals in hippocampal slices, highlighting the 

important involvement of NMDAR in synaptic plasticity processes. Since then, the drug has 

been used to study NMDAR roles in multiple brain regions (Dawbarn and Pycock, 1981; Fox 

and Armstrong-James, 1986; Kimura et al., 1985; Lodge et al., 2019). 3-(2-Carboxypiperazin-

4-yl)propyl-1-phosphonic acid (CPP) has been synthetized as a more potent analogue of AP7, 

acting similarly as D-AP5 (Carmack et al., 2013; Davies et al., 1986). 
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Other physiological (e.g. kynurenic acid) and pharmacological (e.g. 7-chlorokynurenic, 7-CK) 

competitive antagonists can bind the obligatory co-agonist site located on the GluN1 subunit 

(Cai, 2006). Kynurenic acid (KA) has neuroprotective properties and is able to block most of 

iGluRs with a higher affinity for NMDAR. Its neuroprotective effect is conferred by presynaptic 

glutamate release inhibition, thus preventing excitotoxicity (Majláth et al., 2016).  

 

Uncompetitive antagonists obstruct the channel pore, occluding ion flows through the receptor. 

Extracellular magnesium ions (Mg2+) are endogenous pore-channel blocker at rest (Mayer et 

al., 1984; Nowak et al., 1984). Binding sites for NMDA open-channel blockers are defined by 

the type of present residues in the M2 pore loop and the pre-M1 region. Clinically relevant 

open-channel blockers (OCB) mostly include ketamine, dizocilpine (MK-801) and memantine. 

Ketamine and MK-801 have higher affinity for NMDAR than memantine (Hansen et al., 2021). 

Regarding their pharmacological properties, drug potency and affinity are reflected by the half 

maximal inhibitory concentration (IC50) and the inhibition constant (Ki) (Table 1). For example, 

D-AP5 display some heterogeneity regarding its Ki values among subunits, making it quite 

unable to use for dissection of subunit composition. Furthermore, an NMDAR antagonist is 

considered as specific of a subunit when its IC50 is at least 50 fold lower than for other 

subunits (Ogden and Traynelis, 2011).  

 

 GluN2A GluN2B GluN2C GluN2D 

Competitive antagonists Ki (µM) 

AP5 0.28 0.46 1.6 3.7 

CPP 0.041 0.27 0.63 1.99 

Open-channel blockers IC50 (µM) 

Ketamine 5.4 5.1 1.2 2.9 

MK-801 0.015 0.009 0.024 0.038 

Memantine 13 10 1.6 1.8 

 

Table 1: Ki and IC50 values for different competitive and uncompetitive NMDAR antagonists according to NMDAR 

different subunits (adapted from Ogden and Traynelis, 2011).  

 

Over the last decades, NMDAR antagonists gained interest regarding their therapeutic 

potential, notably following to the discovery of the antidepressant properties of ketamine 

(Berman et al., 2000). Ketamine has been initially synthetized as an anesthetic drug, it is still 

widely used in clinical and veterinary medicine. Along with MK-801, ketamine has further been 

shown to produce psychomimetic effects including sedation, acute psychosis and 

hallucinations, confusion in humans and rodents (Mion and Villevieille, 2013). On the other 
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hand, memantine possessed a very low potential for psychomimetic effect and substance 

abuse in general. Memantine has been approved by the FDA to treat moderate to severe 

Alzheimer’s dementia. Indeed, memantine is well tolerated compared to MK-801 and ketamine 

due to its fast-open channel blocking/unblocking kinetics. Indeed, memantine is able to 

unbound NMDAR quickly before channel closure and agonist release whereas MK-801 and 

ketamine stay completely trapped into the receptor, leading to a long-lasting inhibition of the 

receptor therefore unavailable for agonist binding (Aljuwaiser et al., 2023; Parsons et al., 

2007). Thus, competitive antagonists and OCBs elicit similar inhibition of NMDAR signaling 

function but they trigger distinct behavioral responses, indicating that might affect differently 

on another dimension of NMDAR.   



20 
 

CHAPTER II: TARGETING NMDAR FOR THE TREATMENT OF 
MAJOR DEPRESSIVE DISORDER 

A. Major Depressive Disorder (MDD) 

1. Definition 

A mood disorder is a medical condition that is characterized by significant disruptions in mood 

and its associated functions. In the Diagnostic and Statistical Manual of Mental Disorders 

(DSM-5), mood disorders are classified in two distinct sections, i.e. bipolar disorders and 

depressive disorders, diseases that overall affect an individual emotional content. People that 

have mood disorders experience mood fluctuations, either low ones like in depressive 

disorders or high ones like in manic episodes of bipolar disorders (Parker, 2014). Indeed, 

bipolar disorders are characterized by an alternation of depressive episodes (low mood and 

energy) and manic or hypomanic episodes (elevated mood and increased activity) while 

depressive disorders only encompass low mood episodes. Overall, the diminished quality of 

life experienced by individuals with mood disorders is primarily linked to symptoms of 

depressive episodes rather than those of mania (“Bipolar disorders,” 2018).  

According to the DSM-5, we can distinguish three main categories of depressive disorders 

that are disruptive mood dysregulation disorder, major depressive disorder (MDD) and 

persistent depressive disorder (PDD, also called dysthymia). All of these diseases share a 

common feature that only varies in terms of duration, timing or presumed etiology: the 

cohabitation of sad mood with somatic and cognitive alterations that substantially impact a 

patient's functional capacities (DSM-5). Disruptive mood dysregulation disorder is mainly 

defined by a chronic and persistent irritability, i.e. persistent anger punctuated by severe 

temper outbursts. Dysthymia is a chronic condition that lasts for at least two years in adults 

with less intense but more persistent symptoms than those of MDD (Ventriglio et al., 2020). It 

is notable that individuals who exhibit symptoms consistent with the criteria for MDD over a 

two-year period with no periods of remission lasting longer than 2 months should additionally 

be diagnosed with persistent depressive disorder (Parker, 2014). Finally, major depressive 

disorder, commonly known as depression, is the depressive disorder where individual 

symptoms are the most severed ones. It is also the most common depressive disorder as it 

affects each year approximately 7% of the global population, whereas dysthymia touches 

1,5% (Kessler et al., 2005). 

2. Epidemiology 

Major depressive disorder is a chronic and severe disease. According to the World Health 

Organization (WHO), depression is now the greatest contributor to burden of disability, 
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measured by years lived with disability (YLD). Indeed, depression represents 7.5% of all years 

lived with disability in 2015 (WHO 2017). This metric captures the extent to which an illness 

impairs daily quality of life before its resolution or the individual’s death. The global prevalence 

of MDD over a 12-month period is approximately about 7% of adults worldwide. Around one 

third of the susceptibility to depression is attributed to genetic factors, while the remaining two 

thirds is influenced by environmental factors (Nemeroff, 2008). Moreover, after puberty, 

women have 50% more chances to experience depression over the course of their lives 

compared to men. This can be explained by a stronger genetic risk, hormonal fluctuations, 

lower gender equality or higher prevalence of violent stress exposure like childhood sexual 

abuse (Kuehner, 2017). The annual prevalence doesn’t significantly vary between high-

income countries (5,5%) and low- and middle-income countries (5,9%), suggesting that 

depression is independent of economic status (De Aquino et al., 2018). Moreover, depression 

is quite common, as almost one person over five is going through it at some point during their 

life (Malhi and Mann, 2018). The global prevalence of MDD has increased by 60% between 

1990 and 2019. Furthermore, the Global Burden of Disease 2020 study estimates a 30% 

increase in the prevalence of MDD due to the COVID-19 pandemic (“Global, regional, and 

national burden of 12 mental disorders in 204 countries and territories, 1990–2019,” 2022). It 

is therefore very concerning and the urgent need of new antidepressants is undeniable.   

3. Symptoms 

As a disorder, depression is defined as a collection of symptoms forming a syndrome, which 

results in functional impairment. Importantly, none of the symptoms are pathognomonic of 

depression, i.e. specific indicators, because they can also be found at various intensities in 

many other psychiatric and medical conditions. The DSM-5 describes the current diagnostic 

criteria for major depressive disorder (Table 1). In other words, major depressive disorder can 

be defined as an alternation of major depressive episodes of at least 2 weeks with remission 

periods. Indeed, the recurrence of major depressive episodes is a hallmark feature of MDD 

and this alternation of depressive episodes followed by remission can persist throughout an 

individual’s life. Both depressed mood and anhedonia (reduced pleasure) are fundamental 

symptoms of MDD, patients must present at least one of them to be diagnosed with MDD. 

Once the diagnostic has been made, a major depressive episode can be further characterized 

by specifiers, which are standardized supplementary descriptors provided by the DSM-5 

(Table 2). 
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Table 1: Current diagnostic criteria for MDD described in the DSM-5. In blue, emotional symptoms; in green, 

neurovegetative symptoms; In yellow, neurocognitive symptoms (Parker 2014).   

 

DIAGNOSTIC CRITERIA FOR MAJOR DEPRESSIVE DISORDER (DSM-5) 

A. Five (or more) of the following symptoms have been present during the same 2-week period 

and represent a change from previous functioning; at least one of the symptoms is either (1) 

depressed mood or (2) loss of interest of pleasure. 

1. Depressed mood most of the day, nearly every day, as indicated by either 

subjective report (e.g., feels sad, empty, hopeless) or observation made by 

others (e.g., appears tearful). 

2. Markedly diminished interest or pleasure in all, or almost all, activities most of 

the day, nearly every day (as indicated by either subjective account or 

observation). 

3. Significant weight loss when not dieting or weight gain (e.g., a change of more 

than 5% of body weight in a month), or decrease or increase in appetite nearly 

every day. 

4. Insomnia or hypersomnia nearly every day. 

5. Psychomotor agitation or retardation nearly every day (observable by others, 

not merely subjective feelings of restlessness or being slowed down). 

6. Fatigue or loss of energy nearly every day. 

7. Feelings of worthlessness or excessive or inappropriate guilt (which may be 

delusional) nearly every day (not merely self-reproach or guilt about being sick). 

8. Diminished ability to think or concentrate, or indecisiveness, nearly every day 

(either by subjective account or as observed by others). 

9. Recurrent thoughts of deaths (not just fear of dying), recurrent suicidal ideation 

without a specific plan, or a suicide attempt or a specific plan for committing 

suicide. 

B. The symptoms cause clinically significant distress or impairment in social, occupational, or 

other important areas of functioning. 

C. The episode is not attributable to the physiological effects of a substance or to another 

medical condition. 

D. The occurrence of the major depressive episode is not better explained by schizoaffective 

disorder, schizophrenia, schizophreniform disorder, delusional disorder, or other specified and 

unspecified schizophrenia spectrum and other psychotic disorders. 

E. There has never been a manic episode or a hypomanic episode. 
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 SPECIFIERS FOR MAJOR DEPRESSIVE DISORDER (DSM-5) 

A. Severity: based on the number of criterion symptoms, the severity of those symptoms, and 

the degree of functional disability. 

1. Mild: few symptoms, the intensity is distressing but manageable and the 

symptoms result in minor impairment in social or occupational functioning. 

2. Moderate: number and intensity of symptoms and/or functional impairment 

are between those specified for “mild” and “severe”. 

3. Severe: number of symptoms in excess of that required to make the 

diagnosis, intensity of symptoms seriously distressing and unmanageable 

and the symptoms markedly interfere with social and occupational 

functioning. 

B. Clinical features: different supplementary symptoms. 

1. Anxious distress 

2. Mixed features: at least three of manic/hypomanic symptoms are present 

nearly every day during the majority of days of a major depressive disorder. 

3. Melancholic features 

4. Atypical features: for example, mood reactivity. 

5. Psychotic features: delusions and/or hallucinations are present. 

6. Catatonia 

C. Disease’s pattern: 

1. Single episode  

2. Recurrent episode 

3. Rapid cycling 

4. Seasonal 

D. Remission: 

1. Partial: full criteria of the depressive episode not met or period lasting less 

than 2 months without any significant symptoms of a major depressive 

episode following the end of such one. 

2. Full: during the past 2 months, no significant signs or symptoms of the 

disturbance were present. 

Table 2:  Summary of the main specifiers for MDD described in the DSM-5 (Parker 2014).  
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These diagnostic specifiers help clinicians in selecting the more appropriate treatment for a 

patient in particular and also in being able to inform the patient with a prognosis. It is well 

known that mental disorders are the highest vulnerability factor to attempted and completed 

suicides, depression being notably the main risk factor (Roca et al., 2019). Furthermore, 

comorbid anxiety is a predictor for suicide attempts and suicide-related deaths among MDD 

patients (Li et al., 2022).  

4. Some comorbidities 

The consequences of major depressive disorder on human health goes beyond its impact on 

daily quality of life and functioning. Indeed, depression has also somatic consequences. First, 

the initiation of major depressive disorder has been linked to abdominal obesity. Furthermore, 

once MDD sets in, the presence of metabolic syndrome (that refers to the combination of 

abdominal obesity, lipid abnormalities, hypertension and hyperglycemia) significantly 

increases the persistency of depressive episodes by 3-fold (Vogelzangs et al., 2011). Given 

that the metabolic syndrome is a major risk factor for type 2 diabetes, studies have investigated 

the relationship between MDD and type 2 diabetes and revealed that MDD patients have a 

37% increased risk of developing type 2 diabetes (Campayo et al., 2011). The estimate 

prevalence of depression in type 1 diabetes is lower but still present; overall, diabetes doubles 

the odds of major depressive disorder (Anderson et al., 2001). There is also a strong 

association between depression and cardiovascular outcomes. Indeed, 20% of patients with 

cardiovascular disease also suffer from MDD, where inflammation may mediate this 

association (Elderon and Whooley, 2013). Not surprisingly, depression and dementia 

(encompassing Alzheimer’s disease, vascular dementia, dementia with Lewy bodies and 

fronto-temporal dementia) are extremely linked: depressed patients present an increased risk 

of dementia but dementia as well can potentially lead to a resurgence of symptoms in formerly 

depressed patients. Indeed, depression is present in 25% of people with dementia, the central 

theory explaining this connection is that inflammatory neurodegeneration underlies this 

association (Kuring et al., 2018). Patients with cancer are three to five times more susceptible 

to develop depression, and undeniably this prevalence rate increases with severity of the 

disease, with higher rates for breast and pancreatic cancers. The development of MDD in 

patients with cancer is not only attributable to the emotional repercussions of their diagnosis, 

but also to inflammatory processes (Sotelo et al., 2014). Finally, psychiatric comorbidities often 

co-occur with MDD, with anxiety disorders being the most frequent. Besides, about 50% of 

depressed patients have a lifetime diagnosis of at least one anxiety disorder (Kessler et al., 

2005). Other psychiatric comorbidities include attention-deficit hyperactivity disorder (ADHD), 

substance use disorder (SUD) and psychotic disorders like schizophrenia (Kim and Schwartz, 
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2020). Psychiatric comorbidities generally increase MDD severity and worsen symptoms, 

progression and outcomes.  

5. Treatments 

Historically, psychotherapy, i.e. sessions guided by a therapist, has been the first type of 

treatment approach used to treat MDD, as for the majority of psychiatric diseases. Regarding 

pharmacotherapy, medications emerged during the second half of the 20th century, allowing a 

deeper understanding of the pathological mechanisms underlying MDD. Whether to use 

psychotherapy, pharmacotherapy or the combination of both mainly depends of the severity 

experienced by the patient, as classified in the DSM-5. For instance, psychotherapy alone can 

be efficiently sufficient for patients with mild depression while the combination of both 

psychotherapy and pharmacotherapy is the most effective option for patients suffering from 

the moderate to severe forms of MDD (Prescott and White, 2017).  

 

Psychotherapy 

All of the psychotherapies used to treat depressed patients are not specific and are also used 

for other psychiatric diseases. Behavioral therapy is a type of psychotherapy whose aim is to 

change patient behavior in order to change their cognition. For instance, patients that follow a 

behavioral activation treatment are encouraged to do enjoyable activities to improve their 

mood. Cognitive-behavioral therapy (CBT) combines behavioral therapy and cognitive therapy 

to allow patients to recognize and challenge their negative thoughts and behaviors. Other 

types of cognitive therapies can also be efficient, like psychodynamic therapy which is more 

unconscious focused, and interpersonal therapy that targets the improvement of patients 

social functioning ((Barth et al., 2013; Cuijpers et al., 2019).  

 

Pharmacotherapy 

First generation antidepressants were fortuitously discovered in the 1950s. At the time, 

American chemists synthetized an antituberculotic agent, iproniazid which surprisingly 

enhanced mood, appetite and sleep in patients. This observation led to clinical trials on 

depressed patients, which confirmed iproniazid efficiency in treating MDD (Kiloh et al., 1960). 

The antidepressant properties of imipramine were discovered soon after, initially in 

schizophrenic patients then confirmed in depressed patients, leading to its commercialization 

as an MDD treatment (Carrillo et al., 2020). Investigations in rodents exploring the hypothesis 

that iproniazid and imipramine may counteract chemical imbalances causing depression later 

revealed that (i) iproniazid inhibits the monoamine oxidase (MAO) and thereby prevents the 

degradation of catecholamines, and that (ii) imipramine blocks serotonin and noradrenaline 

re-uptake transporters. Combined with clinical observations, these discoveries shaped the 
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foundations of the monoaminergic theories of depression postulating that the disease results 

from reduced noradrenergic or serotonergic neurotransmission in key brain areas (Carrillo et 

al., 2020; Lopez-Munoz and Alamo, 2009).  Based on the knowledge built from iproniazid and 

imipramine, monoamine oxidase inhibitors (MAOI) and tricyclic antidepressants (TCA), 

respectively, became mainstream compounds to treat depression, and second-generation 

medications targeting monoaminergic systems more selectively were developed in the 1970s 

to limit adverse effects. 

 

Fluoxetine hydrochloride was the first selective serotonin reuptake inhibitor (SSRI) described, 

and obtained FDA approval as an antidepressant under the name Prozac in the 1980s. Since 

then, other SSRIs have been developed, sharing the same mechanism of action: selective 

inhibition of the serotonin re-uptake transporters to increase synaptic serotonergic levels. 

While SSRIs are still the most prescribed antidepressants, they display similar side effects as 

their precursors and a slow onset of action of at least several weeks (Lochmann and 

Richardson, 2018). Besides serotonergic hypofunction, the catecholamine hypothesis of 

depression postulating a noradrenaline deficiency led to the development of a new class of 

antidepressants in the 1990s: the serotonin-noradrenaline re-uptake inhibitors (SNRIs). 

However, no measurable efficiency improvement has been reported compared to the SSRIs.  

Despite these advancements, challenges persist in antidepressant pharmacotherapy. Side 

effects like dry mouth, weight gain, sleep disturbances, sexual dysfunction and others are 

common (Brunello et al., 2002). In addition, the onset of efficiency is long and more than one 

treatment often have to be prescribed. Furthermore, up to one-third of patients resist to 

treatment, with treatment-resistant depression (TRD) being defined as the lack of response 

(minimum 50% improvement in depression severity) after two treatments by two different 

antidepressant classes at optimal dose after a minimum duration of six weeks (Fava and 

Davidson, 1996; Li, 2023). This highlights an urgent demand for more potent antidepressants, 

recently underscored by investigations into fast-acting options like ketamine and psilocybin.  

B. Neurobiological basis of MDD 

1. General features of the disease in humans 

Depression pathophysiology is characterized by a complex dysregulation of multiple systems 

of the human body beyond brain functioning damages. Indeed, major features includes 

alterations of the hypothalamo-pituitary-adrenal (HPA) axis, immune system, autonomic 

nervous system, cardiovascular and metabolic systems (Figure 1)(Otte et al., 2016).  
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Figure 1: Major pathophysiological features of depression. Depression results from a general dysregulation of 

multiples systems of the human body. Patients present altered emotion, cognition and behavior with concomitant 

impaired neurotransmission and connectivity in specific brain areas. Overall, a general activation of systems is 

occurring, involving circulation of pro-inflammatory markers, autonomic imbalance and above all, a hyperactivation 

of the HPA axis leading to excess of stress hormones (from Otte et al, 2016).  

 

Depression and stress are overlapping, as acute or chronic stress often contribute to the 

development of the disease through hyperactive response to stress, i.e. HPA axis 

overactivation (Dean and Keshavan, 2017). In depressed patients, HPA axis alterations 

include hypersecretion of corticotropin-releasing factor (CRF) and vasopressin (AVP) from the 

hypothalamus, resulting in high secretions of adrenocorticotropic hormone (ACTH) from the 

pituitary, leading to hypercortisolemia through adrenal cortex stimulation (Ferrari and Villa, 

2017). Furthermore in healthy conditions, cortisol levels autoregulates by inhibiting 
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hypothalamic CRH and pituitary ACTH productions whereas in the context of depression, this 

negative feedback is impaired as the inhibition of brain structure is lost, leading to constant 

production of cortisol (Dean and Keshavan, 2017). In reality, immune, autonomic nervous and 

HPA systems are closely related in the disease, i.e. psychosocial stress firstly activates stress 

responses through corticotropin-releasing hormone (CRH) and pro-inflammatory sympathetic 

nervous system (SNS) pathways (Miller et al., 2009). Catecholamines are then released by 

the SNS, thereby enhancing NF-kB activation in immune cells. This leads to the release of 

pro-inflammatory markers such as IL-1, tumor necrosis factor alpha (TNF-α), and IL-6, 

responsible for the promotion of inflammation (Mössner et al., 2007). In healthy conditions, 

the parasympathetic nervous system (PNS) would counteract this inflammatory response 

through cortisol secretion. However, in the context of MDD, due to cytokines-mediated 

dysfunction of glucocorticoid receptors, inhibitory effect of cortisol is less efficient and results 

in a chronic imbalance favoring inflammation maintenance (Krishnan and Nestler, 2008). 

Ultimately, this establishment of stress-related endocrine and inflammatory environment 

impact brain functioning both at the cellular and circuit levels (Otte et al., 2016).  

2. Central nervous system alterations 

Thanks to neuroimaging, post-mortem studies and rodent studies, a lot of cellular brain 

processes and brain areas have been reported to be involved in the pathophysiology of 

depression.  

 

Human studies greatly uncovered brain areas that are demonstrating modifications of 

structure and metabolic activity in depressed patients, i.e. the reward circuit. This circuit 

include meso-cortico-limbic structures such as the medial prefrontal cortex (mPFC), the 

hippocampus (Hipp), the basolateral amygdala (BLA), the nucleus accumbens (Nac) and the 

ventral tegmental area (VTA) (Russo and Nestler, 2013). Prefrontal cortex alterations in 

depressed patients are well characterized, demonstrated a consistent large volume reduction, 

particularly in anterior cingulate cortex (ACC) and bilateral orbito-frontal cortex (OFC), 

abnormal coupling of connectivity within its subregions and global decrease in activity 

(Koolschijn et al., 2009; Pizzagalli and Roberts, 2022). Results are similar and consistent 

regarding the hippocampus and associated to impairment in encoding memories. These 

hippocampal volume reductions generally occur after the onset of the disease (Schmaal et al., 

2016). Findings are either inconsistent or lacking regarding the BLA, Nac and VTA. BLA 

volume and gray matter density tend to decrease while its activity tends to increase in 

depressed patients (Russo and Nestler, 2013). Obtaining data regarding potential alterations 

of VTA in depressed patients is still a challenge, as its limits are not clearly defined yet due to 

technical limitations and variability in its composition (Morris et al., 2022). The nucleus 
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accumbens is a major brain region involved in reward processing, its dysregulation of 

connectivity being associated to anhedonia (Pan et al., 2022). Indeed, reward task–based 

functional MRI (fMRI) have revealed that reduced activity in the Nac is significant in the 

etiology of depression; moreover it serves both as a predictor and a consequence of the 

disease (Pan et al., 2017). These main structural and functional alterations observed in 

depressed patients are summarized in table 3.  

 

Brain reward 

region 

Morphometric changes Functional 

changes 

Impaired processes 

mPFC Volume reduction Reduced activity  Executive functions and 

emotional regulation 

Hipp Volume reduction NA Memory and stress 

response regulation 

BLA Volume reduction (but rather 

inconsistent) 

Increased 

activity  

Emotions 

Nac Volume reduction Reduced activity Reward system 

 

Table 3: Major focal morphometric changes and functional changes occurring in depressed patients and their 

associated cognitive deficits, revealed by both neuroimaging technique and postmortem studies (Adapted from 

Russo and Nestler, 2013; Savitz and Drevets, 2009).  

3. Experimental models of major depressive disorder 

One of the biggest challenges in psychiatric research is the use of clinically relevant animal 

models. An animal model is valid if it encompasses the predictive (response to treatments), 

face (symptoms and underlying mechanisms) and construct (etiology) validities (Willner and 

Mitchell, 2002). Indeed, major depressive disorder is a highly heterogeneous disease and 

human symptomatology is hardly reproducible in animals. Nevertheless, some modalities of 

the pathology can be mimicked in animals by replicating typical behavioral, physiological and 

neurochemical aspects of depression observed in human (Figure 2). These animals are then 

described as presenting “depressive-like behavior”.  

 

Genetic models 

Numerous genetic factors contribute to major depressive disorder; indeed, it is also highly 

improbable that depression is only caused by a single gene modification. Thus, even if genetic 

models of depression have poor face and predictive validity, still some mice line - mainly 

knock-out mice - have been generated in order to identify candidate genes for depression, to 

study its pathogenesis and to design new therapeutic strategies (Urani et al., 2005). Three 

main categories of targeted genes can roughly be distinguished, i.e. (i) genes encoding 
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proteins involved in the monoaminergic system, (ii) genes encoding BDNF or its receptor, or 

(iii) genes encoding proteins involved in the HPA axis regulation.  

Briefly, the monoaminergic system has been targeted in different ways; either through 

inactivation of the vesicular monoamine transporter (Vmat) (Fukui et al., 2007), silencing of 

the tryptophan hydroxylase (TPH) involved in serotonin biosynthesis (Gutknecht et al., 2015), 

downregulation of the serotonin (SERT), noradrenaline (NAT) or dopamine (DAT) transporters 

(Haenisch and Bönisch, 2011), or manipulation of 5-HT receptors (Yohn et al., 2017). The 

neurotrophic hypothesis of depression, and potential role of neurogenesis in the etiology and 

physiopathology of MDD have been explored using BDNF mutant and inducible BDNF KO 

mice lines (Gardier et al., 2009). Finally, mimicking dysregulations of the HPA axis – a key 

feature of depression – has been achieved by targeting genes encoding the corticotropin-

releasing factor (CRF), the glucocorticoid receptor or the mineralocorticoid receptor (Urani et 

al., 2005). Overall, genetic models constitute a robust strategy to study the functional 

enhancement or impairment of specific genes in major depressive disorder. The main 

weakness of this strategy is that genetic manipulation can cause lack and loss of functions 

across various biological systems other that the targeted one, which may not necessarily 

manifest at the same degree in human depression (Becker et al., 2021).  

 

Figure 2: Representation of different ways of modeling modalities of major depressive disorder in mice. 

These models can be categorized into genetic, pharmacological, environmental and neurobiological (others) 

strategies. Genetic models mainly target manipulation of monoaminergic systems, environmental models involve 

animals undergoing acute or chronic stressful procedures, pharmacological models consist of inducing depression-

like behavior by exposing animals to compounds while other notable models include neurobiological manipulation 

through surgery or optogenetic and inflammation-induced depression-like phenotype. LPS: lipopolysaccharide.   
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Behavioral models: exposure to stressors 

The development of major depressive disorder is predominantly linked to both short-term and 

prolonged exposure to stressful factors. Accordingly, stress-based behavioral models are 

considered the more ethologically relevant and are the most commonly used ones as they 

induce a phenotype in animals that closely resembles MDD. It is known that individuals who 

have experienced early life stress (ELS) are 2,5 times more prone to develop major depressive 

disorder in the future (LeMoult et al., 2020). Of course, it is not possible nor ethical to 

reproduce those kinds of early life stressful events, i.e. sexual abuse, physical abuse or 

emotional abuse for example. Thus, maternal stress during pregnancy and maternal 

separation are the main rodent models of early life stress used for depression (Schmidt et al., 

2011). Regarding adulthood stress, there are different ways to environmentally stress a 

rodent, mainly chronically. The chronic mild stress (CMS) model is the most commonly used, 

which relies on the continuous exposure of rats or mice to unpredictable micro-stressors, 

leading to the emergence of various behavioral alterations. The CMS model is highly regarded 

as the animal model of depression with the highest validity and potential for translation into 

human research, despite early concerns about its reliability (Willner, 2017). Several micro-

stressors can be used : social stress, mice restraint and disturbance of the light-dark cycle, 

wet cage and/or sawdust, empty cage, inclined cage (Burstein and Doron, 2018)… Social 

stress can be used by its own in the context of another model called the social defeat model 

where an animal is placed into the cage of an aggressive individual leading to confrontations.  

 

Pharmacological models 

While drug-elicited depressive-like manifestations may appear as ethologically less relevant 

models of MDD, they allow powerful multiscale investigations spanning from in vitro 

dissections of molecular mechanisms up to pathological rearrangements of brain circuitry 

supporting disease-related behavioral deficits. 

Animals were found to present depressive-like behaviors after being exposed to specific 

pharmacological compounds, for example reserpine or corticosterone. Reserpine is an 

alkaloid extracted from the root of the plant Rauwolfia serpentina and was initially used as a 

first line treatment to reduce blood pressure in patients with hypertension. Reserpine is in fact 

acting on the monoaminergic system by depleting noradrenalin, dopamine and serotonin from 

synapses, at the origin of severe side effects causing its prescription decline (Shamon and 

Perez, 2016). In mice, intraperitoneal injections of reserpine (0,5 mg/kg) once per day for two 

weeks induce depressive-like behaviors, hippocampal and prefrontal cortex volume 

reductions and increase the levels of inflammatory cytokines (Qian et al., 2023). Alike, daily 

subcutaneous reserpine injections (1 mg/kg) in rats during three weeks, cause reductions in 
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serotonin and dopamine level and increase immobility time in the forced swim test (FST) 

highlighting reinforced despair behavior (Ikram and Haleem, 2017). Nevertheless, it is 

important to note that reserpine also causes major motor impairment which were successfully 

used to develop experimental models of Parkinson’s disease, but limit its validity as a relevant 

model of depression.  

Increased HPA axis activity is a main feature of MDD that involves hypothalamic corticotropin-

releasing hormone (CRH) and vasopressin hypersecretion causing increase in glucocorticoids 

levels. This is responsible for  behavioral symptoms observed in MDD, such as anxiety, 

disrupted sleep, changes in psychomotor activity, decreased appetite and libido, and cognitive 

impairment (Antonijevic, 2006). In rodents, the main glucocorticoid is corticosterone, an analog 

of cortisol in humans. Corticosterone (CORT) is binding two types of receptors: 

mineralocorticoid receptors (MR) mainly found in the hippocampus, isocortex and amygdala 

and glucocorticoid receptors (GR) that are more ubiquitous. CORT tends to naturally bind MR 

with a high affinity, but it also activates GR – although with a 10-fold lower affinity - at higher 

concentrations during stress (Joëls et al., 2018). Exposing mice to a low dose of corticosterone 

(35 µg/ml/day or 5 mg/kg/day) for  4 to 8 weeks produces an depressive-live behavioral 

phenotype accompanied by decrease of hippocampal neurogenesis and serotonin serum 

levels (Brachman et al., 2016; David et al., 2009; Hache et al., 2012). One limitation of the 

chronic CORT model, however, is that it may produce a more systemic metabolic and 

biochemical alteration in animals that is hardly comparable to what is observed human patients 

with MDD (Becker et al., 2021). 

Other notable models  

Another feature of depression is a systemic immune activation. Indeed, MDD patients display 

increased proinflammatory cytokine levels, thought to alter neurotransmitter signaling in 

structures and circuits involved in mood regulation and to activate the HPA-axis. Cytokines 

imbalances and neuroinflammation would trigger and/or maintain depression (Beurel et al., 

2020; Jeon and Kim, 2016). Lipopolysaccharide (LPS) triggers inflammation, notably through 

monocytes and macrophages activation, that cross the blood-brain-barrier (BBB) to produce 

neuroinflammation (Yin et al., 2023). Mice that receive LPS intraperitoneally for 3 days 

(2mg/kg) display a depressive-like phenotype, microglial activation, spine loss and reductions 

in the of genes involved in synaptogenesis (Li et al., 2021a, 2021b). Even a single injection of 

LPS at a dose of 1mg/kg is sufficient to induce depressive-like behavior, abolish LTP and 

reduce BDNF expression in the hippocampus (Tang et al., 2020).  

Olfactory deficits can be observed in MDD patients, showing odor identification impairment, 

reduced olfactory sensitivity and even anosmia (Lombion-Pouthier et al., 2006; Pause et al., 



33 
 

2001). By performing bilateral olfactory bulbectomy (OBX) in rodents, causing anosmia and 

loss of detection of pheromones at the origin of depressive-like behavior, noradrenergic and 

serotonergic systems are perturbed through altered neurotransmission to cortex, 

hippocampus, amygdala and dorsal raphe nuclei (Hellweg et al., 2007; Song and Leonard, 

2005). Olfactory bulbs are usually removed by aspiration during a surgery, which can be 

traumatic, but it has recently been shown that chemogenetically inhibiting the olfactory bulbs 

induces a depressive-like state with desynchronization of neuronal activity in the limbic system 

(Fattore et al., 2023; Li et al., 2023).  

4. NMDAR dysfunction in MDD 

a. Clinics 

Various neuroanatomical on post-mortem human brains and neuroimaging studies support an 

involvement of NMDAR dysfunctions in depression. Depressed patients consistently exhibit 

decreased prefrontal cortex and hippocampus volumes, which includes thickness and cell 

density reductions reflecting a loss of excitatory synapses (Rajkowska et al., 1999). The levels 

of NMDAR subunits and their interactors are altered in post-mortem brains. Enhanced 

expression of GluN2A have been found in the amygdala of MDD patients, suggesting 

dysfunction of glutamatergic system in this structure (Karolewicz et al., 2009). In the perirhinal 

cortex, GluN2A and GluN2B mRNAs are decreased in MDD patients (Beneyto et al., 2007). 

In the prefrontal cortex (PFC), global diminutions of GluN1, GluN2A, GluN2B expressions 

have been observed in depressed patients along with reduction in PSD-95 levels. Besides, 

receptor autoradiography indicated stable receptor number, suggesting a possible change of 

subunit composition (Beneyto and Meador-Woodruff, 2008; Feyissa et al., 2009). In locus 

coeruleus (LC), while levels of GluN1 were not altered in depressed patients compared to 

healthy subjects, the amount of GluN2C was significantly increased. GluN2C is also enhanced 

in the cerebellum of MDD patients (Karolewicz et al., 2005). At the level of the body, MDD 

patients present increased levels of circulating glutamine in the cerebrospinal fluid (CSF) and 

glutamate in plasma (Levine et al., 2000; Mauri et al., 1998).  

b. Antidepressant effect of NMDAR antagonists 

Recently, several compounds targeting NMDAR have been shown to exert antidepressant 

properties. Ketamine and to a less extent, memantine, are the more studied glutamatergic 

agents aimed for treatment. Ketamine has been the first NMDA receptor used in clinic and 

exhibiting in a few hours antidepressant properties in depressed patients (Berman et al., 

2000). This first double-blind randomized study has been conducted on 4 men and 5 women 

from 23 to 56 years, diagnosed with major depressive disorder according to the DSM-IV at the 
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time. All participants received a subanesthetic dose of 0.5 mg/kg of ketamine intravenously. 

From 4 hours after the infusion, half of the patients presented reduced symptoms, as 

demonstrated by a 50% reduction in the Hamilton Depression Rating Scale (HDRS) scores. 

This effect persisted until 1 to 2 weeks after the infusion depending of the patient (Berman et 

al., 2000). Following this study, ketamine has been extensively tested in different clinical trials 

for depression. MDD patients that received an intravenous infusion (0.5 mg/kg) exhibited 

reduced scores 80 minutes post-treatment, with the improvement lasting for one week (Carlos 

A Zarate et al., 2006). The antidepressant effect of ketamine occurs even if the route of 

administration is changed. For instance, Lapidus and colleagues have shown significant 

decreased in the Montgomery-Asberg Depression Rating Scale (MADRS) from 40 min and 

persisted for 2 days after an intranasal intake of ketamine (50 mg) in depressed patients 

(Lapidus et al., 2014). Ketamine is not the only NMDAR antagonist reported to have an 

antidepressant action. Indeed, memantine has been shown to exert antidepressant and mood 

stabilizing effects but less consistently than ketamine (Ghasemi et al., 2014). For instance, 

this effect is occurring in bipolar depressive patients following daily administrations of 

memantine (10mg/day to 20 mg/day) for a few weeks but failed to be reproduced in MDD 

patients at the same range of doses and duration (5 to 20 mg/day for 8 weeks)(Smith et al., 

2013; Teng and Demetrio, 2006; Carlos A. Zarate et al., 2006). In rodents, NMDAR allosteric 

modulators have also been shown to exert antidepressant properties. Indeed a single dose of 

rapastinel, an NMDAR-PAM, produces antidepressant effect through mTORC1 pathway 

activation in the mPFC of rats (Liu et al., 2017). Antagonists targeting GluN2B-NMDAR, such 

as CP-101,606 and MK-0657, have shown potential in reducing depression symptoms, with 

CP-101,606 causing ketamine-like side effects that decrease at lower doses, while MK-0657 

does not cause these psychomimetic effects (Burgdorf et al., 2015). Similarly to ketamine, 

lanicemine, a low-trapping NMDAR channel blocker, has the ability to produce antidepressant 

efficacy but concomitantly with psychomimetic side effects (Downey et al., 2016; Sanacora et 

al., 2014). 

C. Ketamine as a treatment of major depressive disorder 

1. History of ketamine 

Ketamine is a derivative of a dissociative drug developed in the fifties called phencyclidine 

(PCP, denomination: CI-395). PCP was the first synthetized molecule aimed for anesthesia 

and analgesia uses. Its anesthetic properties were indeed confirmed and the compound was 

safe and reliable but side effects were too important, with patients experiencing a massive and 

long-lasting emergence delirium (Li and Vlisides, 2016). Hence, chemists focused on 

synthetizing an analog compound of PCP presenting similar anesthetic power with less 
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emergence delirium. This derivative was denominated CI-581 and commonly called ketamine, 

and its anesthetic properties were rapidly confirmed in animals. To ensure its human use and 

efficacy, ketamine was administrated for the first time intravenously to volunteered prisoners 

from Jackson, Michigan USA (Domino et al., 1965). The following year, a first clinical trial 

validated its clinical use on patients and confirmed its unique anesthetic properties: a specific 

state of altered consciousness called “dissociative anesthesia” along with deep analgesia and 

a limited effect that can be controlled by modulating the number of administrations. Moreover, 

ketamine is devoid of the deleterious adverse effects of PCP such as the emergence delirium  

(Domino, 2010; Le Daré et al., 2022). Since approval by the American Food and Drug 

Administration (FDA), ketamine has been widely used as a surgical anesthetic for soldiers 

during Vietnam War in the seventies, thanks to its fast onset of action and its sympathomimetic 

properties (Mion, 2017). Apart from its clinical and veterinary uses, ketamine is also used since 

a few decades as a recreational drug because of its reinforcing and rewarding properties (Liu 

et al., 2016).  

2. Structure 

Ketamine is an arylcyclohexylamine that contains a chiral center at C2 position of the 

cyclohexane ring, producing two isomers. Indeed, ketamine exists as a racemic mixture of two 

enantiomers, (S)-ketamine and (R)-ketamine, meaning each isomer is identically present at 

50%. These two enantiomers share the same chemical and physical properties, they only 

differ in their ability to turn polarized light; (R)-ketamine rotates it in a clockwise direction while 

(S)-ketamine turns it in a counterclockwise direction. However, both isomers display different 

binding affinities for receptors, a phenomenon called stereoselective binding, and cause 

different clinical outcomes (Sinner and Graf, 2008). For instance, (S)-ketamine has a three- to 

four-fold more powerful anesthetic action than (R)-ketamine, and may thus cause harsher 

psychiatric side effects (White et al., 1980). Besides blocking the ion channel pore of NMDAR, 

ketamine is able to inhibit other types of receptors like adrenergic receptors, acetylcholine 

adrenergic and nicotinic receptors and dopaminergic receptors (Peltoniemi et al., 2016). 

3. Pharmacokinetics  

Depending of its route of administration, ketamine displays different bioavailabilities, i.e. the 

amount of drug available in the blood stream to produce its desired effects. Naturally, 

intravenous injection is the most efficient route of administration, allowing a bioavailabitlity of 

100% and a rapid onset of action of 30 seconds. Intramuscularly and intranasally, ketamine 

reaches a bioavailability of 93% and 50% respectively. Finally, oral and rectal routes are the 

less efficient, allowing a ketamine bioavailability of 17% and 25% only, respectively (Dinis-

Oliveira, 2017; Mion and Villevieille, 2013). Ketamine is water- and lipid-soluble and presents 



36 
 

a low binding affinity for plasma proteins (about 20 to 30%). Consequently, the drug can 

distribute in a large volume of 3 to 5 L/kg with a 10-15min a half-life and it is able to rapidly 

cross the BBB to produce its effects (Dinis-Oliveira, 2017). Its clearance is relatively fast, as it 

takes between 2 to 4 hours for the drug to decrease by half by intravenous route (Domino et 

al., 1982).  

 

 

Figure 3: Ketamine and its major metabolic pathways. Ketamine is primarily metabolized in the liver to form 

norketamine ((R,S)-norKET) through N-demethylation, this metabolite undergoes hydroxylation to form different 

other metabolites, main ones being (2R-6R)-HNK and (2S-6S)-HNK (Adapted from (Zanos et al., 2018).  

The liver is the principal site of ketamine metabolization through the action of different types 

of cytochromes, but this process also involves the lungs, intestine and kidneys. About 80% of 

ketamine undergo N-demethylation to form norketamine (norKET). Then, 15% of norketamine 

are hydroxylated to hydroxynorketamine (HNK) that are ultimately excreted in bile and urine. 

The elimination half time of norketamine is superior to the one of ketamine, allowing the 

persistency of the analgesic effect of the drug (Figure 3). Finally, ketamine clearance follows 

liver blood flow, i.e. between 12 and 20 ml/min/kg, with a clearance being about 20% higher 

in women (Mion and Villevieille, 2013). All these metabolites are detected in human plasma 

following a 40-min subanesthetic dose of ketamine, but (2R;6R)-HNK and (2S;6S)-HNK stand 

out as the predominant ones (Zarate et al., 2012).  

4. Ketamine dosing 

Ketamine is able to produce a short-term dissociative anesthesia that is characterized by a 

functional dissociation between thalamocortical and limbic systems without systematic loss of 
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consciousness (Mion, 2017).  Anesthetic doses in human adults typically range from 1-2 mg/kg 

by intravenous route and 3-9 mg/kg for intranasal administration (Gao et al., 2016). When 

given at lower doses than the anesthetic ones, a single ketamine administration has the ability 

to produce persistent antidepressant effect in depressed patients, including treatment-

resistant-depressed (TRD) patients (Berman et al., 2000). Subanesthetic doses are mostly 

administered intravenously and, depending of the patient, they typically range from 0.1 mg/kg 

to 0.75 mg/kg, with the most common dose being 0.5 mg/kg. Administration commonly lasts 

around 40 minutes, with the range of safe and efficient use being between 2 and 100 minutes 

(Andrade, 2017). As a comparison, when used recreationally, ketamine powder is 

preferentially snorted or inhaled and produces mild dissociative effects associated to 

hallucinations and time and space distortions. Nonetheless, ketamine provokes a severe 

dissociation called the “K-hole” when consumed at large doses over 150 mg ; consciousness 

and reality are fractured and users experience severe hallucinations and temporal memory 

loss (Muetzelfeldt et al., 2008). 

5. Proposed mechanisms for the antidepressant action of ketamine  

To date, three different molecular pathways have been proposed to support the antidepressant 

properties of ketamine on the glutamatergic system, including direct actions of the drug on 

NMDAR or indirect actions of its metabolites on AMPAR. Whether these processes occur 

synergistically or independently remains unknown. However, they all share common 

outcomes involving enhanced protein synthesis hence increased excitatory neurotransmission 

which is believed to support the antidepressant action of ketamine (Thompson, 2023).  

a. Inhibition of NMDAR localized on GABAergic interneurons 

Disinhibition was the first hypothesis proposed to explain the antidepressant action of 

ketamine. According to this hypothesis, ketamine may selectively antagonize NMDAR 

expressed by GABAergic interneurons projecting in the mPFC and hippocampus, thereby 

inducing a disinhibition of glutamatergic excitatory neurotransmissions in these brain regions. 

This action appears to be specific of low subanesthetic ketamine doses, as higher anesthetic 

doses instead reduce glutamate release (Moghaddam et al., 1997; Zanos and Gould, 2018). 

Ketamine may preferentially target GluN2B-NMDAR on interneurons in the mPFC (Gerhard 

et al., 2020; Pothula et al., 2021). In addition to increased glutamate levels, ketamine’s binding 

on NMDAR of interneurons induce increased glutamate cycling and enhanced probability of 

action potential generation (Borsellino et al., 2023; Chowdhury et al., 2017). It is well known 

that BDNF release, along with TrkB receptors activation, are directly and dose-dependent 

influenced by glutamate release (Falkenberg et al., 1996). Hence, disinhibited presynapses 
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release more glutamate, that binds and activates post-synaptic AMPAR, causing increased 

BDNF release and TrkB receptors activation (Qu et al., 2021). BDNF-TrkB signaling leads to 

downstream activation of the PI3K/AKT pathway notably responsible for cell growth, 

proliferation and survival. The stimulation of the PI3K/AKT pathway results in activation of 

mTOR signaling, ultimately producing enhanced synthesis of proteins involved in synapse 

maturation and formation like the GluA1 subunit of AMPAR and the scaffolding protein PSD95 

(Duman et al., 2016; Li et al., 2010; Sarbassov et al., 2005). Overall, these pathways recruited 

by ketamine have been shown to decrease the inhibition/excitation balance (Widman and 

McMahon, 2018; Zhang et al., 2021). 

b. Inhibition of NMDAR expressed by pyramidal cells 

Inhibition of spontaneous NMDAR-mediated synaptic transmission 

Neurotransmission is not only driven by action potentials, and stochastic spontaneous 

neurotransmission occurs at all synapses at lower frequency and amplitude. This so-called 

miniature neurotransmission involves spontaneous presynaptic neurotransmitter release 

triggering postsynaptic miniature excitatory synaptic currents (mEPSCs). NMDAR 

spontaneous neurotransmission is essential in the stabilization of synapse function (Sutton et 

al., 2006). Upon binding to synaptic NMDAR, ketamine has been shown to inhibit NMDAR-

mediated mEPSCs and to trigger by inhibition of eukaryotic elongation factor 2 kinase 

(eEF2K), ultimately leading to enhanced BDNF release, activation of TrkB, and increased 

postsynaptic expression of GluA1- and GluA2-containing AMPAR supporting synaptic 

potentiation (Autry et al., 2011; Nosyreva et al., 2013). While GluN2B-NMDAR have initially 

been considered as preferential targets, it is now established that both GluN2A- and GluN2B-

NMDAR are required for the antidepressant action of ketamine. Indeed, administration of a 

GluN2A- (NVP AAM077) or a GluN2B-selective (Ro 25-6981) antagonist both elicit 

antidepressant responses in the force swimming test (FST) (Jiménez-Sánchez et al., 2014), 

suggesting that inhibition of either GluN2A- or GluN2B-NMDAR is sufficient to alleviate 

depressive-like behavioral phenotypes. Furthermore, the antidepressant action of ketamine 

was recently reported to be occluded in both GluN2A KO and GluN2B KO mice (Miller et al., 

2014; Su et al., 2023). Thus, the antidepressant action of ketamine likely involves both 

subtypes of receptors. However, the nature and timing of their respective contributions 

remains elusive. 

Inhibition of extrasynaptic NMDAR 

Extrasynaptic glutamate concentrations are tightly buffered by surrounding astrocytes through 

the action of glutamate transporters, which are responsible for keeping extracellular glutamate 
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levels low and preventing glutamate-induced neurotoxicity (Rothstein et al., 1996). At basal 

state, extrasynaptic NMDAR can be activated by these low ambient glutamate levels, which 

recruit the mTOR pathway to prevent protein synthesis and maintain synaptic homeostasis. 

Ketamine-elicited blockade of extrasynaptic GluN2B-NMDAR in the mPFC was shown to 

suppress mTOR activation, leading to a disinhibition of protein synthesis that enhances 

excitatory transmission and alleviates motivational and anxiety-related behavioral deficits in 

rodents (Miller et al., 2014; Zanos and Gould, 2018).  

c. NMDAR-independent action of HNK metabolites 

The metabolites hydroxynorketamines were also reported to support the antidepressant action 

of ketamine, especially (2R-6R)-HNK and to a lesser extent, (2S-6S)-HNK. Like ketamine, 

they display a rapid onset and persistent antidepressant effect. For example, intraperitoneal 

injection of (2R-6R)-HNK (10 mg/kg) decreases immobility of mice in the FST (Zanos et al., 

2016). It is believed to be underlined by an increase in extracellular glutamate levels in the 

prefrontal cortex and a direct activation of AMPAR triggering the BDNF/TrKB pathway and 

subsequent mTOR signaling initiating protein synthesis (Fukumoto et al., 2019; Pham et al., 

2018). Importantly, the antidepressant action of (2R-6R)-HNK exposures is totally occluded 

following administration of an anti-BDNF antibody or an antagonist of the mTORC1 signaling 

pathway in the PFC (Borsellino et al., 2023; Nordvall et al., 2022). The milder antidepressant 

action of (2S-6S)-HNK appears to rely on different mechanisms and has recently been 

proposed to involve modulation of GABAAR-mediated tonic inhibition in glutamatergic neurons 

located in the anterior part of the paraventricular nucleus of the thalamus (aPVT) (Kawatake-

Kuno et al., 2024).  
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Objectives of the thesis 
 

The general aims of this work were to provide new insights into the action mechanisms of 

clinically-relevant NMDAR antagonists, and to investigate whether their behavioral outcomes 

involve drug-induced changes in NMDAR synaptic trapping, organization, and signaling. 

Objective I: Impact of ketamine and other open channels blockers on 
NMDAR synaptic trapping 

Beyond ionotropic considerations, NMDAR organization and diffusion-based redistributions at 

synapses play important roles in synaptic physiology and adaptation, and their alterations 

have been associated with the emergence of psychosis. However, whether targeting NMDAR 

synaptic trapping and organization is of clinical relevance for the treatment of brain conditions 

remains an open question. Interestingly, competitive, non-competitive, and glycine-site 

antagonists of NMDAR elicit comparable channel inhibition of the receptors but trigger distinct 

behavioral outcomes and have diverging therapeutic potential, suggesting that they impact 

NMDAR signaling through different mechanisms, some of which may be independent of ion 

flux blockade. These discoveries prompted us to investigate whether specific subclasses of 

NMDAR antagonists may act upon NMDAR trafficking and trapping at synapses, and to 

assess if this action could somehow contribute to their therapeutic properties.  

Does the action of clinically-relevant antagonists involve modifications of NMDAR 

synaptic trapping and organization? We combined single molecule imaging and 

immunocytochemistry approaches to investigate whether acute exposure to competitive (D-

AP5), non-competitive (ketamine, MK-801, memantine) and glycine-site antagonists 

(kynurenic acid) affect the synaptic trapping and organization of NMDAR. We then used 

fluorescence lifetime imaging of Förster resonance energy transfer (FLIM-FRET) to dissect 

the mechanisms (conformational rearrangement, protein-protein interaction) supporting drug-

elicited changes in NMDAR synaptic trapping. 

Can ketamine-elicited NMDAR synaptic trapping be of interest to restore synaptic 

function? We combined single molecule imaging, immunocytochemistry, and FLIM-FRET-

based monitoring of enzymatic activity to investigate whether synaptic anchoring promoted by 

ketamine could counteract the pathological destabilization and signaling impairments of 

synaptic NMDAR caused by autoantibodies from patients with anti-NMDAR encephalitis. 

Using a battery of assays to monitor locomotion, sensorimotor gating and anxiety/depression 

manifestations, we then explored if behavioral deficits provoked by patient antibodies can be 

alleviated by the action of ketamine.  
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Objective II: Exploring the contribution of drug-evoked NMDAR 
redistributions in the antidepressant action of ketamine 

Major depressive disorder is a leading cause of disability worldwide and is believed to be the 

consequence of abnormal activity in key structures supporting mood and reward, namely 

cortico-meso-limbic structures (Chaudhury et al., 2015). Current treatments, that is serotonin-

based pharmacotherapies and psychotherapies, have a delayed onset of action and still up to 

one-third of patients are resistant. Thus, the recent discovery that a subanesthetic dose of 

ketamine, a non-competitive N-methyl-D-aspartate glutamate receptor (NMDAR) antagonist, 

induce a rapid-acting and sustained antidepressant effect has raised new hopes for the 

treatment of depression (Berman et al., 2000; Carlos A Zarate et al., 2006). Although intensely 

investigated, the mechanisms through which ketamine acts on NMDAR signaling within the 

cortico-meso-limbic network to produce its antidepressant effect are still unclear. Based on 

the results gathered in the first objective of this work, we hypothesized that ketamine may elicit 

changes in NMDAR synaptic distribution allowing rearrangements in the functional 

connectivity of cortico-meso-limbic structures, thereby alleviating the symptoms of depression. 

To tackle this question, we developed a multi-level approach combining behavioral tests, 

whole-brain imaging of immediate early gene expression and super resolution microscopy in 

a pharmacological model of depression based on the chronic administration of corticosterone.  

 

Our main questions were: 

 

How are brain networks rearranged in response to antidepressant doses ketamine?  

Neural circuits activated by a behavior or a pharmacological treatment can be visualized by 

combining tissue clearing, immediate early gene (IEG) immunolabelling and light sheet 

microscopy (Renier et al., 2016, 2014). Using chronic corticosterone (CORT) administration 

as a pharmacological model of depression (David et al., 2009), we aimed at deciphering 

activity changes and brain network rearrangements acutely (90 min) after ketamine 

administration, and at later stages (24 h) when its antidepressant action is fully established.   

 

Does ketamine impact NMDAR organization at synapses? Single molecule imaging using 

photoactivated localization microscopy (PALM) on dissociated cortical neurons was used to 

explore subtype-dependent changes in NMDAR synaptic trapping across time following 

administration of ketamine or its metabolites. 
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Results I: IMPACT OF KETAMINE AND OTHER 
OPEN CHANNELS BLOCKERS ON NMDA 
RECEPTOR SYNAPTIC DYNAMICS 

Villéga*, Fernandes*, Jézéquel*, Uyttersprot et al, accepted in Neuron.  

  
I directly contributed to PALM experiments investigating the effects of competitive and non-

competitive antagonists on NMDAR surface diffusion (Figure S2).   
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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 ketamine-

elicited trapping enhancement compensates for depletion in synaptic receptors 

triggered by autoantibodies from patients with anti-NMDAR encephalitis. Preventing 

synaptic depletion mitigates impairment 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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INTRODUCTION 

 

The vast majority of fast excitatory transmission between nerve cells occurs through the 

synaptic release of glutamate and subsequent activation of postsynaptic ionotropic AMPA, 

kainate, and NMDA glutamate receptors (NMDAR). NMDAR functions encompass the 

regulation of neuronal migration, synaptogenesis and maturation during development, as well 

as the initiation of long-term synaptic plasticity and fine-tuning of brain network activities and 

behaviors.1 NMDAR are tetrameric receptors incorporating two obligatory GluN1 subunits, 

which bind the co-agonists glycine or D-serine, and two glutamate-binding GluN2(A-D) or less 

commonly glycine-binding GluN3(A-B) subunits.2 These complexes form glutamate-gated ion 

channels permeant to sodium, potassium and calcium contributing to post-synaptic 

depolarization and initiating activity-dependent changes in synapse structure and function. 

While NMDAR-mediated calcium influxes allow the recruitment of proteins that are essential 

for adaptive cellular processes,2 an increasing corpus of studies unveils that NMDAR-

dependent functions also involve mechanisms that do not require their ion channel features.3,4 

As such, non-ionotropic signaling5,6 participates in structural plasticity, and diffusion-based 

surface redistributions control the amount, composition and organization of synaptic receptors 

and allow the recruitment of protein kinases to post-synaptic densities (PSD).7,8 Thus, 

NMDAR-mediated signaling relies on a complex mosaic of ionotropic, non-ionotropic and 

trafficking-based processes.  

Consistent with their crucial role in cell communication, NMDAR dysfunctions have 

been associated with some of the most devastating human pathologies, including cancer, 

diabetes and brain diseases. NMDAR expressed by cancer cells contribute to tumor growth 

and brain metastasis,9,10 while pancreatic NMDAR on beta cells are putative targets to regulate 

insuline secretion.11 In the brain, NMDAR dysfunctions have long been suspected to 

participate in neurological and psychiatric disorders such as Alzheimer’s disease, depression, 

stroke, epilepsy, and schizophrenia,1,2 based on genetic mutations found in patients and 

pharmacological studies showing that activating or antagonizing NMDAR can mimick core 

symptoms of these illnesses. However, direct evidence for a central contribution of NMDAR 

dysfunctions in brain disorders only recently emerged from the description of anti-NMDAR 

encephalitis,12 in which patients develop autoantibodies directed against an extracellular N-

terminal domain of the obligatory GluN1 subunit (NMDAR-IgG).13 Clinically, patients suffer 

from cognitive deficits, major psychiatric symptoms (e.g. psychosis), seizures, abnormal 

movements and other clinical presentations,14 all of which can be ameliorated through 

immunotherapy which allows the removal of pathogenic NMDAR-IgG and the functional 

resetting of synapses and neuronal network functions.13,15-17 From a mechanistic point-of-view, 

NMDAR-IgG do not harm NMDAR channel properties but cause their synaptic destabilization 
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and disorganization at the plasma membrane.16-19 Over time, these impairment disrupt 

AMPAR- and GABAAR-mediated neurotransmissions, leading to an excitation/inhibition 

inbalance that alters network activity and promotes oscillations.20,21 These discoveries marked 

a significant step forward in our understanding of the mechanisms underpinning NMDAR 

contributions to the etiology of brain disorders. However, despite intense efforts from academic 

and private actors, therapeutic attempts to counteract NMDAR dysfunction using compounds 

modulating NMDAR activity have yielded rather disappointing outcomes so far.22-25  

Common explanations include the facts that targeting NMDAR channel properties 

often comes with major adverse effects, and NMDAR agonists and antagonists elicit a variety 

or responses at the synaptic, network and behavioural levels.2 For instance, open channel 

blockers (OCBs) induce behavioural responses that are not observed with competitive 

antagonists, suggesting that they affect different dimensions of NMDAR signaling.26 Among 

OCBs, ketamine has sparked sustained attention from physicians and neuroscientists over 

the past decades. Depending on the dose, ketamine exhibits powerful anesthetic or 

psychoactive properties, including an unmatched ability to alleviate the symptoms of 

treatment-resistant depression upon a single administration.27 However, the molecular 

mechanisms supporting these therapeutic attributes remain misunderstood and appear not to 

rely on its pore-blocking capacities only as they cannot be replicated by other NMDAR 

antagonists. Recently, surface diffusion-based spatiotemporal rearrangements in the 

organization and trapping of NMDAR at synapses emerged as a key regulatory mechanism 

controlling the initiation of activity-dependent synaptic adaptations supporting cognitive 

functions.7,8,28 These discoveries prompted us to investigate whether specific subclasses of 

NMDAR antagonists may act upon NMDAR trafficking and trapping at synapses. Here, we 

demonstrate that OCB binding induces conformational rearrangements promoting interactions 

between NMDAR and PDZ domain-containing scaffolding proteins, resulting in enhanced 

trapping of the receptors at synapses. Furthermore, we show that enhanced trapping elicited 

by OCBs compensates for depletion in synaptic receptors caused by NMDAR-IgG, thereby 

restoring CaMKII signaling and alleviating behavioral deficits provoked by patient 

autoantibodies. These data suggest that the action of OCBs on brain functions may involve 

the promotion of NMDAR synaptic trapping. 
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RESULTS  

 

Open channel blockers enhance the synaptic trapping of NMDAR 

NMDAR synaptic trapping is ensured by a complex combination of extracellular, 

transmembrane and cytosolic protein-protein interactions finely tuned through post-

translational modifications and binding of ligands such as NMDAR agonists and co-agonists.29 

Based on these discoveries, we examined whether alike receptor activation, inhibition might 

impact NMDAR trapping and organization at excitatory synapses. To do so, we compared the 

actions of several classes of NMDAR antagonists with therapeutical interest, i.e. the 

competitive antagonist D-2-amino-5-phosphonovalerate (D-AP5), the glycine binding site 

antagonist kynurenic acid (KA), and the uncompetitive open channel blockers (OCBs) 

dizocilpine (MK-801), ketamine (KET) and memantine (MEM) (Figure 1A). While all of them 

exhibited comparable inhibition of NMDAR-mediated calcium influx in hippocampal cultured 

neurons (Figure S1A, B), single-particle tracking (SPT) revealed that a 1h exposure to KET 

and MK-801 strongly reduced the surface diffusion and enhanced the confinement of 

endogenous NMDAR at synapses, thereby increasing their synaptic residency time (Figure 

1B-G; Figure S1C-G). Noteworthy, similar results were obtained in the presence of 

tetrodotoxin (TTX) following an acute (5 min) co-application of the drugs with NMDA to allow 

OCB action despite the absence of action potential firing (Figure 1F-H; Figure S1H-J), showing 

that enhanced receptor trapping does not result from a drop in network activity caused by the 

antagonists but arises from a direct action of the drugs on the receptors. These observations 

were further confirmed using photoactivated localization microscopy (PALM) to track GluN1-

mEos3.2-NMDAR before and 5 min after exposure to the drugs co-applied with NMDA in the 

presence of TTX (Figure S2). Interestingly, MEM enhanced receptor confinement at synapses 

in these experimental conditions (Figure S2B, C), suggesting that it might also provoke some 

intermediate level of receptor trapping. Extrasynaptic receptors remained unaffected by OCBs 

whatever the experimental configuration (Figure S2C). We then assessed whether OCBs also 

affect the synaptic behavior of other transmembrane proteins. Neither the diffusion nor the 

residency time at excitatory synapses of EphB2 receptors (EphB2R) or voltage-gated 

potassium channels KV1.3 were affected by prolonged exposure to KET (Figure S3A, B). Alike, 

the diffusion, residency time and surface explored by 2 subunit-containing GABAA receptors 

at inhibitory synapses remained unaffected after acute exposure to KET co-applied with 

NMDA in the presence of TTX (Figure S3C-F). Together, these results demonstrate that OCBs 

selectively enhance the trapping of NMDAR at excitatory synapses. 
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Acute exposure to OCBs has a limited impact on NMDAR synaptic numbers and 

organization 

We next assessed if enhanced receptor trapping caused by OCBs alters the amount and 

distribution of NMDAR at synapses. None of the drugs modified the number of dendritic spines 

after a 1h exposure (Figure S4A, B). Accordingly, the linear density of NMDAR clusters and 

their macroscopic features remained unchanged (Figure 2A, B; Figure S4C-E), suggesting 

that acute exposure to NMDAR antagonists does not affect the amount of receptors at 

synapses. Rearrangements of NMDAR synaptic organization and subsequent signaling 

adjustements may occur without obvious changes in the number of synaptic receptors.8 Thus, 

we examined this possibility using stochastic optical reconstruction microscopy (STORM), a 

single-molecule localization microscopy approach that can provide the nanoscale map of 

surface NMDAR. Interestingly, a 1h exposure to D-AP5 caused a significant contraction and 

an increase in the density of synaptic NMDAR clusters and nanodomains (Figure 2C-E). This 

reorganization likely resulted from an inhibition of neuronal activity triggered by D-AP5, as TTX 

exhibited a similar action on NMDAR clusters (Figure 2D-E). On the contrary, neither KET nor 

MK-801 affected NMDAR synaptic cluster properties. To note, MEM did not affect the size or 

density of NMDAR synaptic clusters and nanodomains (Figure S4F, G). Altogether, these data 

indicate that short-term exposure to OCBs increase NMDAR synaptic trapping and thus 

prevent activity-dependent receptor reorganizations. 

 

KET drives conformational changes in NMDAR cytosolic domains and favors synaptic 

trapping through enhanced interaction with PDZ domain scaffolding proteins  

NMDAR trapping at excitatory synapses involves a variety of interactions with intracellular 

proteins.29 Thus, we investigated whether OCBs would enhance NMDAR synaptic stabilization 

by modulating interactions with its cytosolic partners. For this, we used fluorescence lifetime 

imaging of Förster resonance energy transfer (FLIM-FRET) between GluN1 C-termini as a 

proxy for their conformation.30,31 We first explored whether the binding of antagonists change 

the conformation of NMDAR cytosolic domains. In hippocampal neurons expressing 

recombinant NMDAR incorporating GFP- and mCherry-tagged GluN1 subunits (Figure 3A), 

we monitored evolutions in GFP lifetime before and 5 min after co-exposure to NMDA (5 µM) 

and antagonists as a proxy for conformational changes in the cytosolic domains of the 

receptors.31,32 None of the experimental conditions affected GFP fluorescence lifetimes in 

NMDAR clusters expressing GluN1-GFP alone (Figure S5A, B). The co-expression of the 

donor (GluN1-GFP) and acceptor (GluN1-mCherry) fluorophores yielded significant FRET 

within dendritic spine receptor clusters in all conditions (Figure 3B, C). However, unlike D-AP5 

and MEM, exposure to KET and MK-801 enhanced FRET efficiency within NMDAR clusters 

co-expressing GluN1-GFP and GluN1-mCherry (Figure 3B, C; Figure S5C, D). Furthermore, 
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incorporating a point mutation (N616A) within the binding site for KET abolished the action of 

the drug,33 indicating that changes in FRET efficiency proceed from drug binding to the 

receptors (Figure 3D-F; Figure S5E). Together, these results indicate that the binding of KET 

and MK-801 drives conformational rearrangements in the cytosolic domains of NMDAR. 

PDZ domain-containing scaffolding proteins of the membrane-associated guanylate kinase 

(MAGUK) family are central organizers of the post-synaptic density (PSD).34 MAGUK are 

abundantly expressed at excitatory synapses where they contribute to stabilize NMDAR 

through the binding of GluN2 subunit C-terminal motifs to PDZ domains.31,32,35 Thus, we next 

explored whether conformational rearrangements caused by OCBs would translate into 

modifications of NMDAR interactions with MAGUK. We first examined if disrupting interactions 

with MAGUK had any impact on OCB-elicited changes in NMDAR conformation. Infusing TAT-

conjugated peptides mimicking the C-terminal sequences of GluN2B-NMDAR subunits to 

interfere with the binding of NMDAR to PDZ domains8,35 prevented the ability of KET to 

increase FRET efficiency between GluN1-GFP and GluN1-mCherry within NMDAR clusters 

(Figure 4A-C; Figure S6A-C), suggesting that this mechanism requires a physical interplay 

with MAGUK. 

We further investigated the contribution of MAGUK to drug-induced NMDAR synaptic trapping 

by quantifying FLIM-FRET between GluN1-GFP and mCherry-labelled PSD-95, a prototypical 

example of PDZ domain-containing protein providing a major contribution to NMDAR 

anchoring at the PSD35 (Figure 4D). As previously reported,32 acute exposure to NMDA 

decreased FRET efficiency in dendritic spine clusters co-expressing GluN1-GFP and PSD-

95-mCherry, reflecting a dissociation of NMDAR/PSD-95 complexes upon receptor activation 

(Figure 4E, F; Figure S6D). While this decrease persisted in the presence of MEM and was 

partially restrained by D-AP5, co-application with KET and MK-801 prevented the action of 

NMDA, indicating that the binding of these drugs avoided dissociation and favored the 

persistence of NMDAR/PSD-95 complexes (Figure 4E, F; Figure S6D, E). Finally, we probed 

the role of these interactions in drug-elicited NMDAR synaptic trapping using SPT to track WT 

or recombinant flag-tagged GluN2A- and GluN2B-NMDAR (Figure 4G, H). While acute co-

exposure to NMDA and KET in the presence of TTX enhanced the confinement and increased 

the residency time of WT receptors at excitatory synapses, introducing a single point mutation 

in GluN2A (S1462A) and GluN2B (S1480A) cytosolic domains to prevent the binding to PDZ 

domain-containing scaffolds occluded the action of the drug (Figure 4G, H). Together, these 

findings indicate that KET and MK-801 enhance the synaptic trapping of NMDAR by driving 

conformational rearrangements in cytosolic receptor domains that strengthen interactions with 

PDZ domain-scaffolding proteins. 
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KET prevents impairment in NMDAR synaptic anchoring and signaling caused by 

patient-derived anti-NMDAR antibodies 

Deciphering the molecular mechanisms underlying the multiple therapeutic properties of KET 

is a major challenge. Building on our results, we wondered if some of these properties might 

result from its ability to trap NMDAR at synapses. To address this question, we took advantage 

of our understanding of anti-NMDAR encephalitis, a severe brain condition in which NMDAR-

IgG directed against NMDAR extracellular domains cause psychotic-like manifestations and 

life-threatening neurological dysfunctions.36 From a mechanistic point-of-view, NMDAR-IgG 

do not compromise NMDAR channel properties but disrupt protein-protein interactions 

between NMDAR and transmembrane partners, thereby triggering a dispersal of synaptic 

receptors and a hypofunction of NMDAR-mediated transmission and plasticity.13,15,17 Thus, we 

explored whether synaptic anchoring promoted by KET could counteract the pathological 

destabilization of synaptic NMDAR caused by patient-derived NMDAR-IgG using a higher drug 

concentration (10 µM) that ensured rapid and efficient targeting of a large fraction of receptors. 

Using SPT, we first confirmed that exposure to purified NMDAR-IgG or cerebrospinal fluid 

(CSF) from patients with anti-NMDAR encephalitis impaired receptor trapping at excitatory 

synapses (Figure 5A-D; Figure S7A-C).17 Strikingly, co-application of KET - but not D-AP5 - 

prevented the destabilizing action of NMDAR-IgG and favored NMDAR synaptic anchoring 

(Figure 5A-D; Figure S7B-D). Ensemble imaging of super-ecliptic pHluorin (SEP)-tagged 

GluN2A-NMDAR populations through fluorescence recovery after photo-bleaching (FRAP) 

further confirmed these observations and showed that while NMDAR-IgG increased the 

fraction of mobile receptors at synapses, exposing neurons to KET averted this deleterious 

action (Figure 5D, E). Noteworthy, the benzodiazepine midazolam currently used as a 

sedative treatment for patients with anti-NMDAR encephalitis did not replicate the 

compensatory action of KET, advocating for a selective operation on NMDAR (Figure S7D). 

This reversal likely involved drug-induced cytosolic rearrangements in the C-terminal domains 

of the receptors as depicted above (Figure 3) since FLIM-FRET monitoring from GluN1-

GFP/GluN1-mCherry-incorporating NMDAR complexes showed that exposure to NMDAR-IgG 

caused an increase in the lifetime of GFP fluorescence within dendritic spine receptor clusters 

that was abolished by co-exposure with KET but persisted upon co-exposure with D-AP5 

(Figure 5F-H; Figure S7E). At the macomolecular level, KET -unlike D-AP5- administration 

compensated for NMDAR-IgG-elicited impairment in the number of NMDAR-containing 

synapses and in the abundance of receptors within synaptic clusters without affecting the 

density of synapses or the properties of PSD scaffolding protein clusters (Figure 6A, B; Figure 

S8A-C). Altogether, these results demonstrate that enhanced synaptic trapping elicited by 

KET counterbalances the pathological destabilization of NMDAR caused by NMDAR-IgG. 
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NMDAR-IgG-induced removal of synaptic receptors results in severe hypofunction of NMDAR-

mediated signalling.37 To explore whether the stabilizing action of KET could prevent such 

impairment, we monitored the activity of Ca2+/calmodulin-dependent protein kinase II  

(CaMKII), one of the main downstream effectors associated with NMDAR and a central 

initiator of synaptic plasticity. Using the FRET-based sensor Green-Camui,38 we measured 

intramolecular FLIM-FRET as a proxy for kinase activity (Figure 6C). Exposure to NMDAR-

IgG significantly reduced the amplitude of glutamate-elicited (25 µM, 2 min) increase in 

mEGFP fluorescence lifetime, consistent with an autoantibody-induced hypofunction of 

NMDAR and CaMKII (Figure 6D, E). Remarkably, co-application of KET counteracted the 

impact of NMDAR-IgG and restored CaMKII activity to baseline levels, while KET alone at 

this concentration had no impact and co-application of D-AP5 worsened impairment in 

CaMKII activity (Figure 6D, E). Thus, enhanced synaptic trapping promoted by KET mitigates 

impairment in NMDAR synaptic anchoring and signaling elicited by encephalitis patient 

NMDAR-IgG. 

 

KET alleviates anxiety- and sensorimotor gating-related behavioral deficits caused by 

patient antibodies 

Building on the ability of KET to compensate for the synaptic impairment occurring upon 

exposure to NMDAR-IgG in vitro, we finally assessed if KET also displayed the ability to 

improve behavioral deficits caused by patient NMDAR-IgG. We developed a rat model based 

on a 14-days continuous delivery of NMDAR-IgG into the CSF through the subcutaneous 

implantation of an osmotic pump connected to a cannula unilaterally implanted in a cerebral 

ventricle (Figure 7A).39 After surgery, rats were allowed to recover for a period of 10 days 

before undertaking a battery of behavioral assays in order to characterize potential 

manifestations of anhedonia (sucrose consumption), anxiety (elevated plus maze), despair 

(forced swim test) or evidence of locomotion (open field), memory (novel object recognition), 

or sensorimotor gating (prepulse inhibition) deficits (Figure 7A). Comparison with saline-

exposed animals (sham) showed that infusing IgG from healthy individuals (Healthy-IgG) 

alone or combined with KET did not affect behavioral performances in any of the tests (Figure 

S9). Alike, infusing Healthy-IgG, NMDAR-IgG alone or combined with KET or CPP (an analog 

of D-AP5) did not substantially impact locomotor activity as illustrated by Z-scores calculated 

on the basis of horizontal activity and velocity in the open field test (Figure 7B-E), and none of 

the experimental conditions affected memory performances in the novel object recognition test 

either (Figure 7L). 

Assessing behavioral features related to anxiety and depression, we observed that the time 

spent in open arms of the elevated plus maze and in the center zone of the open field were 
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not affected by NMDAR-IgG infused alone or together with KET or CPP (Figure 7F-H). 

However, rats infused with NMDAR-IgG displayed lower sucrose consumption compared to 

those exposed to Healthy-IgG. Strikingly, sucrose consumption in NMDAR-IgG + KET-treated 

and Healthy-IgG-treated rats was not different when NMDAR-IgG + CPP-treated and NMDAR-

IgG-treated animals were undistinguishable, suggesting that patient NMDAR-IgG trigger 

manifestations of anhedonia that are compensated by KET (Figure 7I). Consistently, rats 

exposed to NMDAR-IgG were more immobile in the forced swim test, and this feature was 

alleviated both by KET and CPP (Figure 7J). Most importantly, we combined all data from 

sucrose consumption, forced swim, open field and elevated plus maze tests to yield a Z-score 

for each condition (Figure 7K). The Z-score value was significantly lower in animals exposed 

to NMDAR-IgG when compared to the Healthy-IgG condition, indicating that patient NMDAR-

IgG favor the development of behavioral features of anxiety and depression. The NMDAR-Ig 

effect was fully reversed by KET, whereas NMDAR-Ig and NMDAR-Ig + CPP score values 

were statistically not different (Figure 7K). In addition, rats infused with NMDAR-IgG or 

NMDAR-IgG + CPP responded poorly to the prepulse inhibition test when compared to 

animals receiving Healthy-IgG or NMDAR-IgG + KET, indicative of sensorimotor gating deficits 

triggered by patient NMDAR-IgG that were improved by KET (Figure 7M). Collectively, these 

data indicate that KET alleviates anxiety- and sensorimotor gating-related behavioral deficits 

provoked by patient NMDAR-IgG. 
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DISCUSSION  

 

NMDAR are targeted by several therapeutic drugs daily used in the clinics, ranging from 

general anesthetics (e.g. KET) to cognitive enhancers prescribed for the treatment of 

Alzheimer’s disease (e.g. MEM).2 Unfortunately, our understanding of their action mode is 

fragmented and deciphering whether the sedative, psychotomimetic or antidepressant 

properties of clinically-relevant NMDAR modulators originate from identical or distinct 

molecular mechanisms remains challenging. The recent repurposing of KET as an 

antidepressant has put the spotlight on NMDAR antagonism as a strategy for the treatment of 

mental illnesses. However, most attempts so far to identify better tolerated drugs sharing the 

beneficial properties of KET and devoid of its adverse effects have yielded disappointing 

outcomes, suggesting that the psychoactive actions of NMDAR antagonists do not result 

exclusively from modulations of channel gating and involve additional features. Recent 

advances in the structural biology of NMDAR provided insightful information on the binding 

mechanisms and conformational rearrangements of extracellular and transmembrane 

domains caused by OCBs.33,40 However, the labile nature of cytosolic domains makes them 

less amenable to structural studies and still limits our understanding of how drug-elicited 

conformational rearrangements may translate into modulations of interactions with cytosolic 

proteins. Our comparative exploration of the impact of competitive (D-AP5), uncompetitive 

(KET, MK-801, MEM) and glycine site (KA) antagonists provides evidence that while all drugs 

efficiently block NMDAR-mediated ion fluxes, changes in the conformation of cytosolic 

domains selectively elicited by short-term exposures to OCBs promote interactions with PDZ 

domain-containing scaffolds and thereby enhance receptor trapping at synapses. Thus, the 

action of OCBs may encompass an unsuspected mosaic of ionotropic- and non-ionotropic 

processes.      

 

How could the trapping of ionotropically-silenced NMDAR by OCBs be of any benefit to 

synaptic function? Activity-dependent adjustments in NMDAR synaptic trapping and 

organization emerge as powerful mechanisms allowing rapid adaptations of NMDAR signaling 

without necessary changes in synaptic receptor numbers.4,29 Surface diffusion-based 

rearrangements in NMDAR localization play a major structural role in NMDAR-mediated 

CaMKII signaling as the physical interaction between receptors and the kinase allows its 

translocation and stabilization to dendritic spines, a molecular mechanism that shapes the 

plastic fate of synapses and allows memory formation and persistence.41 Reciprocally, 

interactions with CaMKII shape the organization of NMDAR synaptic clusters, and 

destructuring receptor nanodomains has profound consequences on synaptic plasticity, 

suggesting that the nanoscale organization of CaMKII/NMDAR complexes contributes to the 
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spatiotemporal orchestration of biochemical reactions supporting synaptic signaling.8,42,43 

Here, we show that low doses of KET do not silence basal CaMKII synaptic activity but 

instead prevent its impairment caused by NMDAR-IgG, indicating that OCBs preserve 

glutamate-driven NMDAR signaling despite precluding NMDAR-mediated calcium influx. It 

further suggests that by maintaining the pool and nanoscale architecture of NMDAR synaptic 

complexes, OCBs could stabilize NMDAR signaling at synapses that are exposed to damaging 

stimuli. Interestingly, the ability of OCBs to favor the synaptic anchoring of membrane proteins 

may extend beyond NMDAR. Indeed, KET was recently reported to bind the tropomyosin 

receptor kinase B (TrkB), i.e. the receptor of brain-derived neurotrophic factor (BDNF), and to 

favour its synaptic stabilization and signaling. This allosteric facilitation of BDNF signalling 

involves the binding of KET to a cholesterol-sensitive domain within the receptor 

transmembrane segment and the formation of receptor multimers.44 Since KET also rapidly 

redistributes cholesterol within the plasma membrane45 and can modulate NMDAR via a 

hydrophobic membrane path through a gated fenestration,46 it is plausible that KET may alter 

NMDAR intracellular domain conformation and synaptic trapping through cholesterol/lipid-

mediated mechanisms. Though, the fact that KET did not affect the synaptic trapping and 

organization of KV1.3, EphB2R or GABAAR indicates that its action is selective and not a mere 

change in membrane properties that would affect all membrane proteins undistinctively.  

 

Over the past decades, substantial progress has been made in dissecting how impairment in 

NMDAR function may participate in the onset of brain diseases. However, endeavors aiming 

at rescuing these dysfunctions through pharmacological intervention on NMDAR channel 

gating have repeatedly failed, either because of limited efficacy or as a result of damaging 

adverse effects, urging the need for alternative therapeutic approaches. Accumulating 

evidence from pre-clinical animal models suggests that abnormalities affecting channel-

unrelated features of NMDAR function may contribute to the etiology of mental and 

neurological illnesses. Convincing illustrations include the participation of non-ionotropic 

NMDAR-mediated signaling mechanisms in glutamate-elicited excitotoxicity,47-50 the 

implication of aberrant NMDAR redistributions at the surface of striatal neurons in L-DOPA-

induced dyskinesia and Huntington’s disease,51,52 or the description of Aβ-initiated disruption 

of NMDAR synaptic anchoring53,54 and non-ionotropic NMDAR-mediated synaptic depression 

and dendritic spine loss in Alzheimer’s disease.55-58  

The discovery of neuropsychiatric conditions such anti-NMDAR encephalitis, in which 

NMDAR-IgG cause a severe hypofunction of NMDAR-mediated signaling that gives rise 

combination of psychiatric and neurological manifestations without altering channel 

gating,19,36,59 further fed this new field of investigation. Raising the expression of 

transmembrane and/or cytosolic scaffolds (i.e. EphB2R, PSD-95) or administering ligands 
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(e.g. ephrin B2) to promote the stabilization of NMDAR have been proposed as therapeutic 

options to alleviate the synaptic and cognitive deficits associated with the Alzheimer’s disease 

and anti-NMDAR encephalitis, respectively.53,56,60 Additionnally, recent studies in genetic-, 

developmental- and immune-based models of psychosis suggest that manipulating NMDAR 

synaptic redistributions could represent a powerful strategy to counterbalance molecular 

deficits associated with mental disorders.61,62 Here, we show that enhanced NMDAR synaptic 

trapping triggered by KET compensates for depletion in synaptic receptors and corrects 

signaling and behavioral deficits caused by NMDAR-IgG from patients with anti-NMDAR 

encephalitis. KET appears particularly efficient at alleviating behavioral features of anxiety and 

depression as well as sensorimotor gating deficits provoked by NMDAR-IgG. While using an 

antagonist to compensate for symptoms resulting from NMDAR hypofunction may sound 

counterintuitive, two decades of investigations have revealed that the antidepressant action of 

KET paradoxically relies on a wave of neural plasticity in the corticomesolimbic circuitry 

supporting reward and mood.63,64 These mechanisms involve either NMDAR inhibition on 

principal cells or interneurons causing release of BDNF, or direct binding of the drug to TrkB, 

all of which elicit TrkB activation and mammalian target of rapamycin (mTOR) signaling 

allowing protein synthesis and synaptic adaptation.65 Remarkably, enhanced synaptic trapping 

of plasticity-related receptors emerges as a common feature of several antidepressants, as 

the direct binding of KET and fluoxetine to TrkB or the actions of tianeptine and ketamine on 

AMPA glutamate receptors were both reported to promote interactions with PDZ domain-

containing scaffolds and to extend the transient anchoring of these receptors at excitatory 

connections.44,66-69 Thus, targeting the synaptic trapping of neurotransmitter and neurotrophin 

receptors appears as a promising research track to compensate for molecular impairment 

associated with psychiatric illnesses. While the molecules described to promote receptor 

anchoring so far exhibit a polypharmacological profile limiting their clinical use, developing 

compounds acting on synaptic trapping exclusively without harming other receptor functions 

or secondary targets could provide innovative therapeutic strategies for the treatment of brain 

disorders involving glutamatergic dysfunction. 

 

Limits of the study 

Here, we characterized OCB-elicited changes in conformation, interactions, synaptic trapping 

and nanoscale organization of all NMDAR without subtype-based distinction. Given the variety 

of composition and subsequent functions of these receptors, and considering recent reports 

suggesting that psychotomimetic and antidepressant properties of OCBs might result from 

subtype-selective targeting,70 exploring whether OCBs preferentially affect the synaptic 

trapping and organization of NMDAR incorporating specific sets of GluN2 and/or GluN3 

subunits will be of major interest. Furthermore, while we limited our investigations to 
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hippocampal pyramidal cells, repeated reports of dysfunctions affecting NMDAR expressed 

by interneurons in neuropsychiatric disorders and a growing body of evidence proposing them 

as preferential targets supporting the psychoactive properties of KET call for similar 

investigations on other cell types. Exploring whether specific brain areas may be more prone 

to OCB action will also be important step, as recent reports indicate that the antidepressant 

action of KET specifically involves a use-dependent trapping of KET in NMDAR in the lateral 

habenula.71,72 Finally, whether magnesium - i.e. the physiological NMDAR pore blocker - 

shares similar properties as OCBs and acts as an endogenous regulator controlling not only 

channel gating but also NMDAR synaptic trapping to ensure receptor activation at right time 

and location is an exciting question that will need to be addressed.  
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Figure 1. OCBs enhance the synaptic trapping of NMDAR  

(A) Schematic representation of a GluN1/GluN2 NMDAR complex displaying the sites of action 

of the competitive antagonist D-2-amino-5-phosphonovalerate (D-AP5), the glycine binding 

site antagonist kynurenic acid (KA), and the uncompetitive open channel blockers ketamine 

(KET), dizocilpine (MK-801) and memantine (MEM).  

(B-C) Experimental principle (B) and epifluorescence images of dendritic segments 

expressing Homer1c-dsRed (grey) as a synaptic marker with representative trajectories (25 s, 

20 Hz acquisition rate) of endogenous quantum dot (QD)-labelled synaptic NMDAR exposed 

to buffer, D-AP5 (50 μM), KET (1 μM), or MK-801 (20 μM) for 1h. Scale bar, 500 nm.  

(D) Normalized mean squared displacement (MSD) over time of synaptic NMDAR after 1h 

exposure to buffer (grey; n = 2,580 trajectories), D-AP5 (green; n = 1,010), KET (red; n = 441), 

or MK-801 (wine; n = 585). Kolmogorov-Smirnov test, *p<0.05, **p<0.01.  

(E) Normalized instantaneous diffusion coefficients of synaptic NMDAR after 1h exposure to 

buffer (n = 2,631 trajectories), D-AP5 (n = 918), KET (n = 546), or MK-801 (n = 594). Data 

expressed as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). Kruskal-Wallis 

followed by Dunn’s multiple comparison test, ***p<0.001.  

(F) Normalized surface explored by synaptic NMDAR over 100 ms after 1h exposure to buffer 

(n = 1,223 trajectories), D-AP5 (n = 491), KET (n = 205), or MK-801 (n = 296). Data expressed 

as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). Kruskal-Wallis followed by 

Dunn’s multiple comparison test, ***p<0.001.  

(G) Normalized synaptic residency time of NMDAR after 1h exposure to buffer (n = 2,304 

trajectories), D-AP5 (n = 1,321), KET (n = 735), or MK-801 (n = 861). Data expressed as 

median ± 25-75% IQR (box) and 10-90% percentile (whiskers). Kruskal-Wallis followed by 

Dunn’s multiple comparison test, ***p<0.001. 

(F) Experimental principle (top) and epifluorescence images of dendritic segments expressing 

Homer1c-dsRed (grey) as a synaptic marker with representative trajectories of endogenous 

QD-labelled synaptic NMDAR after exposure to buffer or NMDA (5 µM) combined with D-AP5 

(50 μM), KET (1 μM) or MK-801 (20 μM) in the presence of TTX (1 µM). Scale bar, 500 nm.  

(G) Normalized MSD over time of NMDAR before and after exposure to NMDA combined with 

D-AP5 (before, n = 580 trajectories; after, n = 597 trajectories), KET (before, n = 464; after, n 

= 459) or MK-801 (before, n = 410; after, n = 433) in the presence of TTX. Kolmogorov-

Smirnov test, *p<0.05, **p<0.01.  

(H) Instantaneous diffusion coefficients of synaptic NMDAR before and after exposure to 

NMDA alone (n = 29 cells) or combined with D-AP5 (n = 28), KET (n = 28) or MK-801 (n = 30) 

in the presence of TTX. Each dot represents the median diffusion coefficient for one cell, 

before and after treatment. Paired t-test, *p<0.05, **p<0.01.  
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Figure 2. Acute exposure to OCBs has a limited impact on NMDAR synaptic numbers 

and organization 

(A) Hippocampal neurons immunostained for Homer1c-GFP (green) and flag-GluN1-NMDAR 

(red) after 1h exposure to buffer, D-AP5 (50 µM), KET (1 µM) or MK-801 (20 µM). Scale bar, 

5 µm.  

(B) Synaptic NMDAR cluster area (left) and intensity (right) after exposure to buffer (n = 50 

cells), D-AP5 (n = 40), KET (n = 36), MK-801 (n = 31) or TTX (n = 41). Data expressed as 

median ± 25-75% IQR (box) and min to max (whiskers). Each dot represents the mean 

synaptic NMDAR cluster area (left) and intensity (right) for one cell, respectively.  

(C) Left panel, experimental principle. Mid panel, dendritic segment with Homer1c-GFP (upper 

left) and flag-GluN1 (upper right), and tesselated super-resolved image of flag-GluN1 

detections in dSTORM (lower panel). Scale bars, upper panels, 5 µm; lower panel, 2 µm. Right 

panel, a tesselated super-resolved GluN1-NMDAR cluster after exposure to buffer. Each dot 

represents a detection and thick outlines indicate intra-cluster nanodomains of receptors. 

Scale bar, 100 nm.  

(D) Tesselated super-resolved GluN1-NMDAR clusters after exposure to D-AP5, KET, MK-

801 or TTX. Scale bar, 100 nm.  

(E) Upper panels, area (left) and density (right) of GluN1-NMDAR clusters after exposure to 

buffer (n = 181 clusters), D-AP5 (n = 79), KET (n = 179), MK-801 (n = 113) or TTX (n = 139). 

Lower panels, area (left) and density (right) of GluN1-NMDAR nanodomains after exposure to 

buffer (n = 561 nanodomains), D-AP5 (n = 222), KET (n = 522), MK-801 (n = 327) or TTX (n 

= 330). Data expressed as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). 

Kruskal-Wallis followed by Dunn’s multiple comparison test, ***p<0.001. 
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Figure 3. KET drives conformational changes in NMDAR cytosolic domains 

(A) Principle of intra-molecular FLIM-FRET experiments.  

(B) GFP lifetime in GluN1-GFP (donor only) and GluN1-GFP/GluN1-mCherry (donor + 

acceptor) dendritic spine clusters after exposure to buffer or NMDA (5 µM) combined with D-

AP5 (50 µM), KET (1 µM) or MK-801 (20 µM). Scale bar, 1 µm.  

(C) Upper panel, GFP lifetime in GluN1-GFP/GluN1-mCherry clusters before and after 

exposure to NMDA combined with D-AP5 (n = 373 clusters), KET (n = 498) or MK-801 (n = 

239). Each dot represents the lifetime of one cluster, before and after treatment. Wilcoxon test, 

***p<0.0001. Lower panel, FRET efficiency in GluN1-GFP/GluN1-mCherry clusters before and 

after exposure to NMDA combined with D-AP5 (n = 385 clusters), KET (n = 326) or MK-801 

(n = 239). Data expressed as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). 

Mann-Whitney test, **p<0.01.  

(D) GluN1-GFP/GluN1-mCherry FRET couple incorporating the N616A point mutation.  

(E) GFP lifetime in GluN1-GFP/GluN1-mCherry (WT) or GluN1-N616A-GFP/GluN1-N616A-

mCherry (N616A) dendritic spine clusters after exposure to buffer or NMDA combined with 

KET. Scale bar, 1 µm.  

(F) FRET efficiency in GluN1-GFP/GluN1-mCherry (WT, n = 326 clusters) and GluN1-N616A-

GFP/GluN1-N616A-mCherry (N616A, n = 362) clusters before and after exposure to NMDA 

combined with KET. Data expressed as median ± 25-75% IQR (box) and 10-90% percentile 

(whiskers). Mann-Whitney test, **p<0.01. 
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Figure 4. KET favors synaptic trapping through enhanced interaction with PDZ domain-

containing scaffolding proteins 

(A) Action of TAT-2B competing peptides.  

(B) GFP lifetime in GluN1-GFP/GluN1-mCherry dendritic spine clusters before and after 

NMDA combined with KET in the presence of TAT-NS or TAT-2B peptides (10 µM). Scale bar, 

1 µm.  

(C) FRET efficiency in GluN1-GFP/GluN1-mCherry clusters before and NMDA combined with 

KET in the presence of scramble TAT-NS (n = 205 clusters) or TAT-2B (n = 243). Data 

expressed as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). Mann-Whitney 

test, **p<0.01.  

(D) Inter-molecular FLIM-FRET experiments.  

(E) GFP lifetime in GluN1-GFP/PSD-95-mCherry dendritic spine clusters after exposure to 

buffer or NMDA alone combined with D-AP5, KET or MK-801. Scale bar, 1 µm.  

(F) FRET efficiency in GluN1-GFP/PSD-95-mCherry clusters after exposure to buffer (n = 895 

clusters) or NMDA (n = 761) alone or combined with D-AP5 (n = 723), KET (n = 535) or MK-

801 (n = 606). Data expressed as median ± 25-75% IQR (box) and 10-90% percentile 

(whiskers). Kruskal-Wallis followed by Dunn’s multiple comparison test, ***p<0.001.  

(G) Dendritic segments expressing Homer1c-dsRed (grey) with representative trajectories of 

QD-labelled wild-type Flag-GluN2A/Flag-GluN2B and mutated Flag-GluN2A-S1462A/Flag-

GluN2B-S1480A synaptic NMDAR exposed to NMDA combined with KET. Scale bar, 500 nm.  

(H) Left panel, instantaneous diffusion coefficients of wild-type Flag-GluN2A/Flag-GluN2B 

(WT, n = 21 cells) and Flag-2A-S1462A/Flag-2B-S1480A (MUT, n = 22) synaptic NMDAR 

before and after NMDA and KET in the presence of TTX. Each dot represents the median 

diffusion coefficient for one cell, before and after treatment. Paired t-test, *p<0.05. Middle 

panel, synaptic residency time of WT (n = 21) and MUT (n = 22) synaptic NMDAR before (WT, 

n = 548 trajectories; MUT, n = 485) and after (WT, n = 583; MUT, n = 605) exposure to NMDA 

and KET. Data expressed as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). 

Wilcoxon test, **p<0.01. Right panel, surface explored by WT (n = 21) and MUT (n = 22) 

synaptic NMDAR before (WT, n = 286 trajectories; MUT, n = 291) and after (WT, n = 318; 

MUT, n = 338) exposure to NMDA and KET. Data expressed as median ± 25-75% IQR (box) 

and 10-90% percentile (whiskers). Wilcoxon test, **p<0.01. 
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Figure 5. KET prevents impairment in NMDAR synaptic trapping and conformational 

rearrangements caused by patient-derived anti-NMDAR antibodies 

(A) Left panel, Patients’ IgG purification. Right panel, dendritic segments expressing Homer1c-

dsRed with representative trajectories of QD-labelled GluN2A-NMDAR after 30 min exposure 

to Healthy-IgG (upper panel), NMDAR-IgG (middle panel) or NMDAR-IgG + KET (10 µM; 

lower panel). Scale bar, 500 nm.  

(B) MSD (left panel) and cumulative distributions of instantaneous diffusion coefficients (right 

panel) of synaptic NMDAR after exposure to Healthy-IgG (n = 140 trajectories), NMDAR-IgG 

(n = 240), or NMDAR-IgG + KET (n = 318). Kolmogorov-Smirnov test, ***p<0.0001. 

(C) Cumulative distributions of instantaneous diffusion coefficients of synaptic NMDAR after 

exposure to Healthy-IgG (n = 1,578 trajectories), NMDAR-IgG (n = 1,794), or NMDAR-IgG + 

D-AP5 (50 µM; n = 1,881). Kolmogorov-Smirnov test, ***p<0.0001. 

(D) Left panel, CSF sampling (spinal tap) from a patient suffering from anti-NMDAR 

encephalitis. Right panel, cumulative distributions of instantaneous diffusion coefficients of 

synaptic NMDAR after artificial CSF (aCSF, n = 63 trajectories), patient CSF (n = 54), or Pat. 

CSF + KET (n = 55). Kolmogorov-Smirnov test; ***p<0.001.  

(E) Left panel, schematic representation of a SEP-tagged NMDAR and representative neuron 

expressing SEP-GluN2A-NMDAR. Scale bar, 10 µm. Right panel, dendritic segments 

illustrating recovery from photobleaching in SEP-GluN2A-NMDAR clusters (white dotted 

circles) after 20 min exposure to buffer, NMDAR-IgG or NMDAR-IgG + KET. Scale bar, 2 µm.  

(F) Left panel, fluorescence recovery after photobleaching in SEP-GluN2A-NMDAR clusters. 

Each curve represents the mean of regions of interest for a representative neuron. Right panel, 

mobile fraction of SEP-GluN2A-NMDAR after exposure to Healthy-IgG (n = 234 ROI), 

NMDAR-IgG (n = 332), or NMDAR-IgG + KET (n = 262). Data expressed as median ± 25-75% 

IQR (box) and 10-90% percentile (whiskers). One-way ANOVA followed by Tukey’s multiple 

comparison test, *p<0.05, ***p<0.001.  

(G) GFP lifetime in GluN1-GFP/GluN1-mCherry dendritic spine clusters in basal condition and 

15 min after exposure to Healthy-IgG or NMDAR-IgG. Scale bar, 1 µm.  

(H) GFP lifetime in GluN1-GFP/GluN1-mCherry clusters before and 15 min after exposure to 

healthy-IgG (n = 50 ROI) or NMDAR-IgG (n = 174). Each dot represents the median lifetime 

for one cell, before and after treatment. Unpaired t-test ***p<0.001. 

(I) GFP lifetime in GluN1-GFP/GluN1-mCherry clusters before and after NMDAR-IgG alone 

then NMDAR-IgG + KET (n = 417 clusters). Data expressed as median ± 25-75% IQR (box) 

and 10-90% percentile (whiskers). Paired t-test ***p<0.001.  
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Figure 6. KET prevents synaptic NMDAR depletion and signalling deficits caused by 

patient-derived anti-NMDAR antibodies 

(A) Left, dendritic segments immunostained for surface GluN2B-NMDAR after buffer, KET, 

NMDAR-IgG or NMDAR-IgG + KET. Scale bar, 2 µm. Right, synaptic NMDAR cluster area 

after buffer (n = 184 clusters), KET (n = 103), NMDAR-IgG (n = 221), NMDAR-IgG + KET (n 

= 219). Data expressed as mean ± SD. Two-way ANOVA followed by Tukey’s multiple 

comparison test, ***p<0.001.  

(B) Left, dendritic segments immunostained for surface GluN2B-NMDAR after exposure to 

buffer, D-AP5, NMDAR-IgG or NMDAR-IgG + D-AP5. Scale bar, 2 µm. Right, synaptic 

NMDAR cluster area after buffer (n = 78 clusters), D-AP5 (n = 88), NMDAR-IgG (n = 64), 

NMDAR-IgG + D-AP5 (n = 93). Data expressed as mean ± SD.  

(C) Principle of intra-molecular FLIM-FRET experiments.  

(D) GFP lifetime in Green-Camui  dendritic spine clusters before and after glutamate (25 µM) 

in the presence of buffer, D-AP5 (50 µM), Healthy-IgG, NMDAR-IgG, NMDAR-IgG + KET, or 

NMDAR-IgG + D-AP5. Scale bar, 1 µm.  

(E) Timelapse (upper panel) and quantifications (timepoint 2 min; lower panel) of GFP lifetime 

in Green-Camui  dendritic spine clusters before and after glutamate in the presence of buffer 

(n = 15 clusters), KET (10 µM; n = 15), D-AP5 (50 µM; n = 13), Healthy-IgG (n = 35), NMDAR-

IgG (n = 35), NMDAR-IgG + KET (n = 15) or NMDAR-IgG + D-AP5 (n = 15). Data expressed 

as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). Each dot represents the 

lifetime for one cluster. One-way ANOVA followed by Tukey’s multiple comparison test, 

***p<0.001. 
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Figure 7. KET reverses anxiety- and sensorimotor gating-related behavioral deficits 

caused by patient antibodies 

(A) Timeline of behavior experiments of rats infused with saline (Sham; n = 15 rats), IgG from 

healthy individuals alone (Healthy-IgG, n = 21) or combined with KET (Healthy-IgG + KET, n 

= 9), patient IgG (NMDAR-IgG, n = 21) alone or combined with either KET (NMDAR-IgG + 

KET, n = 11) or CPP (NMDAR-IgG + CPP; n = 9) during 14 days.  

(B) Heatmaps of the visits in central or wall zones of the open field arena of animals exposed 

to either Healthy-IgG, NMDAR-IgG alone or combined with KET. 

(C-E) Horizontal activity (C), velocity (D), and Z-scores for locomotor activity (E) calculated 

from horizontal activity and velocity measurements of animals exposed to either Healthy-IgG 

or NMDAR-IgG alone or combined with either KET or CPP. All data expressed as scatter dot 

plot with mean ± SEM except for (E) displayed as median ± 25-75% IQR (box) and 10-90% 

percentile (whiskers). One-way ANOVA followed by Tukey’s multiple comparisons test, 

*p<0.05, **p<0.01, ***p<0.001.  

(F) Tracks (yellow) in the open and closed arms of the elevated plus maze of animals exposed 

to either Healthy-IgG or NMDAR-IgG alone or combined with KET. 

(G-K) Time within open arms (G, elevated plus maze), time in center zone (H, open field test), 

sucrose preference index (I, sucrose consumption), time spent immobile (J, forced swim test), 

and Z-scores for anxiety / depression calculated from sucrose consumption, forced swim, 

open field and elevated plus maze tests of animals exposed to either Healthy-IgG or NMDAR-

IgG alone or combined with either KET or CPP. All data expressed as scatter dot plot with 

mean ± SEM except for (K) displayed as median ± 25-75% IQR (box) and 10-90% percentile 

(whiskers). One-way ANOVA followed by Tukey’s multiple comparisons test, *p<0.05, 

**p<0.01, ***p<0.001.  

(L) Novel object recognition (NOR) index of animals exposed to either Healthy-IgG or NMDAR-

IgG alone or combined with KET or CPP.  

(M) PPI of startle responses of animals exposed to either Healthy-IgG or NMDAR-IgG alone 

or combined with KET or CPP for prepulse intensities of +4 dB, +8 dB and +12 dB over 

background. Two-way ANOVA followed by Tukey’s multiple comparisons test, **p<0.01. 
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STAR METHODS 

 

RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed to Laurent 

Groc (laurent.groc@u-bordeaux.fr). 

Materials availability 

This study did not generate any unique reagents.  

Data and code availability 

This paper does not report original code. Any additional information required to reanalyse the 

data reported in this paper is available from the lead contact upon request. All materials used 

are commercially available.  

 

KEY RESOURCES TABLE 

 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-GFP polyclonal antibody (rabbit)  ThermoFisher Scientific  Cat# A-6455 

Anti-GluN1 polyclonal antibody 

(rabbit) 

Alomone Labs Cat# AGC-001 

Anti-KV1.3 polyclonal antibody 

(rabbit) 

Alomone Labs Cat# APC-101 

Anti-EphB2R polyclonal antibody 

(goat) 

R&D systems Cat# AF467 

Anti-Flag polyclonal antibody (rabbit) Sigma-Aldrich Cat# F2555 

Anti-Flag M2 monoclonal antibody 

(mouse) 

Sigma-Aldrich Cat# F1804 

Anti-GluN2B polyclonal antibody 

(rabbit) 

Alomone Labs Cat# AGC-003 

Anti-GluN2B polyclonal antibody 

(rabbit) 

Homemade  

Anti-Homer1 polyclonal antibody 

(guinea pig) 

Synaptic Systems #AB 10549720 

 

Anti-GFP polyclonal antibody 

(mouse) 

Roche  Cat# 11814460001 

Alexa 594-conjugated anti-guinea pig 

(goat)  

Jackson 

ImmunoResearch a. #AB_2337442 

Alexa 488-conjugated anti-mouse 

secondary antibody (goat) 

ThermoFisher Scientific 

b. CAT#A28175 

Alexa Fluor 647-conjugated anti-

mouse IgG (donkey) 

ThermoFisher Scientific Cat# A31571 
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Qdot 655-conjugated anti-rabbit IgG 

(goat) 

ThermoFisher Scientific  Cat# Q11422MP 

Qdot 655-conjugated anti-goat IgG 

(rabbit) 

ThermoFisher Scientific Cat# Q11821MP 

Equipment for in vivo experiments 

Osmotic pumps  Alzet Model 2002 

Forced Swim test Noldus  

Elevated plus maze Noldus  

Open-field arena Home-made 54 × 54 × 40 cm 

Panlab startle chamber Harvard Apparatus  

Chemicals, peptides, and recombinant proteins 

Buprenorphine Axience Buprecare (0.3 mg/ml) 

Meloxicam Boehringer Ingelheim 

Animal Health France 

Metacam (0.5 mg/m) 

Ketamine hydrochloride Virbac Ketamine 1000 (100 mg/ml) 

D-AP5 Tocris Bioscience Cat# 0106 

(+)-MK-801 maleate Tocris Bioscience Cat# 0924 

Memantine hydrochloride Tocris Bioscience Cat# 0773 

(RS)-CPP Tocris Bioscience Cat# 0173 

Kynurenic acid Sigma-Aldrich Cat# K3375 

NMDA Sigma-Aldrich Cat# M3262 

Poly-L-lysine Sigma-Aldrich Cat# P4707 

Gold nanobeads Sigma-Aldrich deposited on the agarose 

pads to correct Sample drift 

TetraSpeck microspheres  ThermoFisher Scientific Cat# T7279 

Peptides, and Recombinant Proteins 

Biomimetic TAT-2B peptide  

 

CASLO ApS,  YGRKKRRQRRRNGHVYEK

LSSIESDV 

Non-sense TAT-NS peptide CASLO ApS YGRKKRRQRRRGSEVILD

QPVIAKPLIPALSVALSVKE

EA 

Recombinant DNA 

Plasmid to express mEos3.2-GluN1 Homemade pRcCMV-mEos3.2-GluN1 

Plasmid to express GFP-Homer1c Homemade pcDNA3.1-EGFP-Homer1c 

Plasmid to express dimeric DsRed-

Homer1c 

Homemade pcDNA3.1-dimeric_DsRed-

Homer1c 

Plasmid to express GluN1-mCherry Paul de Koninck pCMV-GluN1-mCherry 

Plasmid to express GluN1-mGFP Paul de Koninck pCMV-GluN1-mGFP 

Plasmid to express GluN1-N616A-

mGFP 

Homemade pCMV-GluN1-N616A-mGFP 

Plasmid to express GluN1-N616A-

mCherry 

Homemade pCMV-GluN1-N616A-

mCherry 

Plasmid to express Flag-GluN1 Homemade pCMV-Flag-GluN1 

Plasmid to express Flag-GluN2B Robert Wenthold pCMV-Flag-GluN2B 

Plasmid to express PSD-95-mCherry Paul de Koninck pCMV-PSD-95-mCherry 
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Plasmid to express Green-Camui  Addgene pCMV-REACh-CaMKIIa-

mEGFP #26933 

Plasmid to express SEP- 2 Sabine Lévi pCMV-SEP- 2-GABAAR 

Plasmid to express Flag-GluN2A-

S1462A 

Homemade pCMV-Flag-GluN2A-S1462A 

Plasmid to express Flag-GluN2B-

S1480A 

Homemade pCMV-Flag-GluN2B-S1480A 

Plasmid to express SEP-GluN2A Homemade pCMV-SEP-GluN2A 

Plasmid to express GCaMP6f Baljit Kakh pZac2.1-GCaMP6f 

Plasmid to express mVenus-

Gephyrin 

Sabine Lévi pCMV-mVenus-Gephyrin 

Chemicals 

Horse serum ThermoFisher Scientific  Waltham, MA, USA, ref. N° 

26050-88 

Bovine serum albumin (BSA) Sigma-Aldrich Cat #A3059 

Fluoromount-G mounting medium 

containing DAPI 

ThermoFisher Scientific  Cat #00-4959-52 

Mowiol mounting medium Sigma-Aldrich Ref. #475904 

Poly-L-lysine Sigma-Aldrich  Ref. #P26361G 

Neurobasal medium/B27 ThermoFisher Scientific Ref. #12348-017/A3582901 

NeuroCult SM1 Stemcell technologies CAT#05711 

BrainPhys medium Stemcell technologies CAT#05790 

Leibovitz’s L-15 medium ThermoFisher Scientific CAT#11415064 

Hank’s Balanced Salt Solution ThermoFisher Scientific  Ref. #25300-054 

Glycerol 24% Sigma-Aldrich Ref. #G5516 

Tris-Cl Sigma-Aldrich CAT#15,456-3 

Experimental Models: Organisms/Strains 

Sprague-Dawley rats Janvier Sprague-Dawley rats 

Software and Algorithms 

GraphPad Prism v8.0 GraphPad https://www.graphpad.com/ 

MetaMorph v7.8 Molecular Devices https://www.moleculardevice

s.com/products/cellular-

imaging-systems/acquisition-

and-analysis-

software/metamorph-

microscopy 

PALMTracer Butler et al., Frontiers in 

Bioinformatics 2022 

https://www.iins.u-

bordeaux.fr/projectSIBARITA

70 

WaveTracer Kechkar et al., PLoS 

One 2013 

https://www.iins.u-

bordeaux.fr/projectSIBARITA

37 

SR Tesseler Levet et al., Nature 

Methods 2015 

https://github.com/flevet/SR-

Tesseler 

MatLab MathWorks https://fr.mathworks.com/pro

ducts/matlab.html 
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ImageJ National Institutes of 

Health 

https://imagej.nih.gov/ij/down

load.html 

LI-FLIM Lambert Instruments https://www.lambertinstrume

nts.com/liflim 

EthoVision XT Noldus https://www.noldus.com/etho

vision-xt 

 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

Human samples 

Purified immunoglobulins (IgG) and cerebrospinal fluid (CSF) samples were collected from 

patients with anti-NMDAR encephalitis at the national reference center for auto-immune 

neurological diseases (Pr J. Honnorat, Lyon) upon early symptom presentation before any 

treatment was administrated. They were stored at -80°C at the NeuroBioTec center for 

biological ressources (Hospices Civils de Lyon, France). Analysis on patient CSF included 

detection of NMDAR-IgG and titration of cell counts, proteins, glucose, as well as CSF/serum 

albumin ratio which is an indicator of blood-brain barrier impairment. Patients also underwent a 

tumor screening. Serum samples were tested for the presence of NMDAR-IgG using a cell-

based assay on human embryonic kidney cells (HEK293) expressing both GluN1- and GluN2B-

NMDAR subunits, as previously described.17,73 To detect NMDAR-IgG in CSF samples, cells 

were fixed (4% PFA, 10 min) and incubated with patient CSF (1:50 dilution in saturation buffer, 

90 min). Samples were considered as positive when a clear staining was confirmed by 3 

different readers in 3 independent assays. Serum samples were dialyzed against phosphate 

buffered saline, and solutions were used at pH of 7.4. Sera were purified in order to extract IgG 

isotype antibodies and dialyzed against phosphate buffer saline. Immunoglobulins from three 

different patients were pooled together, whereas CSFs were kept separate. Written informed 

consent was obtained from all participating subjects. 

 

Animal experiments 

Animal procedures were conducted in accordance with the European Community guidelines 

(Directive 2010/63/EU) regulating animal research, and were approved by the local Bordeaux 

Ethics Committee (APAFIS #23521-2019120616502664). For in vivo experiments, 2-months 

old male Sprague-Dawley rats (Janvier, France) were used. Experiments were conducted 

during the light cycle (05:00 to 17:00) by the same experimenter who handled the animals 

throughout the whole duration of the experiment. Rats were kept at ambient temperature (21° 

± 1°C) with ad libitum access to food and water. Every effort was made to minimize the number 

of animals used and their suffering. Rats were housed two by cage with the same litter and 
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with the same treatment/cage. All animals were acclimatized to the room for at least 1 hour 

before the onset of each test. During open field and pre-pulse inhibition (PPI) tests, the 

experimenter was not blind to the animal’s condition but behavioural data were collected using 

a computer-controlled system. The 86 rats (15 sham, 21 Healthy-IgG, 21 NMDAR-IgG, 11 

NMDAR-IgG + KET, 9 Healthy-IgG + KET, 9 NMDAR-IgG + CPP) underwent surgery to 

implant a sub-cutaneous  osmotic pump (200 µl) connected to an intracerebral catheter 

perfusing the right ventricle during 14 days. Behavioural tests were conducted following 

following a recovery period at 10 (sucrose preference), 14 (elevated plus maze), 15 (open 

field), 16 (novel object recognition), 17 (prepulse inhibition), and 18 (forced swim test) days 

after surgery. Animals were sacrificed at 21 days post-surgery and there brains were collected 

for further analysis. All drugs were dissolved in the same vehicle (sterile water). 

 

Primary hippocampal cell cultures 

Hippocampal cultures were prepared from embryonic day 18 Sprague-Dawley rat pups. 

Embryo brains were quickly removed and put in a dish with Leibovitz’s L-15 medium. The 

hippocampus was isolated and incubated at 37°C for 15 min with a trypsin solution. Cerebral 

tissue was immersed in Hank’s Balanced Salt Solution (HBSS) (KCl 5.33 mM, KH2PO4 0.44 

mM, NaHCO3 4.16 mM, NaCl 137.93 mM, Na2HPO4 0.33 mM, D-Glucose 5.55 mM) 

(ThermoFisher Scientific) for dissection. The cell suspension - containing neurons and glia - 

was diluted in 60 mm sterile petri dishes containing pre-warmed Neurobasal culture medium 

supplemented with horse serum and poly-L-lysine coated 18 mm cover-slips, at a density of 

250-275.103 cells per ml. Dishes were maintained at 37°C in 5% CO2 in a humidity-controlled 

incubator. For standard primary cultures, a full medium exchange with serum-free 

Neurobasal/B-27 culture medium was performed at 3 days in vitro (DIV). Full media 

exchanges continued twice weekly until use. For neuronal cultures following the protocol of 

Kaech & Banker (2006),74 coverslips were flipped onto astrocyte feeder layers 3 hours after 

plating and maintained in this inverted configuration. At DIV 3, a full medium exchange with 

serum-free Neurobasal/B-27 culture medium containing 5 μM cytosine arabinoside was 

performed to prevent astrocyte proliferation. The protocol was used for experiments in which 

astrocytic expression of target surface proteins could interfere with data collection or add 

extraneous noise to imaging of neuronal cells.  

 

Cerebroventricular infusions 

Cerebroventricular infusions were performed using osmotic pumps (model 2002, Alzet®) with 

the following characteristics: volume 200 μl, flow rate 0.5 µl/h, and total duration 14 days. The 

day before surgery, osmotic pumps (one per animal) were loaded with 20 μl (100 μg) of human 

NMDAR-IgG or Healthy-IgG in presence or absence of 180 μl of KET hydrochloride (100 
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mg/ml, Virbac®, France) or CPP (0.8 mM final; Tocris Bioscience, UK). The saline control 

received 0.9% NaCl solution. The volume of KET hydrochloride was 180 µl, equivalent to a 

pump concentration of 380 mM. The pumps were then connected to a polyethylene tube (brain 

infusion kit2, Alzet®) and left 4h in sterile physiological serum at +4°C. Rats were 

anaesthetized by isoflurane inhalation and subcutaneously injected with buprenorphine (0.1 

mg/kg) and meloxicam (1 mg/kg). They were placed on a stereotaxic frame, and after drilling 

the skull bone, the catheter was inserted into the right ventricle (0.9 mm anterior and 1.1 mm 

lateral from bregma, depth 0.32 mm). The arm of the catheter was connected to the osmotic 

pump which was subcutaneously implanted on the back. Appropriate ventricular placement of 

the catheters was assessed in randomly selected rat injecting methylene blue through the 

catheter. Twenty-one days following surgery, animals were anesthetized with pentobarbital 

(50 mg/kg) and transcardially perfused with 4% paraformaldehyde. Brains were removed and 

postfixed overnight at 4°C. For immunohistochemistry, 18 μm-thick coronal tissue sections 

were cut on a microtome-cryostat (Leica CM3050S), thaw-mounted onto adapted slides 

(superfrost ultra plus, Thermo Scientific Labs), and stored at -20°C until further processing. 

 

Behaviour experiments 

 

Sucrose preference test 

The sucrose preference test was performed 10 days after surgery. On the four days before 

the test, two bottles of water, one with 2% sucrose and the other without, were placed in the 

cage. Every day the position of the bottles was exchanged and the consumption from each 

bottle was measured. On the day of the test, the two bottles were placed in the cage again 

and the consumption from each bottle was recorded after 24 h. The preference for sucrose 

was calculated as the relative amount of water with sucrose versus total liquid (water with and 

without sucrose) consumed by the rats. 

 

Elevated plus maze test 

The elevated plus maze test was performed 14 days after surgery. This test measures the 

conflict between the natural tendency of animals to avoid an illuminated and elevated surface, 

and their natural tendency to explore new environments. We used a rat elevated plus maze 

(Imetronic®, Pessac France) made of medium-density fiberboard with a matte grey acrylic 

surface, which consists of four arms (two open arms without walls and two arms enlosed by 

30 cm-high walls) with the following dimensions: 50 cm long and 10 cm wide. The closed arms 

received a 10 lux light intensity whereas the open arms received 200 lux. Rats were placed at 

the junction of the open and closed arms, facing the open arm opposite to where the 

experimenter was located. The behaviour of each animal was tracked for 10 min and analysed 
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using a video camera connected to a computer interface equipped with a video tracking 

software (EthoVision XT, Noldus®). The following parameters were monitored: time spent in 

open or in closed arms, entries made in open or in closed arms, and total entries made.  

 

Open field test 

The open field test was performed 15 days after surgery. The locomotor activity was measured 

in a homemade open field arena (54 long × 54 wide × 40 cm high) with light settings at 

approximately 20 lux. Novelty-induced locomotion was assessed by video tracking rats that 

freely explored the empty arena during 10 min. From the recordings, anxiety was evaluated 

as the time spent within a center zone comprising 50% of the arena during the first 10 min. 

Adaptation to context was assessed as a decrease in locomotor activity. The total distance 

travelled and velocity were tracked and analyzed using a video camera connected to a 

computer interface equipped with a video tracking software (EthoVision XT, Noldus®). 

 

Novel object recognition test 

The novel object recognition test was performed 16 days after surgery in a homemade open 

field arena (54 long × 54 wide × 40 cm high). Rats were placed into the open field arena for 

10 min while two identical objects were presented and the time spent by the rat exploring each 

object was recorded. After a retention phase of 3 h, rats were placed for another 10 min into 

the open field arena but one of the familiar objects was replaced by a novel object and the 

total time spent exploring each object (novel and familiar) was registered. Objects were 

positioned in the opposite corners of those used in the training phase and the novel object 

was presented in 50% of trials on the right and in 50% of trials on the left side. Object 

exploration was defined as the orientation of the nose towards the object within a distance of 

less than 2 cm. A discrimination index was calculated as the difference between the time spent 

exploring the novel and the time spent exploring the familiar object divided by the total time 

exploring both objects. A higher discrimination index is considered to reflect better memory 

retention for the familiar object. 

 

Pre-pulse inhibition (PPI) test  

The PPI test was performed using a Panlab startle chamber (Harvard Apparatus) 17 days 

after surgery. Each PPI session lasted for approximately 40 min and began with a 5 min 

acclimatization period with a constant background noise. The session consisted of 8 different 

trial types: a no pulse, a startle pulse (120 dB at 8 kHz, 40 ms) that was preceded by 3 

prepulses at +4, +8, and +12 dB above a 74 dB background noise (20 ms, interval of 100 ms). 

Each session started with 10 startle pulses (intertrial intervals (ITIsec) of 70 s) followed by a 

counterbalanced pseudorandom order of the 8 trials × 6 and ended with a final block of 10 
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startle pulses. Baseline data from different groups were pooled. Potentiation in the response 

to the prepulses was observed in different animal groups, and these animals were excluded 

from the final dataset. Prepulse inhibition is expressed as % PPI and was calculated as 

(100*((S − PP)/S)), where S is the average response on startle only trials and PP is the 

average response on prepulse + startle trials.  

 

Forced swim test 

The forced swim test was performed 18 days after surgery to assess depressive-like 

behaviour. Rats were placed in a plastic cylinder containing warm water (27-28° C), deep 

enough to prevent touching the bottom of the cylinder and forcing the rats to swim. The trial 

lasted 5 min and the total time of immobility after 2 min was recorded. Immobility was defined 

as the time that the animal stopped swimming and only used minimal movements to keep the 

head above the water. 

 

Z-score calculations 

As previously described,75 z-scores were calculated as a set of converging behavioral 

observations. The z-score represent the value for each animal minus the mean of the control 

group, divided by the standard deviation of the control group. The z-score for 

anxiety/depression-like behavior was calculated as the mean of z-scores of each animal taking 

into consideration the sucrose preference test (index sweet water/total water consumption: 

percentage of sucrose preference), the elevated plus maze test (index open/closed arms: 

percentage of time in open arms), the open field test (percentage of time spent in the center 

zone) and the forced swim test (percentage of time spent immobile). The z-score for locomotor 

activity was calculated as the mean of z-scores of each animal taking into consideration the 

horizontal activity (distance covered during 10 min) and the velocity (average velocity over 10 

min) in the open field test. 

 

METHODS DETAILS 

 

Transfection 

For live imaging experiments, cultured hippocampal neurons were transfected at days in vitro 

(DIV) 7-10 using the calcium-phosphate method. Precipitates containing 1 mg plasmidic DNA 

(see key resources table) were prepared using the following solutions: TE (1 M Tris-HCl pH 7.3, 

1 mM EDTA), CaCl2 (2.5 M CaCl2 in 10 M HEPES, pH 7.2), 2X HEPES-buffered saline (HEBS; 

12 mM dextrose, 50 mM HEPES, 10 mM KCl, 280 mM NaCl and 1.5 mM Na2HPO4-2H2O, pH = 

7.2). Coverslips were transferred to 12-well plates containing 250 μl/well of conditioned culture 

medium supplemented with 2 mM kynurenic acid (Sigma-Aldrich), and 50 μl of DNA precipitate 
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solution was added to each well. Cells were incubated for 1 h at 37°C, then washed with 

unsupplemented Neurobasal medium containing 2 mM kynurenic acid and moved back to their 

original culture dishes. Transfection was monitored following at least 3 days. 

 

Immunostaining 

Cultured hippocampal neurons from E14 rat embryos were plated at a density of 2.75-3.25 x 

105 neurons/mL in 60 mm Petri dishes containing 18 mm glass coverslips pre-coated with poly-

L-lysine (Sigma-Aldrich). Neurons were maintained at 37°C and 5% CO2 for up to 21 days. A 

3% Horse Serum (ThermoFisher Scientific) solution was present in the culture medium until 4-

7 days in vitro (DIV). Neurons were cultured in NeurobasalTM medium (ThermoFisher Scientific) 

supplemented with NeuroCultTM SM1 (Stemcell technologies). Progressively, Neurobasal was 

partially replaced with equally supplemented BrainPhysTM medium (Stemcell technologies). 

Cultured neurons at DIV 13-15 were incubated 6-12 h with human control or NMDAR-IgG at 37°C 

with or without NMDAR antagonists. Surface exogenous flag-GluN1 NMDAR were 

immunostained in live neurons using a mouse monoclonal anti-flag antibody (Sigma-Aldrich; 10 

min at 37°C). Neurons were then fixed in 4% PFA for 15 min at room temperature. Fixed 

samples were carefully washed and immersed in a PBS 1X-NH4Cl 50 mM quenching solution 

for 10 min. Samples were subsequently labeled for 1h with an anti-mouse Alexa 647-conjugated 

secondary antibody (ThermoFisher Scientific; 1/500) in a PBS 1X-BSA 1% blocking solution. 

Coverslips were carefully washed again and mounted onto glass slides with Mowiol mounting 

medium (composed of: Mowiol 4-88 9.6% (w/v), Glycerol 24% (w/v), and Tris-Cl (0.2 M, pH 8.5) 

0.1 M). Surface endogenous GluN2B, exogenous SEP-GluN2A or SEP-GluN1 NMDAR were 

specifically immunostained using a monoclonal antibody against GluN2B (Alomone Labs, 1/500, 

12 min, 37°C; homemade antibodies 2 mg/ml, Agro-Bio Labs, 1:20) or against GFP for SEP-

containing subunits (Roche Labs, 1/500, 12 min, 37°C). Primary antibodies were incubated for 2 

h followed by secondary staining with Alexa 488-conjugated anti-mouse secondary antibody 

(Invitrogen, 1/500, 30 min). In order to label the post-synaptic density, neurons were fixed (4% 

PFA, 15 min), permeabilized with Triton-BSA 1% (5 min) and successively incubated with anti-

Homer1c antibody (Synaptic Systems; 1:500, 30 min) and a secondary anti-guinea pig Alexa 594 

antibody (Jackson ImmunoResearch, 1/500, 30 min). Fluorescence acquisitions were performed 

using a Yokogawa CSU-X1 spinning-disk system (Yokogawa Electric Corporation, Tokyo, 

Japan) mounted on a Leica DMI6000B microscope (Leica Microsystems, Wetzlar, Germany). 

Samples were excited using a diode-pumped solid-state 491 laser (200 mW, 8.5-10% power, 

100-200 ms exposure time) and a 642-laser diode (100 mW, 7-7.5% power, 500 ms exposure 

time). Images were acquired using a Plan Apo 63x oil immersion objective (NA 1.4-0.6), the 

appropriate excitation/emission filters and an Evolve EMCCD camera (Teledyne Photometrics). 

An initial experiment (1 out of 4) was p/rformed using a coolSNAP HQ2 CCD camera (Teledyne 
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Photometrics), a Plan Apo 100x oil immersion objective (NA 1.4-0.7), and diode-pumped solid-

state 491 (100 mW, 30% power, 700 ms exposure time) and 642 (50 mW, 50% power, 800 ms 

exposure time) lasers. 10-15 cells per condition from independent experiments were selected. 

From each neuron, only one dendrite was chosen for fluorescence quantification analysis. 

Images were subjected to a user-defined intensity threshold for cluster selection and 

background subtraction. The mean fluorescence intensity was measured for all clusters of the 

selected region. Synaptic clusters were determined as overlapping thresholded Homer1c 

clusters. All analyses were done blind to treatment condition. For surface cluster analysis, 

dendritic branches were chosen manually in a blinded manner and cluster areas and numbers 

were obtained using a manual threshold approach based on integrated fluorescence levels in 

ImageJ (NIH).  

 

Calcium imaging 

Dissociated hippocampal neurons were transfected with GCaMP6f and DsRed-Homer1c 

between DIV 8 and 10 using the calcium-phosphate coprecipitation method. On the day of 

experiment (DIV 15-19), coverslips were transferred to a RC-41LP recording chamber 

(Harvard Apparatus; Cat# 64-0368). Cells were maintained in a pre-heated and equilibrated 

(37 °C / 5% CO2) Tyrode solution composed of the following (in mM): 110 NaCl, 5 KCl, 2 

MgCl2, 2 CaCl2, 15 D-Glucose, 25 HEPES (pH 7.4; 276 mOsm). Three time-lapse movies 

(3,000 frames, 20 Hz frame rate) were successively recorded on a widefield Nikon eclipse Ti 

microscope (Nikon France) equipped with a Plan Apo 60X oil immersion objective (NA 1.40) 

using a mercury lamp, appropriate excitation/emission filters and an Evolve EMCCD camera 

(Teledyne Photometrics). Cells were imaged before (baseline) and after being exposed to 

NMDA combined with either D-AP5 (50 µM), MK-801 (20 µM), KET (1 μM) or MEM (1 µM) for 

5 min. D-AP5 was then added in the imaging chamber for 5 min to obtain a baseline recording 

free of NMDAR-dependent calcium transients. Dendritic spines were visually identified using 

DsRed-Homer1c signal to avoid bias towards more active spines, and average fluorescence 

(F) values for each spine were recorded over time. Time-lapse movies were concatenated and 

realigned in ImageJ (PoorMan3DReg plugin, Michael Liebling, and Template Matching plugin, 

Qingzong Tseng). Fluorescence from calcium transients vs. time was measured within 

individual ROIs manually defined by the experimenter (ImageJ, NIH). All pixels within each 

ROI were averaged to give a single value time course associated to the ROI. Mean normalized 

fluorescence (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. Positive calcium transients were 

identified following a two-step procedure: initially, ΔF/F traces were smoothened by 

convoluting the raw signal with a 10 s squared kernel. True positives (with minimal intervals 

of 1s between transients) were then defined on an automated basis using custom-written 
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MATLAB (MathWorks) routines where the threshold was set at 5 times the standard deviation 

of the corresponding D-AP5 average trace. 

 

Photo-activated localization microscopy (PALM) 

Dissociated hippocampal neurons were prepared from E18 Sprague-Dawley rats and plated 

on 18 mm poly-lysine-pre-coated coverslips, as previously described.17 Neurons were 

transfected with mEos3.2-GluN1 and GFP-Homer1c between DIV 8 and 10 using the calcium-

phosphate coprecipitation method. On the day of experiment (DIV 14-15), coverslips were 

mounted on a Ludin chamber (Life Imaging Services). Cells were maintained in a pre-heated 

and equilibrated (37 °C / 5% CO2) Tyrode solution composed of the following (in mM): 108 

NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 15 D-Glucose, 25 HEPES (pH 7.4; 276 mOsm). Image 

acquisitions were performed on a Nikon Ti-Eclipse microscope (Nikon France) equipped with 

an incubator box and an air heating system (Life Imaging Services), a Perfect Focus System 

(PFS), a motorized stage TI-S-ER, and an azymuthal Ilas² TIRF arm (Gataca Systems) 

coupled to a laser bench containing 405 nm (100 mW), 488 nm (150 mW), 532 nm (1 W), 561 

nm (200 mW) and 642 nm (1 W) diodes. Photo-conversion of mEos3.2 was achieved using 

the 405 nm laser and photo-converted single molecule fluorescence was excited with the 561 

nm laser. Both lasers illuminated the sample simultaneously and their respective powers were 

adjusted to maintain the number of stochastically-activated molecules constant during 

acquisitions. The angle of illumination was adjusted in oblique configuration to detect mEos3.2 

signals at the cell surface and to decrease background noise. Fluorescence signals were 

detected using an Apo TIRF 100X NA 1.49 oil-immersion objective and a Fusion BT sCMOS 

camera (Hamamatsu Photonics). The microscope and image acquisition were driven by the 

Metamorph software (Molecular Devices). Redistributions of mEos3.2-GluN1 at the neuronal 

surface were monitored for 4000 frames at 20 Hz acquisition rate (200 s recordings).  Each 

neuronal field was imaged twice, i.e. before and after a 5 min exposure to NMDA (5 µM) alone 

or combined with either D-AP5 (50 μM), KET (1 μM), MK-801 (20 μM) or memantine (1 µM). 

Drugs were added directly into the bath after the first acquisition. Trajectory reconstruction 

and data extraction were performed using the PALMTracer plug-in running under the 

Metamorph software environment (J.B. Sibarita, Bordeaux). The two-dimensional trajectories 

of single molecules in the plane of focus were constructed by correlation analysis between 

consecutive images using a Vogel algorithm. For each trajectory, the instantaneous diffusion 

coefficient ‘D’ was calculated from linear fits of the first 4 points of the mean-square-

displacement versus time function using MSD(t) = <r2> (t) = 4Dt. Synaptic areas were defined 

by wavelet image segmentation from fluorescence images of the GFP-Homer1c postsynaptic 

marker. 
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Direct Stochastic Optical Reconstruction Microscopy (dSTORM)  

Dissociated hippocampal neurons were transfected with GFP-Homer1c and Flag-GluN1 

between DIV 8 and 10 using the calcium-phosphate coprecipitation method. On DIV 14-17, 

neurons were exposed to TTX (1 µM), D-AP5 (50 µM), KET (1 μM), MK-801 (20 µM) or MEM 

(1 µM) for 1h. Neurons were then incubated with blocking agents (HEPES 10 mM, BSA 1%; 

5 min, 37°C) and labeled using a mouse monoclonal anti-Flag antibody (Sigma-Aldrich, Saint-

Louis, MO, USA, Cat# N° F1804, 1/500, 10 min, 37°C) in the presence of different drugs. 

Samples were fixed in 4% PFA (15 min, RT) and carefully washed in a quenching solution 

(PBS-1X, NH4Cl 50 mM). Unspecific antibody binding sites were masked using a blocking 

solution (1.5% BSA, 0.1% fish gel, 0.1% Triton-100X; 45 min, RT). Samples were labeled with 

an anti-mouse Alexa 647-conjugated secondary antibody (ThermoFisher Scientific, 1/500; 1h, 

RT). Coverslips were carefully washed and stored in PBS 1X at 4°C until imaging. Multicolor 

fluorescent TetraSpeckTM microspheres were added to the samples before image acquisition 

(ThermoFisher Scientific, Cat# T7279; 1/500; 10 min, at RT). Imaging sessions were 

performed on a Nikon Eclipse Ti microscope (Nikon France) equipped with a Perfect Focus 

System (PFS), an azymuthal Ilas² TIRF arm and scanner system (Gataca Systems), a Ti-S-

ER motorized stage controlled by MetaMorph software (Molecular Devices), an Apo TIRF 

100X oil-immersion objective (NA 1.49) and an Evolve EMCCD camera (Teledyne 

Photometrics) with a final pixel size of 160 nm. Alexa 647 fluorophores were converted into 

the dark state using a 642 nm fiber laser at maximum power (1,000 mW), and a stable 

optimized rate of stochastically-activated molecules per frame was achieved by controlling the 

power of a diode-pumped solid-state 405 nm laser (1,000 mW) while fixing the 642 nm laser 

power to around 30% of maximum. Samples were illuminated in TIRF mode and images were 

obtained with an exposure time of 20 ms (50 Hz frame rate) up to 80,000 consecutive frames. 

Imaging was carried out at RT in a closed Ludin chamber (Life Imaging Services) using a pH-

adjusted extracellular solution containing oxygen scavengers and reducing agents.76 Single-

molecule localization and reconstruction was performed online with automatic feedback 

control of the lasers using the WaveTracer module, enabling optimal single-molecule density 

during the acquisition.77 The acquisition and localization sequences were driven by 

MetaMorph software in streaming mode using a region of interest of 256 x 256 pixels. Super-

resolved images were reconstructed with the PALMTracer software plugin for MetaMorph 

using a Gaussian fit (xy sigma) to determine the centroid-coordinates of a single molecule and 

lateral drift correction was achieved using the positions of the photostable TetraSpeckTM 

beads. SR-Tesseler software was used to quantify protein clustering from the detected 

fluorophore coordinates.78 This method uses a Voronoi diagram to decompose a super-

resolved image into polygons of various sizes, which are drawn by equally dividing the 

distances between all adjacent detections. From those polygons, several parameters can be 
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extracted, such as the first-rank density σi1 of a detected molecule i. Automatic segmentation 

of clusters was performed by selecting sets of detections having a density σi1 higher than 2σd, 

with σd being the average density of a user-defined region (containing one dendrite). All 

selected neighboring molecules were merged and only clusters having a minimum area of 

1.25 px2 (minimum area of 180 nm2 based on the size of GluN1 clusters in epifluorescence) 

and a minimum number of localizations of 5, as previously defined.8 were considered. For 

each cluster j, automatic segmentation of the nanodomains was achieved by applying 

σ(i,j)
1>1σj

o, with σj
o the average density of the cluster j and σ(i,j)

1 the density of its ith molecule. 

As for clusters, all selected neighboring molecules were merged and only nanodomains having 

a minimum area of 0.00625 px2 (minimum area of 12.65 nm2 based on the size of an NMDAR) 

and a minimum number of localizations of 25 based on the number of times a single emitter 

is expected to blink during the total length of an acquisition were considered.8 Size parameters 

of both the clusters and the nanodomains were extracted by principal component analysis. 

Local detection densities were calculated as the number of localizations divided by the 

respective area of the cluster or nanodomain. Synaptic NMDAR clusters were identified 

manually by superimposing an epifluorescence image of GFP-Homer1c to a super-resolved 

image of Flag-GluN1 clusters.  

 

Fluorescence recovery after photobleaching (FRAP)  

Dissociated hippocampal neurons were transfected with SEP-GluN2A between DIV 8 and 10 

using the calcium-phosphate coprecipitation method. On DIV 14-16, neurons were exposed 

to NMDAR-IgG, with or without KET (10 µM) or D-AP5 (50 µM) for either 20 min or 12 h, and 

were subsequently imaged on an inverted confocal Leica DMI6000B microscope (Leica 

Microsystems) with a Yokogawa CSU-X1 spinning-disk system (Yokogawa Electric 

Corporation). Acquisitions were performed using a Plan Apo 63x oil immersion objective (NA 

1.4) and a Prime 95B camera (Teledyne Photometrics, Tucson, AZ, USA). A 488 nm laser 

(400 mW) at 50% intensity was used to photobleach locally. Recovery from photobleaching 

was monitored by three consecutive acquisition periods at 2, 0.5, and 0.1 Hz acquisition rates, 

respectively, using the appropriate excitation/emission filters. Clusters were imaged over a 

period of 180 s. Fluorescence intensity was measured using MetaMorph software (Molecular 

Devices) and corrected for acquisitional photobleaching. Image analysis and background 

noise were performed using homemade plugins in ImageJ (NIH). 

 

Frequency domain based fluorescence lifetime imaging microscopy of Förster 

resonance energy transfer (FLIM-FRET) 

Dissociated hippocampal neurons were transfected between DIV 8 and 10 using the calcium-

phosphate precipitation method. For experiments designed to probe NMDAR conformational 
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rearrangements elicited by antagonists or antibodies, neurons were co-transfected to express 

recombinant NMDAR complexes incorporating C-terminus-tagged GluN1-GFP (donor 

fluorophore) and GluN1-mCherry (acceptor fluorophore; gifts from Paul de Koninck) together 

with flag-tagged GluN2B subunits (gift from Robert Wenthold), as previously described.31,79 

Causality between drug binding to the receptor and changes in conformation was tested by 

expressing GluN1-N616A-GFP and GluN1-N616A-mCherry incorporating a point mutation 

within the binding site for KET.33 For intermolecular FRET experiments designed to assess 

whether antagonists affect interactions between NMDAR and MAGUK, neurons were co-

transfected to express GluN1-GFP (donor fluorophore) and PSD-95-mCherry (acceptor 

fluorophore; gifts from Paul de Koninck).32 For intramolecular FRET experiments designed to 

explore if KET would prevent NMDAR-IgG-elicited impairment in CaMKIIα activity, neurons 

were transfected to express the FRET-based sensor Green-Camuiα in which the N- and C-

termini of CaMKIIα are labelled with monomeric enhanced GFP (mEGFP, donor fluorophore) 

and resonance energy-accepting chromoprotein (REACh, acceptor fluorophore), 

respectively.38 On the day of experiment (DIV 12-15), coverslips were mounted on a Ludin 

chamber (Life Imaging Services, Basel, Switzerland). Cells were maintained in a pre-heated 

and equilibrated (37 °C / 5% CO2) Tyrode solution composed of the following (in mM): 108 

NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 15 D-Glucose, 25 HEPES (pH 7.4; 276 mOsm). Image 

acquisitions were performed at 37°C on an inverted Leica DMI6000B microscope (Leica 

Microsystems) equipped with an incubator box and an air heating system (Life Imaging 

Services), a Yokogawa CSU-X1 spinning-disk system (Yokogawa Electric Corporation, Tokyo, 

Japan), a motorized stage controlled with MetaMorph software (Molecular Devices, 

Sunnyvale, USA), and using a LIFA frequency domain lifetime attachment and the LI-FLIM 

software (Lambert Instruments BV). Cells were excited using a sinusoidally modulated (36 

MHz) 478 nm LED (1 W) under wide-field illumination. Emissions were collected using HCX 

Plan Apo CS 63X (NA 1.4) or HCX Plan Apo 100X (NA 1.4) oil immersion objectives, an 

appropriate filter set and an intensified Li2CAM CCD camera (Lambert Instruments BV, 

Groningen, The Netherlands). Lifetimes were calibrated using a solution of erythrosin B (1 

mg/ml) as a reference (0.086 ns; 30 ms exposure time). GFP lifetimes of the samples were 

determined from the fluorescence phase-shift between the sample and the reference from a 

set of 12 phase settings using LI-FLIM software (Lambert Instruments BV). FRET efficiency 

was calculated as EFRET = 1 - (DA/D), where DA is the lifetime of the donor fluorophore (GFP) 

in the presence of the acceptor (mCherry) and D is the average lifetime of the donor alone, as 

previously described.32 Depending on experimental configurations, neuronal fields were 

selected based on the expression of GluN1-GFP, GluN1-N616A-GFP, Green-Camuiα, GluN1-

mCherry, GluN1-N616A-mCherry and PSD-95-mCherry which were excited using either 491 
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nm (GFP) or 561 nm (mCherry) diode lasers (100 mW). Fluorescence signals were visualized 

using an appropriate filter set and an Evolve EMCCD camera (Teledyne Photometrics), and 

acquisitions were carried out using MetaMorph. GFP lifetimes were measured using the LI-

FLIM software from 20 to 30 dendritic spines manually defined using ImageJ (NIH) based on 

the presence of GluN1-GFP and GluN1-mCherry clusters, blind to the FLIM image. In 

experiments probing NMDAR conformational rearrangements elicited by antagonists, each 

neuronal field was imaged twice, i.e. before and 5 min after exposure to NMDA (5 µM) alone 

or combined with either D-AP5 (50 μM), KET (1 μM), MK-801 (20 μM) or MEM (1 µM). Drugs 

were added directly into the bath after the first acquisition. To explore the contribution of 

interactions between NMDAR and MAGUK in KET-induced conformational rearrangements, 

neurons were pre-incubated for 1h either with a nonsense (TAT-NS; 

YGRKKRRQRRRGSEVILDQPVIAKPLIPALSVALSVKEEA, 10 μM; CASLO ApS, Kongens 

Lyngby, Denmark) or a biomimetic peptide (TAT-2B; YGRKKRRQRRRNGHVYEKLSSIESDV, 

10 μM) competing with GluN2B for the binding to PDZ domains.35 GFP lifetimes were acquired 

in the presence of the peptides before and 5 min after application of NMDA (5 µM) together 

with KET (1 µM). The ability of KET to compensate for antibody-elicited conformational 

rearrangements in NMDAR cytosolic domains was probed through repeated measures of GFP 

lifetime. After a first acquisition in Tyrode medium, Healthy-IgG or NMDAR-IgG were added to 

the bath and incubated for 15 min before a second acquisition was performed. KET (10 µM) 

was then added to the bath for 15 min and a third measurement was achieved. Repeated 

measures of GFP lifetime were also implemented with the Green-Camuiα FRET-based sensor 

to assess the ability of KET and D-AP5 to prevent NMDAR-IgG-elicited impairment in CaMKIIα 

activity. Prior to imaging, cells were pre-incubated for 1h with either buffer, KET (10 µM), D-

AP5 (50 µM), Healthy-IgG, NMDAR-IgG, or NMDAR-IgG combined with KET or D-AP5. GFP 

lifetimes were then acquired every minute before (two baseline timepoints) and after addition 

of glutamate (25 µM) to the bath to stimulate NMDAR-mediated recruitment of CaMKIIα 

activity. 

 

Single particle tracking (SPT) 

Single particle tracking of endogenous or recombinant NMDAR, 2-GABAAR, EphB2R and 

KV1.3 was performed as previously described.17 For experiments involving recombinant 

proteins, neurons were transfected between DIV 8 and 10 to express SEP- 2, Flag-GluN2A-

WT, Flag-GluN2B-WT, Flag-GluN2A-S1462A, Flag-GluN2B-S1480A or SEP-GluN2A using 

the calcium-phosphate coprecipitation method. DsRed-Homer1c and mVenus-Gephyrin were 

expressed as exogenous markers of excitatory and inhibitory synapses, respectively. On DIV 

13-15, dissociated hippocampal neurons were incubated for 10 min (37°C, 5% CO2) with 

polyclonal antibodies against either GluN1 (rabbit; Alomone Labs; 1:200), EphB2R (goat; R&D 
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systems; 1:200), KV1.3 (rabbit; Alomone Labs; 1:200), GFP (rabbit; ThermoFisher Scientific; 

1:50,000) or Flag (rabbit; Sigma-Aldrich, 1:10,000). Neurons were then washed and incubated 

for 10 min with either F(ab')2-goat anti-rabbit IgG (H+L) secondary antibody, Qdot 655 

(ThermoFisher Scientific; 1:10,000) or F(ab')2-rabbit anti-goat IgG (H+L) secondary antibody, 

Qdot 655 (ThermoFisher Scientific; 1:10,000). Non-specific binding was blocked by adding 

1% BSA (Sigma-Aldrich) to the labelling solutions. All incubations were performed in pre-

heated Tyrode solution containing (in mM): 110 NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 12 D-glucose, 

25 HEPES, pH 7.4, 1% BSA. Coverslips were transferred to a RC-41LP recording chamber 

(Harvard Apparatus; Cat# 64-0368) and perfused with pre-heated and equilibrated (37 °C / 

5% CO2) Tyrode medium. Drugs, peptides and antibodies were either pre-incubated or added 

directly into the bath, as indicated. Image acquisitions were performed on a Nikon Ti-U Eclipse 

microscope (Nikon France). QD were detected using a mercury lamp and appropriate 

excitation/emission filters. Images were acquired using an exposure time of 50 ms (20 Hz) 

with up to 500 consecutive frames. Signals were detected using an Evolve EMCCD camera 

(Teledyne Photometrics) controlled by MetaMoprh software (Molecular Devices). Tracking 

was performed on randomly-selected dendritic regions for up to 20 min. The instantaneous 

diffusion coefficient ‘D’ was calculated for each trajectory, from linear fits of the first 4 points 

of the mean-square-displacement versus time function using MSD(t) = <r2> (t) = 4Dt. The two-

dimensional trajectories of single molecules in the plane of focus were constructed by 

correlation analysis between consecutive images using a Vogel algorithm.  

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism (GraphPad Software Corporation, 

San Diego, CA, USA). For behaviour experiments, a predetermined sample size was based 

on previous studies and the literature 39,80. A sample size of 10 to 15 rats was used, which 

corresponds to a power factor of 0.6. A D'Agostino and Pearson omnibus normality test was 

applied to determine the normality of the data. For normally distributed data, the following 

parametric tests were applied: for unpaired data, Student t-test; for paired data, Paired t-test 

test; for unmatched grouped data, One-way ANOVA followed by Tukey’s multiple comparison 

test. For data that did not follow a normal distribution, the following non-parametric tests were 

applied: for unpaired data, Mann-Whitney test; for paired data, Wilcoxon matched-pairs signed 

rank test; for unmatched grouped data, Kruskal-Wallis test followed by Dunn’s multiple 

comparison test. For distribution comparisons a Kolmogorov-Smirnov test was used. 

Statistically significant differences between conditions are represented as asterisks (p>0.05, 

*p>0.05, **p<0.01, ***p<0.001). 
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Preparation of figures and analysis 

Figures were assembled in ImageJ (NIH), only contrast and brightness were adjusted to 

optimize the image quality. All statistical analysis was performed in GraphPad Prism 9.2 

(GraphPad Software, San Diego, USA).  
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Figure S1: Acute action of OCBs on the synaptic trapping of NMDAR 

(A) Representative illustration of mixed primary cultures prepared from E18 rat hippocampi 

containing neuronal (MAP2-positive cells, yellow), glial (GFAP-positive cells, blue) and 

microglial (Iba1-positive, green) cells. DAPI, nuclear staining (purple). Scale bar, 20 µm.  

(B) Left panel, representative example of spontaneous calcium activity (20 Hz acquisition rate) 

monitored over time in a dendritic spine (yellow arrow) using the genetically-encoded 

GCaMP6f calcium sensor. Scale bar, 5 µm. Right panel, representative example traces of 

NMDAR-mediated calcium transients in single spines (DF/F) after incubation with NMDA (5 

µM) alone (Basal) or combined with D-AP5 (50 µM, green), KET (1 µM, red), MK-801 (20 µM, 

wine) or memantine (MEM, 1 µM, yellow). 

(C) Experimental principle (top) and epifluorescence images of dendritic segments expressing 

Homer1c-dsRed (grey) as a synaptic marker with representative trajectories (25 s, 20 Hz 

acquisition rate) of endogenous quantum dot (QD)-labelled synaptic NMDAR exposed to MEM 

(1 μM), or KA (10 μM) for 1h. Scale bar, 500 nm. 

(D) Normalized mean squared displacement (MSD) over time of synaptic NMDAR after 1h 

exposure to buffer (grey; n = 2580 trajectories), MEM (yellow; n = 838 trajectories), or KA 

(blue; n = 683). 

(E) Normalized surface explored by synaptic NMDAR over 100 ms after 1h exposure to buffer 

(n = 1,223 trajectories), MEM (n = 477), or KA (n = 326). Data expressed as median ± 25-75% 

IQR (box) and 10-90% percentile (whiskers). 

(F) Normalized instantaneous diffusion coefficients of synaptic NMDAR after 1h exposure to 

buffer (n = 2,631 trajectories), MEM (n = 632), or KA (n = 631). Data expressed as median ± 

25-75% IQR (box) and 10-90% percentile (whiskers). 

(G) Normalized synaptic residency time of NMDAR after 1h exposure to buffer (n = 2304 

trajectories), MEM (n = 750), or KA (n = 631). Data expressed as median ± 25-75% IQR (box) 

and 10-90% percentile (whiskers). Kruskal-Wallis followed by Dunn’s multiple comparison 

test, ***p<0.001. 

(H) Experimental principle (top) and epifluorescence images of dendritic segments expressing 

Homer1c-dsRed (grey) as a synaptic marker with representative trajectories of endogenous 

QD-labelled synaptic NMDAR after exposure to TTX (1 µM) or NMDA (5 µM) combined with 

MEM (1 μM) or KA (10 μM) in the presence of TTX. Scale bar, 500 nm.  

(I) Normalized MSD over time of NMDAR before and after exposure to TTX or NMDA 

combined with MEM (before, n = 827 trajectories; after, n = 941 trajectories) or KA (before, n 

= 883; after, n = 975) in the presence of TTX. 

(J) Instantaneous diffusion coefficients of synaptic NMDAR before and after exposure to TTX 

or NMDA combined with MEM (n = 30 cells) or KA (n = 27) in the presence of TTX. Each dot 

represents the median diffusion coefficient for one cell, before and after treatment. 
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Figure S2: OCBs enhance the synaptic trapping of NMDAR 

(A) Experimental principle (top) and epifluorescence images (upper panels) of dendritic 

segments expressing Homer1c-GFP (grey) with color-coded representative total (middle 

panels) and synaptic (lower panels) trajectories of GluN1-mEos3.2-NMDAR after 5 min 

exposure to NMDA combined with D-AP5, KET, MK-801 or MEM. Scale bars, 1 µm. 

(B) Normalized MSD over time of synaptic NMDAR before and after exposure to NMDA 

combined with D-AP5 (before, n = 5,164 trajectories; after, n = 6,636 trajectories), KET 

(before, n = 11,594; after, n = 9,039), MK-801 (before, n = 8,000; after, n = 7,748), or MEM 

(before, n = 9,713; after, n = 5,757). Kolmogorov-Smirnov test, **p<0.01, ***p<0.001.  

(C) Instantaneous diffusion coefficients of synaptic (left panel) and extrasynaptic (right panel) 

NMDAR before and after exposure to NMDA alone (n = 19 cells) or combined with D-AP5 (n 

= 19), KET (n = 20), MK-801 (n = 20), or MEM (n = 19). Each dot represents the median 

diffusion coefficient for one cell, before and after treatment. Paired t-test, *p<0.05, **p<0.01. 
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Figure S3: OCBs selectively enhance the trapping of NMDAR at excitatory synapses 

(A) Principle of EphB2R SPT experiments and representative individual trajectories (25 s, 20 

Hz acquisition rate) of quantum dot (QD)-labelled surface EphB2R at synapses labelled with 

Homer1c-dsRed as a marker (syn., grey areas) after a 1h exposure to buffer (black), D-AP5 

(50 µM, green) or KET (1 μM, red). Scale bar, 500 nm.  

(B) Left panel, normalized instantaneous diffusion coefficients of synaptic EphB2R and KV1.3 

(normalization to buffer) after 1h exposure to buffer (black; EphB2R, n = 207 trajectories; 

KV1.3, n = 1,179 trajectories), D-AP5 (50 μM, green; EphB2R, n = 363 trajectories; KV1.3, n = 

1,041 trajectories) or KET (1 μM, red; EphB2R, n = 184 trajectories; KV1.3, n = 507 

trajectories). Right panel, normalized synaptic residency time of EphB2R and KV1.3 

(normalization to buffer) after 1h exposure to buffer (black; EphB2R, n = 207 trajectories; 

KV1.3, n = 1,179 trajectories), D-AP5 (50 μM, green; EphB2R, n = 253 trajectories; KV1.3, n = 

1,041 trajectories) or KET (1 μM, red; EphB2R, n = 143 trajectories; KV1.3, n = 507 

trajectories). Data expressed as median ± 25-75% IQR (box) and 10-90% percentile 

(whiskers). Kruskal-Wallis followed by Dunn’s multiple comparison test, **p<0.01.  

(C) Experimental principle (top) and epifluorescence images of dendritic segments expressing 

Gephyrin-dsRed (grey) as a synaptic marker with representative trajectories (25 s, 20 Hz 

acquisition rate) of quantum dot (QD)-labelled 2-GABAAR at inhibitory synapses after a 5 min 

exposure to buffer (white) or KET (1 µM, red) combined with NMDA (5 µM) in the presence of 

TTX (1 µM). Scale bar, 500 nm.  

(D) Instantaneous diffusion coefficients of 2-GABAAR at inhibitory synapses before and 5 min 

after exposure to buffer (black; N = 23 cells) or KET (1 μM, red; N = 23 cells) combined with 

NMDA (5 µM) in the presence of TTX (1 µM). Each dot represents the median diffusion 

coefficient for one cell, before and after treatment.  

(E) Residency time of 2-GABAAR at inhibitory synapses before and 5 min after exposure to 

buffer (grey; N = 23 cells) or KET (1 μM, red; N = 23 cells) combined with NMDA (5 µM) in the 

presence of TTX (1 µM). Data expressed as median ± 25-75% IQR (box) and 10-90% 

percentile (whiskers).  

(F) Surface explored by 2-GABAAR at inhibitory synapses before and 5 min after exposure to 

buffer (grey; Bef., n = 1,573 trajectories; Buffer, n = 1,404 trajectories; N = 23 cells) or KET (1 

μM, red; Bef., n = n = 1,551 trajectories; KET, n = 1,486 trajectories; N = 23 cells) combined 

with NMDA (5 µM) in the presence of TTX (1 µM). Data expressed as median ± 25-75% IQR 

(box) and 10-90% percentile (whiskers). 
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Figure S4: Acute exposure to OCBs has a limited impact on dendritic spines, NMDAR 

synaptic numbers and organization 

(A) Representative dendritic stretches from GFP-expressing neurons in each experimental 

condition. Yellow arrows indicate visually-identified dendritic spines. Scale bar, 1 µm.  

(B) Number of dendritic spines per 10 μm after 1h exposure to buffer (black; n = 63 dendrites, 

N = 30 cells), D-AP5 (50 µM, green; n = 52 dendrites, N = 28 cells), KET (1 µM, red; n = 60 

dendrites, N = 30 cells), MK-801 (20 µM, wine; n = 50 dendrites, N = 25 cells) or memantine 

(MEM, 1 µM, yellow; n = 60 dendrites, N = 30 cells). Data expressed as median ± 25-75% 

IQR (box) and min to max (whiskers). Each dot represents the mean number of spines per 10 

µm for one dendritic stretch.  

(C) NMDAR cluster number per micron (normalized to buffer) after 1h exposure to buffer (grey; 

n = 55 cells), D-AP5 (50 µM, green; n = 40 cells), KET (1 µM, red; n = 40 cells), MK-801 (20 

µM, wine; N = 35 cells), memantine (1 µM, yellow; n = 47 cells) or TTX (1 µM, black; n = 38 

cells). Data expressed as median ± 25-75% IQR (box) and min to max (whiskers). Each dot 

represents the mean number of clusters per micron for one cell.  

(D) Representative dendritic segments of hippocampal neurons immunostained for Homer1c-

GFP (green) and flag-GluN1 NMDAR (red) after 1h exposure to buffer or memantine (MEM, 

1 µM). Scale bar, 5 µm.  

(E) Synaptic NMDAR cluster area (left panel) and intensity (right panel) after 1h exposure to 

buffer (grey; N = 50 cells) or memantine (1 µM, yellow; N = 41 cells). Data normalized to buffer 

and expressed as median ± 25-75% IQR (box) and min to max (whiskers). Each dot represents 

the mean synaptic NMDAR cluster area (left) and synaptic NMDAR cluster intensity (right) for 

one cell, respectively.  

(F) Representative example of a tesselated super-resolved post-synaptic GluN1-NMDAR 

cluster after a 1h exposure to memantine (MEM, 1 µM). Each dot represents a detection and 

thick outlines indicate intra-cluster nanodomains of receptors. Scale bar, 100 nm.  

(G) Area (left panel) and density (middle left panel) of post-synaptic GluN1-NMDAR clusters 

after a 1h exposure to either buffer (grey; n = 59 clusters, N = 8 cells), or memantine (1 µM, 

yellow; n = 164 clusters, N = 7 cells). Area (middle right panel) and density (right panel) of 

post-synaptic GluN1-NMDAR nanodomains after a 1h exposure to either buffer (grey; n = 149 

nanodomains, N = 8 cells), or memantine (1 µM, yellow; n = 574 nanodomains, N = 7 cells). 

Data expressed as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). 
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Figure S5: NMDAR antagonists do not impact the fluorescence lifetime of the donor 

fluorophore and memantine has no impact on the conformation of NMDAR cytosolic 

domains 

(A) Representative illustrations of GFP lifetime in GluN1-GFP (donor only) dendritic spine 

clusters 5 min after exposure to buffer or NMDA (5 µM) combined with either D-AP5 (50 µM), 

KET (1 µM), MK-801 (20 µM), or memantine (MEM, 1 µM). Scale bar, 1 µm.  

(B) GFP lifetime in GluN1-GFP clusters before and 5 min after exposure to NMDA (5 µM) 

combined with D-AP5 (50 µM, green; n = 488 clusters, N = 28 cells), KET (1 µM, red; n = 310 

clusters, N = 43 cells), MK-801 (20 µM, wine; n = 389 clusters, N = 17 cells), or memantine (1 

µM, yellow; n = 207 clusters, N = 53 cells). Each dot represents the lifetime for one cluster, 

before and after treatment. (C) Representative illustration of GFP lifetime in a GluN1-

GFP/GluN1-mCherry (donor + acceptor) dendritic spine cluster 5 min after exposure to NMDA 

(5 µM) combined with memantine (MEM, 1 µM). Scale bar, 1 µm.  

(D) Left panel, GFP lifetime in GluN1-GFP/GluN1-mCherry clusters before and 5 min after 

exposure to NMDA (5 µM) combined with memantine (1 µM, yellow; n = 298 clusters, N = 72 

cells). Each dot represents the lifetime for one cluster, before and after treatment. Right panel, 

normalized FRET efficiency in GluN1-GFP/GluN1-mCherry clusters before and 5 min after 

exposure to NMDA (5 µM) combined with memantine (1 µM, yellow; n = 218 clusters, N = 72 

cells). Data expressed as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). 

(E) Left panel, GFP lifetime in GluN1-GFP/GluN1-mCherry (n = 326 clusters, N = 19 cells) and 

GluN1-N616A-GFP/GluN1-N616A-mCherry (n = 362 clusters, N = 26 cells) clusters before 

and 5 min after exposure to NMDA (5 µM) combined with KET (1 µM, red). Right panel, GFP 

lifetime in GluN1-GFP (n = 326 clusters, N = 22 cells) and GluN1-N616A-GFP (n = 362 

clusters, N = 34 cells) clusters before and 5 min after exposure to NMDA (5 µM) combined 

with KET (1 µM, red). Each dot represents the lifetime for one cluster, before and after 

treatment. Wilcoxon test, ***p<0.001, **p<0.01.  
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Figure S6: Peptides and NMDAR antagonists do not impact the fluorescence lifetime of 

the donor fluorophore 

(A) Representative illustrations of GFP lifetime in GluN1-GFP (donor only, upper panels) or 

GluN1-GFP/GluN1-mCherry (donor + acceptor, lower panels) dendritic spine clusters before 

and 5 min after exposure to buffer or NMDA (5 µM) combined with KET (1 µM) in the presence 

of TAT-NS or TAT-2B peptides (10 µM). Scale bar, 1 µm.  

(B) Left panel, GFP lifetime in GluN1-GFP (donor) and GluN1-GFP/GluN1-mCherry 

(don.+acc.) clusters in the presence of buffer (grey; donor, n = 207 clusters, N = 53 cells; 

don.+acc., n = 285 clusters, N = 72 cells), TAT-NS (10 µM, white; donor, n = 318 clusters, N 

= 83 cells; don.+acc., n = 195 clusters, N = 81 cells), or TAT-2B (10 µM, black; donor, n = 327 

clusters, N = 77 cells; don.+acc., n = 234 clusters, N = 88 cells) peptides. Right panel, FRET 

efficiency in GluN1-GFP/GluN1-mCherry clusters in the presence of buffer (grey; n = 207 

clusters, N = 72 cells), TAT-NS (10 µM, white; n = 195 clusters, N = 81 cells) or TAT-2B (10 

µM, black; n = 234 clusters, N = 88 cells) peptides. Data expressed as median ± 25-75% IQR 

(box) and 10-90% percentile (whiskers). Kruskal-Wallis followed by Dunn’s multiple 

comparison test, ***p<0.001.  

(C) Left panel, GFP lifetime in GluN1-GFP/GluN1-mCherry clusters before and 5 min after 

exposure to NMDA (5 µM) combined with KET (1 µM, red) in the presence of scramble TAT-

NS (10 µM; n = 205 clusters, N = 81 cells) or biomimetic TAT-2B (10 µM; n = 243 clusters, N 

= 88 cells) peptides. Right panel, GFP lifetime in GluN1-GFP clusters before and 5 min after 

exposure to NMDA (5 µM) combined with KET (1 µM, red) in the presence of TAT-NS (10 µM; 

n = 318 clusters, N = 83 cells), or TAT-2B (10 µM; n = 327 clusters, N = 77 cells) peptides. 

Each dot represents the lifetime for one cluster, before and after treatment. Wilcoxon test, 

**p<0.01.  

(D) GFP lifetime in GluN1-GFP (donor) and GluN1-GFP/PSD95-mCherry (don.+acc.) clusters 

after exposure to buffer (dark grey; donor, n = 887 clusters, N = 38 cells; don.+acc., n = 887 

clusters, N = 38 cells) or NMDA alone (5 µM, light grey; donor, n = 1,145 clusters, N = 45 cells; 

don.+acc., n = 761 clusters, N = 43 cells) or combined with D-AP5 (50 µM, green; donor, n = 

881 clusters, N = 45 cells; don.+acc., n = 723 clusters, N = 41 cells), KET (1 µM, red; donor, 

n = 967 clusters, N = 30 cells; don.+acc., n = 535 clusters, N = 33 cells), MK-801 (20 µM, 

wine; donor, n = 860 clusters, N = 30 cells; don.+acc., n = 606 clusters, N = 26 cells) or MEM 

(1 µM, yellow; donor, n = 876 clusters, N = 32 cells; don.+acc., n = 791 clusters, N = 34 cells). 

Data expressed as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). Mann-

Whitney test, ***p<0.0001.  

(E) Left panel, representative illustration of GFP lifetime in a GluN1-GFP/PSD95-mCherry 

dendritic spine cluster 5 min after exposure to NMDA (5 µM) combined with memantine (MEM, 

1 µM). Scale bar, 1 µm. Right panel, FRET efficiency in GluN1-GFP/PSD95-mCherry clusters 
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before and 5 min after exposure to buffer (grey; n = 895 clusters, N = 38 cells) or NMDA (5 

µM) combined with memantine (1 µM, yellow; n = 791 clusters, N = 31 cells). Data expressed 

as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). Mann-Whitney test, 

***p<0.0001. 
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Figure S7: KET prevents impairment in NMDAR synaptic trapping and conformational 

rearrangements caused by patient-derived anti-NMDAR antibodies 

(A) Representative illustration of glia-free Banker cultures prepared from E18 rat hippocampi. 

NeuN, neuronal staining (yellow); DAPI, nuclear staining (blue). Scale bar, 30 µm.  

(B) Left, representative trajectories (25 s, 20 Hz acquisition rate) of quantum dot (QD)-labelled 

surface GluN2A-NMDAR at synapses labelled with Homer1c-dsRed as a marker (syn., grey 

areas) after 30 min exposure to NMDAR-IgG (blue) or NMDAR-IgG + KET (10µM; orange). 

Scale bar, 500 nm. Right, mobile fraction of GluN2A-NMDAR at excitatory synapses of glia-

free neurons exposed to NMDAR-IgG for 12h), before and 15 min after application of KET (10 

µM; n = 15 cells). Each dot represents the lifetime for one cell, before and after treatment. 

Paired t-test, ***p<0.001.  

(C) Mobile fraction of synaptic GluN2A-NMDAR after 30 min exposure to aCSF (grey; N = 8 

cells), Pat. CSF (blue; N=12 cells) or Pat. CSF + KET (10 µM, orange; N = 18 cells). Data 

expressed as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). Kruskal-Wallis 

followed by Dunn’s multiple comparison test, *p<0.05.  

(D) Mobile fraction of synaptic GluN2A-NMDAR before and 10 min after exposure to NMDAR-

IgG (blue), then midazolam (10 µM, dark grey), then KET (10 µM, orange) (N = 8 cells). Each 

dot represents the median mobile fraction for one cell, before and after treatment. Paired t-

test, **p<0.01, ***p<0.0001.  

(E) GFP lifetime in GluN1-GFP/GluN1-mCherry clusters before and 15 min after exposure to 

D-AP5 (50 µM) in the presence of NMDAR-IgG (n = 68 clusters, N = 13 cells). Data expressed 

as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). Paired t-test ***p<0.001. 
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Figure S8: KET prevents synaptic NMDAR depletion and signalling deficits caused by 

patient-derived anti-NMDAR antibodies 

(A) Upper panels, epifluorescence images of a neuron expressing Homer-DsRed and SEP-

GluN1. Scale bar, 10 µm. Lower panels, representative epifluorescence images of Homer-

DsRed (red) and SEP-GluN1 (green) expression on dendritic segments after 12h exposure to 

Healthy-IgG, NMDAR-IgG or NMDAR-IgG + KET (10 µM). Scale bar, 2 µm.  

(B) Fraction of NMDAR cluster-positive synapses after 12h exposure to Healthy-IgG (grey; n 

= 10 cells), NMDAR-IgG (blue; n = 18 cells), NMDAR-IgG + KET (10 µM, orange; n = 11 cells). 

Data expressed as mean ± SEM. One-way ANOVA followed by Tukey’s multiple comparison 

test, *p < 0.05.  

(C) Left, representative epifluorescence images of dendritic segments immunostained for 

surface Homer1c after 12h exposure to buffer, KET (10 µM), NMDAR-IgG or NMDAR-IgG + 

KET (10 µM). Scale bar, 2 µm. Middle, Homer1c cluster density after 12h exposure to buffer 

(black; n = 35 cells), KET (10 µM, red; n = 19 cells), NMDAR-IgG (black; n = 44 cells), NMDAR-

IgG + KET (10 µM, red; n = 41 cells). Right, Homer1c cluster area after 12h exposure to buffer 

(black; n = 40 cells), KET (10 µM, red; n = 36 cells), NMDAR-IgG (black; n = 36 cells), NMDAR-

IgG + KET (10 µM, red; n = 37 cells). Data expressed as mean ± SEM.  
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Figure S9: Immunoglobulins G from healthy individuals have no impact on behavioral 

performances 

(A-J) Horizontal activity (A, open field), velocity (B, open field), Z-scores for locomotor activity 

(C) calculated from horizontal activity and velocity measurements, time in center zone (D, 

open field), time in open arms (E, elevated plus maze), sucrose preference index (F, sucrose 

consumption), time spent immobile (G, forced swim test), Z-scores for anxiety / depression 

(H) calculated from sucrose consumption, forced swim, open field and elevated plus maze 

tests, novel object recognition (I, NOR) index and prepulse inhibition of startle responses (J) 

of animals exposed to either saline (n = 10 rats) or Healthy-IgG (n = 11 rats). All data 

expressed as scatter dot plot with mean ± SEM except for (C) and (H) displayed as median ± 

25-75% IQR (box) and 10-90% percentile (whiskers). 

(K-T) Horizontal activity (K, open field), velocity (L, open field), Z-scores for locomotor activity 

(M) calculated from horizontal activity and velocity measurements, time in center zone (N, 

open field), time in open arms (O, elevated plus maze), sucrose preference index (P, sucrose 

consumption), time spent immobile (Q, forced swim test), Z-scores for anxiety / depression 

(R) calculated from sucrose consumption, forced swim, open field and elevated plus maze 

tests, novel object recognition (S, NOR) index and prepulse inhibition of startle responses (T) 

of animals exposed to either Healthy-IgG alone (n = 10 rats) or combined with KET (n = 9 

rats). All data expressed as scatter dot plot with mean ± SEM except for (M) and (R) displayed 

as median ± 25-75% IQR (box) and 10-90% percentile (whiskers). 
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Results II: EXPLORING THE CONTRIBUTION OF 
DRUG-EVOKED NMDAR REDISTRIBUTIONS IN THE 
ANTIDEPRESSANT ACTION OF KETAMINE 
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Introduction 
 

Major depressive disorder (MDD) is a leading cause of disability worldwide that affects about 

7% of adults (Nemeroff, 2008). Current treatments, which include psychotherapies and 

pharmacological agents targeting aminergic systems (such as SSRIs, SNRIs, and MAOIs), 

often have a delayed onset of action, typically requiring several weeks to achieve significant 

clinical effects (Machado-Vieira et al., 2010). More importantly, still up to one-third of patients 

are resistant to these treatments (Insel and Wang, 2009). Thus, the recent discovery that a 

subanesthetic dose of ketamine, a non-competitive N-methyl-D-aspartate glutamate receptor 

(NMDAR) antagonist, induce a rapid-acting and sustained antidepressant effect has risen new 

hopes for the treatment of depression (Berman et al., 2000; Carlos A Zarate et al., 2006). 

Ketamine antidepressant and global psychotomimetic effects were initially thought to result 

from NMDAR inhibition but accumulating evidence suggests that additional mechanisms 

beyond receptor blockade are involved (Abdallah et al., 2018; Yang et al., 2018; Zanos et al., 

2016). Ketamine may promote synaptic plasticity and enhance neural connectivity, particularly 

in brain regions involved in mood regulation, i.e. cortico-meso-limbic-striatal structures 

(Duman and Aghajanian, 2012). However, this is rather counterintuitive since ketamine blocks 

ion flow through NMDAR, and the exact mechanisms through which it alleviates symptoms in 

these brain regions remain unclear. Recent studies demonstrated that NMDAR-dependent 

synaptic plasticity may not invariably require calcium influx through the ion channel pore 

(Nabavi et al., 2013; Stein et al., 2020). Indeed, diffusion-based surface redistributions of 

NMDAR support their activity and therefore regulate synaptic plasticity processes supporting 

memory and cognition (Dupuis et al., 2014; Kellermayer et al., 2018). Moreover, disruptions 

in these NMDAR surface redistributions may play a crucial role in the development of 

neuropsychiatric diseases. Such impairment can cause profound cognitive and behavioral 

deficits, as observed in the presence of circulating anti-NMDAR antibodies from patients 

diagnosed with anti-NMDAR encephalitis (Jézéquel et al., 2017; Mikasova et al., 2012). We 

have previously shown than beyond the inhibition of ionotropic function, ketamine enhances 

NMDAR synaptic trapping, reducing anxio-depressive behavioral deficits caused by 

autoantibodies from patients with anti-NMDAR encephalitis (Villega et al, accepted in Neuron). 

Thus, we hypothesized that ketamine-elicited changes in NMDAR synaptic distribution may 

contribute to rearrangements in the functional connectivity of cortico-meso-limbic structures, 

supporting alleviation of depressive symptoms. 
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Materials and Methods 
In vitro experiments 

Cortical cultures 

Primary cultures of cortical neurons mixed with glial cells were prepared from 14 embryonic 

day (E14) C57BL/6 mouse embryos. Cortical tissues underwent dissection and mechanical 

dissociation following a 15-minute treatment at 37°C with 0.05% Trypsin-EDTA 1X solution 

containing Penicillin-Streptomycin and HEPES. Neurons were plated at a density of 600 000 

cells per dish onto poly-L-lysine pre-coated glass coverslips in 60 mm Petri dishes, using 

Neurobasal Plus Medium supplemented with 0.5 mM GlutaMAX, 1X B-27 Plus Supplement, 

and 1,5% horse serum. Full media exchange with Neurobasal Plus Medium supplemented 

with 1X B-27 Plus Supplement was done at 3 days in vitro (DIV). Overall, cultures were 

maintained at 37°C in 5% CO2 for up to14 days. Cells were exposed to either β-cyclodextrin 

(0.45%; solubilizing agent for CORT) alone (VEH) or combined with CORT (100 nM) for 72h.  

Ketamine (KET) was added to the medium and incubated for 90 min or 24 hours before 

imaging, at a concentration of 1 µM, which is within the range measurable in brain tissue 

following i.p injection of a subanesthetic dose that induces an antidepressant effect in mice 

(10 mg/kg). 

 

Transfection 

To incorporate specific DNA plasmids into neuronal cultures, neurons were transfected at DIV 

11 following a calcium phosphate transfection method. DNA precipitates were prepared by 

mixing Homer-GFP, GluN1-mEos 3.2, GluN2A-mEos 3.2 and/or GluN2B-mEos 3.2 plasmids 

(at the concentration of 1 µg/coverslip) with the following solutions: TE buffer (1 mM Tris-HCl 

pH 7.3, 1 mM EDTA), CaCl2 (2.5 M CaCl2 in 10 mM HEPES, pH 7.2) and 2X HEPES-buffered 

saline (HEBS; 12 mM dextrose, 50 mM HEPES, 10 mM KCl, 280 mM NaCl and 1.5 mM 

Na2HPO4-2H2O, pH 7.2). Coverslips were transferred to 12-well plates containing 250μL/well 

of conditioned culture medium supplemented with 2 mM kynurenic acid (Sigma-Aldrich Labs, 

Saint-Louis, MO, USA, ref. N°K3375). 50μl of DNA precipitate solution was added to each 

well. Cells were incubated for 1 h at 37°C, then washed with supplemented Neurobasal 

medium containing 2 mM kynurenic acid.  Coverslips were then transferred back to their 

original culture dishes filled with BrainPhys medium supplemented with B-27 Plus 

Supplement.  

 

Photo-activated localization microscopy (PALM) 

All PALM experiments were performed between DIV13 and DIV15. Coverslips were mounted 

on a Ludin chamber (Life Imaging Services, Basel, Switzerland) in 1 mL of their medium. 
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Images were acquired with a Nikon Ti-Eclipse microscope encased in an incubator box and 

an air heating system (Life Imaging Services). The microscope is also equipped with a Perfect 

Focus System (PFS), an Ilas² TIRF arm (Gataca Systems, Massy, France), an Apo TIRF 100X 

NA 1.49 oil-immersion objective, and an ORCA-Fusion BT sCMOS camera (Hamamatsu 

Photonics, Massy, France). First, transfected cells expressing Homer-GFP were detected with 

a 488 nm laser. Then, cells were simultaneously illuminated with two different lasers to allow 

for the detection of mEos 3.2 proteins: a 405 nm laser responsible for the photo-conversion 

and a 561 nm laser responsible for the excitation of these photo-converted molecules. The 

powers of both lasers were adjusted to maintain a constant stochastic activation of the 

molecules all along the acquisition. Images were acquired with Metamorph software 

(Molecular Devices, Sunnyvale, USA), mEos 3.2 dynamics were recorded for 2000 frames at 

20 Hz acquisition rate.  

 

Analyses and statistics 

Data was processed with the PALMTracer plug-in running under the Metamorph software 

environment (J.B. Sibarita). Single molecules localizations were first performed by Gaussian 

fitting of mEos3.2 fluorescent signals. The two-dimensional trajectories (10 frames minimum) 

of single molecules in the plane of focus were then constructed by correlation analysis 

between consecutive images using a Vogel algorithm. For each track, the diffusion coefficient 

D was calculated by applying a linear fit on the first 4 points of the mean-square-displacement 

(MSD) versus time interval function using MSD(t) = <r2(t)> = 4Dt. Image segmentation of 

Homer-labeled synaptic regions was performed to discriminate between synaptic and 

extrasynaptic compartments. Statistical analyses were performed with GraphPad Prism 8 

software. ANOVA two-ways were performed to assess how corticosterone (first factor) and 

ketamine (second factor) affect the median diffusion coefficient D. For MSD distributions 

comparison, a Kolmogorov-Smirnov test was used. Significance levels were defined as 

*p≤0.05, **p<0.01, ***p<0.001.  

 

Ex vivo experiments 

Animals 

The ex vivo experiments were performed on a pharmacological model of depression 

(Brachman et al., 2016). Corticosterone (CORT) (Sigma Aldrich) was dissolved in its vehicle 

(cyclodextrine 0.45%) at a concentration of 35 µg/mL. C57BL/6 male mice were drinking either 

CORT or vector solution as a control for 5 weeks. Then, animals were sacrificed and 

transcardially perfused with 4% PFA. Brains were post-fixed for one night, rinsed, and kept in 

PBS at 4°C until further processing. 
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Immunolabeling and tissue clearing (iDISCO+) 

Samples were prepared using the iDISCO+ procedure developed by Nicolas Renier (Renier 

et al., 2016, 2014). Briefly, samples first underwent a pre-clearing step for 5 days: samples 

were progressively dehydrated using increasing concentrations of methanol (MeOH), 

delipidated with a 66% dichloromethane (DCM)/ 33 % MeOH mix, bleached in a MeOH 

solution containing 5% hydrogen peroxide (H2O2) and progressively rehydrated in PBS. Then, 

samples were incubated for 10 days with a rabbit primary antibody directed against the 

immediate early gene c-fos, whose expression reflects neuronal activity (c-Fos antibody 226 

008, Synaptic Systems). Once the primary antibody was washed, samples were incubated for 

7 days with a donkey anti-rabbit secondary antibody Alexa Fluor 647 (ThermoFisher 

Scientific). Finally, samples were washed and dehydrated for 2 days with respectively PBS 

washes and H2O/MeOH growing concentrations. On the last day, samples are incubated in a 

66% DCM/ 33 % MeOH solution and transferred in dibenzyl ether (DBE) for storage until 3D 

imaging. 

 

Light-sheet Microscopy 

Samples were imaged using a light-sheet imaging microscope comprising an Andor Neo 

sCMOS camera and an Olympus MVPLAPO 2X objective (Ultramicroscope I, LaVision 

Biotec). Samples were first mounted on a specific holder and maintained with a crew in a 

position allowing sagittal optical sectioning. They were then placed under the microscope and 

were immersed in an ethyl-cinnamate bath that matched their refractive index (1.56) and 

oriented perpendicular to the light path. Acquisitions were done with ImspectorPro software 

(LaVision Biotec). For each sample, the left hemisphere was imaged by 3 light sheets of 

different angles that excite the sample from the right side with a vertical step size of 6 µm (NA 

0.035). First, a 0.8X autofluorescence scan of the sample was performed with a 488 nm laser 

for 900 frames at 5 Hz acquisition rate for a final pixel size of 4.062*4.062*6 µm. Then, c-fos-

positive cells were detected performing a 2X mosaic acquisition (5% overlap) with a 640 nm 

laser for 900 frames at a 33,3 Hz acquisition rate for a final pixel size of 1.625*1.625*6 µm.  

 

Data extraction 

Mosaic acquisitions were stitched using the Stitchy software (Translucence Bio).  

Quantifications were performed with the developed open-source ClearMap software (Renier 

et al, 2016). Image registration of the autofluorescence scan to the 3D annotated brain mouse 

atlas (Mouse P56 sagittal, Allen Institute Brain Atlases) and subsequent alignment to the c-

fos scan were performed to identify brain areas. Detection of c-fos-positive cells involved cell 

nucleus identification via background subtraction, filtration and 3D peak detection to locate the 

nuclei accurately. We chose a threshold of 10 voxels for the cell size. A disk-shaped structure 



120 
 

element of 6 pixels of diameter was applied by subtraction to remove the background pixels 

below an intensity cutoff of 1000.  

 

Data analyses  

Analyses have been restricted to 17 regions shown to be involved in depression: basolateral 

amygdala (BLA), hippocampus (Hipp), lateral hypothalamus (LH), dorsomedial hypothalamus 

(DMH), subparaventricular zone of the hypothalamus (SPZ), suprachiasmatic nucleus (SCN), 

anterior cingulate cortex (ACC), infralimbic cortex (IF), prelimbic cortex (PL), dorsal raphe 

nucleus (DRN), ventral tegmental area (VTA), ventral pallidum (VP), laterodorsal tegmental 

nucleus (LTDg), pedunculopontine nucleus (PPN), central amygdala (CeM), nucleus 

accumbens (Nac) and lateral habenula (LHb). c-fos densities were calculated for each area 

by dividing the number of c-fos positive cells by the volume of the corresponding region 

(cells/mm3). Functional connectivity has been analyzed for each condition to study network 

connectivity changes within meso-cortico-limbic-striatal circuits. Pearson correlation 

coefficients (r) were calculated for all pairs of possible correlations, 136 in total. Coefficients 

were then computed for all pairwise correlations at the level of 9 broad brain regions by 

grouping some of ROI: hippocampus (Hipp), medial prefrontal cortex (mPFC; grouping of 

anterior cingulate cortex (ACC), infralimbic cortex (IF) and prelimbic cortex (PL)) (Figure 2C), 

basolateral amygdala (BLA), hypothalamus (grouping of lateral hypothalamus (LH), 

dorsomedial hypothalamus (DMH), subparaventricular zone (SPZ) and suprachiasmatic 

nucleus (SCN)), midbrain (grouping of ventral tegmental area (VTA) and dorsal raphe nucleus 

(DRN)), ventral pallidum (VP), pons (grouping of pedunculopontine nucleus (PPN) and 

laterodorsal tegmental nucleus (LTDg)), striatum (grouping of central amygdala (CeM) and 

nucleus accumbens (Nac)) and lateral habenula (LHb). Connectivity matrices were generated 

from the values of the colour-coded r coefficients for all 17 ROI: negative correlations are 

represented by r values from -1 to 0, positive correlations are represented by r values from 0 

to 1. From these matrices were built functional connectivity networks using significant 

correlations (p<0.05). Network density D was calculated using the number of regions involved 

in the network (nodes, N) and the number of correlations (edges, E) with the following formula: 

D = (2*E) / (N*(N-1)).  

 

In vivo experiments 

Animals 

Ex vivo experiments were performed on a pharmacological model of depression (Brachman 

2016). Corticosterone (CORT) (Sigma Aldrich) was dissolved in its vehicle (cyclodextrine 

0.45%) at a concentration of 35 µg/mL. C57BL/6 male mice were drinking either CORT or 
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vector solution as a control for 5 weeks. Mice were maintained on a 12L:12D schedule (50-

70% humidity, 25-26°C) and were housed with ad libitum access to food and water 

supplemented with either β-cyclodextrin (0.45%; solubilizing agent for CORT) alone for control 

groups (vehicle, VEH) or combined with CORT (35 µg/mL). After 5 weeks, animals were 

injected with either KET (10 mg/kg i.p) or vehicle. The battery of tests used to characterize 

anxiety/depression-like behavioral manifestations started 24 hours after injection. The 

experimental plan and all procedures were in accordance with the European guide for the care 

and use of laboratory animals and approved by the ethics committee of the University of 

Bordeaux (CE50) and the French Ministry of Research under the n ° APAFIS 27675.  

 

Behavior 

Before each experiment, mice were taken to the test room to acclimate them for at least 30 

min to the room conditions. We performed a battery of tests designed to evaluate different 

modalities of the depressive-like phenotype. Arenas were cleaned with specific disinfectant 

surfactant between each trial (Aniospray surf 29). 

 

Elevated O-maze 

This test was performed on day 1, 24 h after the ketamine injection. The elevated O-maze was 

used to evaluate anxiety, indeed it is testing the conflict between the natural propensities of 

rodents for exploration and fear (Braun et al., 2011). Experiments were performed in a 50 cm 

diameter elevated O-maze containing 2 open sections without walls and 2 sections enclosed 

by 15 cm high walls. Each section was 40 cm long and 5 cm wide. The arena was illuminated 

with a dim light to have approximately a 50-lux light in open sections and a 30-lux light in 

closed sections. Mice were always placed at the entry of the same closed arm, their 

exploratory behavior was recorded for 10 min using a camera connected to the video tracking 

software EthoVision XT (Noldus). The time spent in open arms were subsequently measured.   

 

Open field test 

To measure anxiety and locomotor behavior, experiments were performed on day 2 in a 

homemade grey plexiglass open-field arena (45 cm long × 45 cm wide × 45 cm high) 

heterogeneously illuminated with a dim light to have around 50 lux in the center and 35 lux in 

the corners. Animals were always placed in the same corner to start the experiment. Mice 

were able to explore the empty arena for 10 min and novelty-induced locomotion was recorded 

by a camera connected to the video tracking software EthoVision XT (Noldus). For the 

analysis, the arena was virtually divided into an anxiety-provoking center zone (square 

comprising 50% of the arena) and a wall zone (the rest of the arena along the borders) usually 



122 
 

considered safer for the animals. The extracted parameters are the total traveled distance in 

meters and the velocity in cm/sec.  

 

Novelty-suppressed feeding test 

Experiments were performed on day 3 after the ketamine injection. Animals were food-

deprived for a minimum of 12 hours, depending on the order of passage into the test of anxiety-

related behavior. Two open homemade arenas filled with litter where a food pellet was placed 

in the brightly illuminated (around 200 lux) middle of the arena were used to monitor the 

behavior of two animals at the same time for 10 min. Animals were always placed in the same 

corner of the arena and the latency to eat the food pellet was subsequently measured.  

 

Sucrose preference test 

On the day preceding the test, mice were placed individually for 2 hours of habituation in cages 

containing 2 bottles of water, of which one with 1% sucrose. Mice were then water-deprived 

for 12 hours before the test. The following day (day 4), all the bottles were weighed and water-

deprived mice were placed again in those cages for 4 hours, at the end of which bottles were 

weighed again to determine the volume consumption. Results are expressed in percentages, 

measuring the proportion of sucrose water intake relative to the total fluid intake consumed by 

the animals:  sucrose preference (%) = V(sucrose intake)/[V(sucrose intake)+V(water intake)] x 100. 

 

Tail suspension test 

Experiments were performed on day 5 after ketamine injection. Adhesive tape was placed 

approximately 1 cm from the end of the tail of the mice. Animals were then suspended 

approximately 10 cm above the floor in a homemade box and their escaping-related behavior 

was recorded for 6 min. Detection of movements to measure mobility time was then performed 

and subtracted from the total time of recording to identify immobility time. Small punctual 

movements of the head and the front paws were not considered as escape-intended behavior.  

Z-score calculation 

In order to normalize each behavioral test, a Z-score for all conditions in each test was 

calculated using the following formula : Z = ((valueconsidered animal)-(meanCTRL group))/(SDCTRL group) 

(Guilloux et al., 2011). Z-scores from all behaviorals were then averaged for each animal in 

order to have a more global indication of the depressive-like behavior for each animal.  

Parameters considered to calculate the Z-score in each test were: % time in closed arms for 

the O-maze, cumulative duration in wall zones for the open-field, latency to eat for the novelty-

suppressed feeding test, % water preference in sucrose preference test and immobility time 

in tail suspension test (Highland et al., 2021).  
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Results 
 

Ketamine alleviates depression-like behavioral deficits caused by prolonged exposure 

to corticosterone 

We first explored whether ketamine (KET) has the ability to improve depression-like behavioral 

manifestations in our experimental settings. To do so, we used a pharmacological model of 

depression where mice were provided with either vehicle (cyclodextrin, CTRL)- or 

corticosterone (CORT)-supplemented drinking water for 5 weeks (David et al., 2009). Animals 

then received either a vehicle (NaCl) or a KET (10 mg/kg) intraperitoneal (IP) injection and 

were submitted to a battery of tests starting 24h post-injection that were designed to evaluate 

the expression of different modalities characterizing a depression-like phenotype, i.e. 

expression of anxiety (elevated plus maze, open field, novelty-suppressed feeding test), 

anhedonia (sucrose consumption) and despair (tail suspension test) (Figure 1A).  

 

For each test, ketamine injection in mice that were drinking vector solution (CTRL KET) did 

not induce behavioral changes by itself when compared to CTRL animals, as measured by 

the depression-like behavior Z-score calculated from a combination of all tests (Figure 1G). 

However, mice drinking CORT spent significantly less time in anxiogenic areas as measured 

in the O-maze and the open field (Figures 1B, 1D) and ketamine efficiently compensated for 

these deficits in the O-maze, as illustrated by KET improvement of CORT-induced decreased 

number of entries of animals in open arms highlighting the ability of KET to reduce anxiety-

like behavior (Figure 1B). Food-deprived mice under CORT also displayed a significantly 

longer latency to reach food pellets in the center of the arena in the novelty-suppressed 

feeding test (NSFT), which was however not counteracted by KET (Figure 1C). Similarly, 

CORT induced despair in mice that was not significantly alleviated by KET, as reflected by the 

decreased latency to first immobility compared to other experimental conditions in the tail 

suspension test (Figure 1F). 

 

Altogether, these data show that CORT does promote a depressive-like state in exposed mice, 

while KET efficiently compensates for only some of the modalities of the depression-like 

phenotype, i.e. anxiety-related behavioral deficits induced by chronic exposure to CORT 

(Figure 1G).  
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Figure 1: Ketamine alleviates depression-like behavioral deficits caused by prolonged exposure to corticosterone. 

(A) Timeline of behavioral testing. (B) Time in open arms (%) and number of entries in open arms performed by animals 

in the O-maze. (C) Kaplan-Meier survival curves for each group of animals representing the latency to eat (% of animals 

which did not eat as a function of time) in the novelty suppressed feeding test. (D) Upper panel, representative tracks of 

animals in the center zone (pink) and the wall zone (blue) of the open field arena. Lower panel, total distance traveled (cm, 

left) and cumulative duration in the center zone (s, right) of animals. (E) Sucrose preference percentage (uptake of sucrose 

water/total liquid uptake) of animals. (F) Time spent immobile (left panel) and latency to first immobility (right panel) of 

animals in the tail suspension test. (G) Z-scores for depression-like behavior calculated from the combination of all 

behavioral tasks (CTRL n = 10 animals; CTRL KET n = 8 animals; CORT n = 10 animals; CORT KET n = 10 animals). 

Statistics in each behavioral test: two-way ANOVA, * p < 0,05; ** p < 0,01; *** p < 0,001. 
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Chronic CORT exposure and 24h KET change functional connectivity in meso-cortico-

limbic-striatal networks 

KET is believed to alleviate depressive-like manifestations by inducing a wave of plasticity in 

meso-cortico-limbic neuronal networks supporting reward and mood where excitatory 

transmission is weakened in depression (Thompson, 2023). Using the same experimental 

paradigm, we investigated the changes in patterns of activity within these networks underlying 

the depressive-like behavioral manifestations caused by chronic CORT exposure and the 

antidepressant action resulting from KET IP injection. To do so, we relied on protocols 

developed by Renier and colleagues demonstrating that changes in brain activity, whether 

triggered by behavioral task or pharmacological treatment, can be visualized using a 

combination of tissue optical clearing, immediate early gene (IEG) labelling and light sheet 

microscopy (Renier et al., 2016)(Figure 2A). Expression of the IEG c-fos is a commonly-used 

molecular marker of neuronal activity. Indeed, functional connectivity has been widely 

assessed by examining c-fos expression patterns across regions after specific stimuli, hence 

revealing statistical relationships between neural activities, indicating how brain regions 

interact and communicate (Barth, 2007). 

 

We limited the analysis of c-fos expression correlations to 17 regions of interest (ROI) shown 

to be involved in the expression of depression-like phenotypes in rodents (Figure 2B). First, 

we compared the impact of CORT, 24h KET, or their combination, on the correlation strengths 

of various ROI by examining the distribution of Pearson r values between groups. Overall, 

both CORT and KET treatments significantly decreased correlations in the 17 ROIs compared 

to CTRL, alike the combination of both treatments (Figure 2C). 

 

Next, we performed a similar analysis at the level of 9 broader brain regions by grouping some 

ROI: hippocampus (Hipp), medial prefrontal cortex (mPFC; including anterior cingulate cortex 

(ACC), infralimbic cortex (IF), and prelimbic cortex (PL)), basolateral amygdala (BLA), 

hypothalamus (including lateral hypothalamus (LH), dorsomedial hypothalamus (DMH), 

subparaventricular zone (SPZ), and suprachiasmatic nucleus (SCN)), midbrain (including 

ventral tegmental area (VTA) and dorsal raphe nucleus (DRN)), ventral pallidum (VP), pons 

(including pedunculopontine nucleus (PPN) and laterodorsal tegmental nucleus (LTDg)), 

striatum (including central amygdala (CeM) and nucleus accumbens (Nac)), and lateral 

habenula (LHb) (Annex, Figure 1). 

 

Some areas, such as the hippocampus and VP, did not show differences in correlation across 

treatments (Figure 2C, Annex Figure 1). However, 24 h KET significantly decreased r values 

in the mPFC, BLA, hypothalamus, midbrain, pons, striatum, and LHb. The interaction between 
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CORT and KET in the CORT KET mice was observed only in the mPFC, BLA, midbrain, pons, 

and striatum, with mostly a decreased r value compared to the CORT condition alone (Figure 

2C, Annex Figure 1). 

 

Interestingly, the mPFC and BLA were the only brain regions where KET compensated for the 

CORT-induced reduction in r values where in addition, mPFC was initially demonstrated a 

significant decrease in r values with CORT alone (Figure 2C, Annex Figure 1). 

 

Next, to build correlation matrices, we focused the investigation on the 17 specific ROI, we 

were therefore investigating a total number of 136 possible correlations. Analyses of 

correlations matrices built for each condition revealed that the number of significant 

correlations vary between the groups, respectively: 64 positive correlations for CTRL group; 

38 positive correlations for CTRL KET group; 36 positive correlations for CORT group; 40 

positive correlations and 4 negative correlations for CORT KET group (Figure 2D). 

Percentages of involvement of each structure for each network are described in annex, table 

1 (Figure 2E).  

 

Functional connectivity network for CTRL group is the denser and more homogeneous 

network of all conditions (network density D = 0.47), showing a preferential involvement of 

BLA and LH whereas LHb is not involved in the network (Figure 2E; Annex, table 1). Functional 

connectivity matrix in the CTRL KET (D = 0.28) condition reveals more than 50% 

decorrelations of structures within the network compared to CTRL condition (38 correlations 

versus 64 correlations), with SPZ and PL being the main involved in the CTRL KET network 

(Figure 2D, 2E; Annex, table 1). Functional connectivity matrix in CORT-exposed animals 

reveals more than 50% decorrelations of structures within the network compared to CTRL 

condition (36 correlations versus 64 correlations), with SPZ and VP being the main structures 

involved in the CORT network (D = 0.26) (Figure 2D, 2E; Annex, table 1). These two 

observations suggest alterations of connectomes by CORT alone and KET alone. These 

alterations are similarly organized, with a loss of correlations within and with the striatum, 

pons, pallidum, midbrain and cortical subplate general anatomic areas (Figure 2B, 2E). 

However, when initially not part of the network in CTRL condition, LHb takes part respectively 

slightly in CTRL KET network and predominantly in CORT patterns of activity (Figure 2E). 

Compared to CORT group, CORT KET mice show the appearance of 4 negative correlations 

involving SCN with ACC, IL, VTA and Nac with VTA (Figure 2D, 2E). Furthermore, CORT KET 

network (D = 0.32) shows major involvements of BLA, LH, ACC and IF (Annex, table 1), and 

a loss of involvement of LHb in the network compared to CORT condition (Figure 2E).  
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Investigation of the involvement of each region into patterns of activities revealed that major 

involvement of mPFC areas is consistently found in the presence of ketamine; respectively PL 

in CTRL KET group and ACC, IF for CORT KET.  

 

Altogether, these data suggest that the mPFC is a preferential target in the effects mediated 

by ketamine on meso-cortico-limbic-striatal circuit activity.   
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Figure 2: Ketamine induces changes in correlated activities within meso-cortico-limbic-striatal systems 24 hours after 

exposure. (A) Design of the experiment, mice are drinking corticosterone for 5 weeks and receive a ketamine injection. 24 hours 

after, brains are perfused and undergo iDISCO+ protocol before being imaged at the light-sheet microscope. (B) Chosen regions 

of interest (ROI) and their color-coded anatomic region origin according to the mouse Allen Brain Atlas (ABA). (C) Interregional 

correlation values (r) for all regions of interest (ROI, left), the hippocampus (middle) and the medial prefrontal cortex (mPFC), 

considered as the grouping of anterior cingulate cortex (ACC), infralimbic cortex (IF) and prelimbic cortex (PL) (right). Two-way 

ANOVA, ns, *p<0,05, **p<0,01, ****p<0,0001. (D) Matrices of functional connectivity revealing patterns of c-fos correlations 

according to conditions (CTRL n = 8; CTRL KET n = 9; CORT n = 10; CORT KET n = 9). (E) Network for each group built from 

significant correlations revealed in the matrices (*p<0.05). Purple connections represent positive correlations while yellow 

connections represent negative correlations. BLA: basolateral amygdala; Hipp: hippocampus; LH: lateral hypothalamus; DMH: 

dorsomedial hypothalamus; SPZ: subparaventricular zone of the hypothalamus; SCN: suprachiasmatic nucleus; ACC: anterior 

cingulate cortex; IF: infralimbic cortex; PL: prelimbic cortex; DRN: dorsal raphe nucleus; VTA: ventral tegmental area; VP: ventral 

pallidum; LTDg: laterodorsal tegmental nucleus; PPN: pedunculopontine nucleus; CeM: central amygdala; Nac: nucleus 

accumbens; LHb: lateral habenula. 
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Prolonged exposure (24h) to KET selectively enhances the synaptic trapping of 

GluN2A-NMDAR 

NMDAR-dependent plasticity mechanisms in the PFC participate in the antidepressant action 

of KET (Thompson, 2023). We have previously shown that the initiation of NMDAR-dependent 

synaptic plasticity and cognitive functions such as memory formation involve activity-elicited, 

surface diffusion-based rearrangements in synaptic NMDAR (Dupuis et al., 2014). Building up 

on our observation that KET-elicited enhancement in NMDAR synaptic trapping restores 

synaptic signaling impairment and alleviates depression-related behavioral manifestations 

caused by patient antibodies (cf. Results I, Villéga et al., Neuron, in press), we then explored 

whether the stabilization of NMDAR at synapses was affected in our experimental conditions 

using photoactivated localization microscopy (PALM) on dissociated cortical neurons. In order 

to match in vivo experimental settings, cortical neurons were chronically incubated with either 

vehicle or corticosterone (CORT) for 3 days and KET (1 µM) or buffer was added to the culture 

medium after two days of treatment, i.e. 24 h before recordings (Figure 3A). As GluN2A- and 

GluN2B-subunit-containing receptors predominate in the cortex where their balance at 

synapses controls the threshold for plasticity, we focused our attention on these receptor 

subtypes and monitored the surface dynamics of recombinant GluN2A- and GluN2B-

containing NMDAR labeled with the photoconvertible fluorescent protein mEos3.2 (Figure 3B).   

 

Chronic CORT treatment had a limited impact on GluN2A-NMDAR and GluN2B-NMDAR 

surface diffusion properties both at synaptic and extrasynaptic sites, although enhanced 

synaptic confinement of GluN2B-NMDAR was observed when comparing CTRL and CORT 

conditions but without significant changes on diffusion coefficients (Figures 3C, 3D). However, 

administration of KET for 24h triggered a decrease in the diffusion and an increase in the 

confinement of GluN2A-NMDAR at synapses whether it was applied in the presence of CORT 

or not, with both CTRL and CORT conditions being significantly different from CTRL KET and 

CORT KET conditions, respectively (Figure 3C). It also enhanced confinement of 

extrasynaptic GluN2A-NMDAR when comparing CORT and CORT KET conditions but with 

no alteration to diffusion coefficients (Figure 3C). Interestingly, KET administration had no 

impact on the diffusion or confinement of synaptic GluN2B-NMDAR, suggesting that its action 

on synaptic GluN2A-NMDAR is subtype-selective (Figure 3D). Extrasynaptic GluN2B-

NMDAR, though, displayed higher diffusion rates after 24h KET with or without CORT, as 

observed when comparing diffusion coefficient values of CTRL and CORT conditions with 

those of CTRL KET and CORT KET conditions, respectively, consistent with a decreased level 

of confinement in the CTRL KET condition compared to the CTRL condition on the MSD 

versus lag time plot (Figure 3D).  



130 
 

Importantly, the antidepressant action of KET has been proposed to rely on its metabolites 

rather than the drug itself (Zanos et al., 2016). In order to investigate whether the impact of 

KET on GluN2A-NMDAR was due to the molecule itself or to its by-products, we tested the 

effect of the metabolite mainly reported to have antidepressant action, (2R,6R)-HNK (10 µM), 

on both CTRL and CORT-exposed neurons (Figure 4A). PALM recordings revealed that 

(2R,6R)-HNK did not replicate KET-elicited synaptic trapping of GluN2A-NMDAR, supporting 

a direct action of the drug on the receptors (Figure 4B).  

 

Altogether these results reveal that chronic CORT exposure does not affect NMDAR dynamics 

at the cell surface, while 24 h KET selectively enhances the synaptic retention of GluN2A-

NMDAR and decreases the confinement of GluN2B-NMDAR in extrasynaptic compartments, 

whether applied in conjunction with CORT or not. 

 

Observing a preferential retention of GluN2A-NMDAR at synapses 24 hours after ketamine, a 

time point when the drug is no longer present in its initial form in the cultures, led us to question 

the impact of ketamine in the short term, specifically during the initiation of the antidepressant 

effects reported by patients. 
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Figure 3: Prolonged exposure (24h) to KET selectively enhances the synaptic trapping of GluN2A-NMDAR. (A) Design 

of the experiment. Neurons were transfected with Homer GFP and GluN2A mEos 3.2 (or GluN2B mEos 3.2) and exposed to 

CORT for 3 days before the experiment. Ketamine was added 24h before the experiment. D = Day of the PALM live imaging 

experiment. (B) Left, schematic representation of GluN2A-NMDAR labelled with mEos 3.2. Right, superimposition of 

randomly colored GluN2A-mEos 3.2 trajectories along a cortical neuron dendrite labelled with Homer-1C-GFP as a synaptic 

marker. Scale bar, 1 µm. (C) Left, images of Homer synaptic labelling, extrasynaptic trajectories and synaptic trajectories of 

GluN2A-NMDAR according to conditions. Right, extrasynaptic and synaptic MSD curves (upper panels; data represented as 

mean ± SEM; Kolmogorov-Smirnov test, *p<0.05, ****p<0.0001) and median diffusion coefficients (lower panels; data 

represented as median ± min to max, two-way ANOVA, **p < 0,01) in CTRL (n = 18 neurons), CTRL KET (n = 15 neurons), 

CORT (n = 21 neurons), CORT KET (n = 21 neurons). (D) Left, images of Homer synaptic labelling, extrasynaptic trajectories 

and synaptic trajectories of GluN2B-NMDAR according to conditions. Right, extrasynaptic and synaptic MSD curves (upper 

panels; data represented as mean ± SEM; Kolmogorov-Smirnov, *p<0.05) and median diffusion coefficient (lower panels; 

data represented as median ± min to max; two-way ANOVA, **p < 0,01) in CTRL (n = 22 neurons), CTRL KET (n = 29 

neurons), CORT (n = 22 neurons), CORT KET (n = 28 neurons) conditions.  
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Figure 4: (2R-6R)-HNK does not recapitulate KET-elicited synaptic trapping of GluN2A-NMDAR. (A) Design of 

the experiment. Neurons were transfected with Homer GFP and GluN2A mEos 3.2 and exposed to CORT for 3 days 

before the experiment. The metabolite (2R-6R)-HNK was added 24 h before the live imaging. D = Day of the PALM 

live imaging experiment. (B) Left panels, images of Homer synaptic labelling, extrasynaptic trajectories and synaptic 

trajectories of GluN2A-NMDAR according to conditions. Right panels, synaptic and extrasynaptic median diffusion 

coefficients (data represented as median ± min to max, Kruskal-Wallis; p = 0.8555 for synaptic compartment; p = 

0.1866 for extrasynaptic compartment) in CTRL (n = 18 neurons), CTRL (2R-6R)-HNK (n = 25 neurons), CORT (2R-

6R)-HNK (n = 27 neurons) conditions. Note that the CTRL group is the same as CTRL group in Figure 3, as all 6 

conditions have been performed at the same time on identical cultures.  
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Acute exposure (90 min) to KET selectively enhances the synaptic trapping of GluN2B-

NMDAR 

To better characterize the molecular mechanisms underlying the early onset of the 

antidepressant action of ketamine, we performed the similar experiment but adjusted the 

exposure time of KET from 24 h to 90 min (Figure 5).  

 

Chronic CORT administration had limited impact on the surface diffusion properties of synaptic 

GluN2A-NMDAR and GluN2B-NMDAR, though it triggered an enhanced confinement of 

synaptic GluN2A-NMDAR when comparing CTRL and CORT conditions but with no impact on 

diffusion coefficients (Figures 5C, 5D). While it did not affect extrasynaptic GluN2B-NMDAR 

either, the CORT treatment produced a significant decrease in the diffusion and an increase 

in the confinement of GluN2A-NMDAR at extrasynaptic locations whether KET was co-applied 

or not, with both CTRL and CTRL KET conditions being significantly different from CORT and 

CORT KET conditions, respectively (Figure 5C). Acute (90 min) KET application also had little 

influence on the diffusion properties of synaptic GluN2A-NMDAR, although it enhanced their 

confinement as observed when comparing MSD distributions of CTRL and CORT conditions 

with those of CTRL KET and CORT KET conditions, respectively (Figure 5C). However, the 

administration of KET triggered a significant decrease in the diffusion and an increase in the 

confinement of both synaptic and extrasynaptic GluN2B-NMDAR regardless of the presence 

of CORT, with both CTRL and CORT conditions being significantly different from CTRL KET 

and CORT KET conditions in the two compartments, respectively (Figure 5D). 

 

Together, these results indicate that acute exposure to KET favors the trapping of GluN2B-

NMDAR, both at synaptic and extrasynaptic sites and regardless of the application of CORT. 

They also show that chronic CORT enhances the confinement of extrasynaptic GluN2A-

NMDAR, suggesting that both molecules may act on the regulation of NMDAR diffusion-

trapping but through independent and non-compensatory pathways.  

 

We next sought to investigate if these preferential effects of KET at 90 min had a repercussion 

at the brain activity level.  
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Figure 5: Acute exposure (90 min) to KET selectively enhances the synaptic trapping of GluN2B-NMDAR. (A) Design 

of the experiment. Neurons were transfected with Homer GFP and GluN2A mEos 3.2 (or GluN2B mEos 3.2) and exposed to 

CORT for 3 days before the experiment. Ketamine was added 90 min before the live imaging. D = Day of the PALM live 

imaging experiment. (B) Left, schematic representation of GluN2B-NMDAR labelled with mEos 3.2. Right, superimposition 

of randomly colored GluN2B-mEos 3.2 trajectories along a cortical neuron dendrite labelled with Homer-1C-GFP as a 

synaptic marker. Scale bar, 1 µm. (C) Data acquisition and analysis by Lina Sikouk, M2 intern. Left, images of Homer 

synaptic labelling, extrasynaptic trajectories and synaptic trajectories of GluN2A-NMDAR according to conditions. Right, 

extrasynaptic and synaptic MSD curves (upper panels; data represented as mean ± SEM; Kolmogorov-Smirnov *p<0.05, 

**p<0.01, ***p<0.001) and median diffusion coefficients (lower panels; data represented as median ± min to max, two-way 

ANOVA, **p<0,01) (CTRL n = 23 neurons, CTRL KET n = 24; CORT n = 23; CORT KET n = 22). (D) Left, images of Homer 

synaptic labelling, extrasynaptic trajectories and synaptic trajectories of GluN2B-NMDAR according to conditions. Right, 
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median diffusion coefficient (median ± min to max, two-way ANOVA, *p<0,05, **p<0,01) in CTRL (n = 17 neurons), CTRL 
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Meso-cortico-limbic-striatal functional connectivity shows fewer changes 90 min after 

KET 
Observing preferential retention of GluN2B-NMDAR at synapses following 90 min of ketamine 

exposure suggested an early initiation of activity changes. Therefore, we sought to investigate 

whether functional connectivity within brains of different conditions was varying concomitantly 

with NMDAR dynamic changes. Therefore, we performed, as previously shown on figure 2A, 

a combination of c-fos labelling, tissue clearing and light-sheet imaging on depressive-like 

mice exposed to 5 weeks on CORT (35 µg/ml) and receiving an injection of KET (10 mg/kg). 

Brains were perfused 90 min after the ketamine injection.  

 

We limited the analysis of c-fos expression correlations to 17 ROI known to be involved in 

depression-like phenotypes in rodents (Figure 2B). First, we compared the impact of CORT, 

90 min KET, or their combination on the ROI correlation strengths by examining the distribution 

of Pearson r values between groups. Overall, only the 90 min KET exposure significantly 

decreased correlations in the 17 ROI compared to CTRL (Figure 6A). 

 

Next, we performed a similar analysis at the level of 9 broader brain regions by grouping some 

ROI, as previously done (Figure 6A, Annex Figure 2). Only the basolateral amygdala (BLA) 

did not show differences in correlation across treatments (Annex Figure 2). In the mPFC, both 

CORT and KET individually decreased r values compared to CTRL, with no significant effect 

of their interaction (Figure 6A). The interaction between CORT and KET in the CORT KET 

mice was observed only in the lateral habenula (LHb) and pons. In the pons, the r value 

decreased compared to CORT alone, while in the LHb, KET counteracted the effect of CORT 

by increasing correlations of the structure with the rest of the network (Annex Figure 2). 

 

Then, to build correlation matrices, we focused the investigation on the 17 specific ROI, we 

were therefore investigating a total number of 136 possible correlations. Analyses of 

correlations matrices built for each condition revealed that the number of significant 

correlations vary between the groups, respectively: 83 positive correlations for CTRL group; 

76 positive correlations for CTRL KET group; 86 positive correlations for CORT group; 55 

positive correlations for CORT KET group (Figure 6B). Percentages of involvement of each 

structure for each network are described in annex table 2 (Figure 6B).  

 

The functional connectivity networks in CTRL (D = 0.61), CTRL KET (D = 0.56), and CORT 

(D = 0.63) conditions were dense, homogeneous, and quite similar, whereas the CORT KET 

network appeared less dense and homogeneous (D = 0.40) (Figure 6C). Although different 

animals were used, both the CTRL and CORT groups were processed under the same 
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conditions as shown in Figure 2. However, the results in Figure 5 revealed different patterns. 

LH and SPZ were mainly involved in CTRL networks while VP, CeM and Nac were mainly 

involved in CORT networks (Annex, Table 2). The only consistent predominant structure 

involved in both CORT networks is VP (Annex, Tables 1, 2). LHb only take part CORT KET 

network, and not in depressive-like mice of CORT group (Figure 6C).  

 

Ninety minutes after KET administration, Nac is the predominant actor in the CTRL KET 

network, while Hipp is the predominant actor in the CORT KET network (Annex, Table 2).  
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Figure 6: Acute exposure (90 min) to KET induces few changes in correlated activities within meso-cortico-limbic-

striatal systems. (A) Interregional correlation values (r) for all regions of interest (ROI, left), the hippocampus (middle) and 

the medial prefrontal cortex (mPFC), considered as the grouping of anterior cingulate cortex (ACC), infralimbic cortex (IF) 

and prelimbic cortex (PL) (right). Two-way ANOVA, ns, *p<0,05, ***p<0,001, ****p<0,0001. (B) Matrices of functional 

connectivity revealing patterns of c-fos correlations according to conditions (CTRL n = 7; CTRL KET n = 9; CORT n = 8; 

CORT KET n = 10). (C) Network for each group built from significant correlations revealed in the matrices. Connections are 

color-coded according to pearson r value (*p<0.05). BLA: basolateral amygdala; Hipp: hippocampus; LH: lateral 

hypothalamus; DMH: dorsomedial hypothalamus; SPZ: subparaventricular zone of the hypothalamus; SCN: 

suprachiasmatic nucleus; ACC: anterior cingulate cortex; IF: infralimbic cortex; PL: prelimbic cortex; DRN: dorsal raphe 

nucleus; VTA: ventral tegmental area; VP: ventral pallidum; LTDg: laterodorsal tegmental nucleus; PPN: pedunculopontine 

nucleus; CeM: central amygdala; Nac: nucleus accumbens; LHb: lateral habenula. 
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Discussion 
 

Choosing the corticosterone model to study depression at different scales 

We chose to work on a neuroendocrine model of depression by chronically exposing C57BL/6 

mice to corticosterone. This approach allowed us to compare our in vivo and in vitro studies 

more efficiently. Using a pharmacological strategy helps ensured establishment of the 

neurochemical environment of depression, making it consistent with the investigation of 

molecular mechanisms and neural circuitry. Usually, behavioral models of depression such as 

the chronic mild stress (CMS) model and the chronic social defeat stress (CSDS) are preferred 

and more commonly used. They both rely on exposure to environmental factors, with CSDS 

being more ethologically valid (Qiao 2016). However, even if these models are closer to real-

life conditions under which patients develop depression, i.e. etiological validity, these protocols 

can be complicated to reproduce. For instance, CMS model presents high variability due to 

individual vulnerability and concomitant presence of susceptible genes, and the nature and 

intensity of stressors used (Willner, 2017). Similarly, the CSDS model requires careful animals 

handling and pairing of aggressors with the tested mouse, a lack of pairing consistency as 

well as aggressor behaviors increase variability of responses (Kim 2017). In contrast, the 

CORT model that we used tends to present high reproducibility for several reasons. First, dose 

and exposure time of corticosterone are controlled. Second, it triggers a consistent behavioral 

phenotype. Third, it is physiologically relevant as high levels of cortisol consequently to HPA 

axis hyperactivation are present in 73% of depressed patients (Stetler and Miller, 2011). 

Furthermore, it has been demonstrated that serum cortisol levels are proportional to the 

severity of the disease, this has been concluded from the observation of a significant positive 

correlation between serum cortisol levels and severity of symptoms measured by the HDRS 

scale (Zobel, 2001). Both models share common outcomes, for example CMS and CORT 

model are altering hippocampal neurogenesis (Willner, 2017). While the CORT model 

replicates certain modalities of the disease, it does not reproduce the entire range of 

physiological alterations and symptoms seen in clinics. Consequently, because of the 

multifactorial nature of depression, relying on a single model is not ideal and combining at 

least two models would provide more complete insights.  

 

Another notable point in our study is that we limited the investigations to male mice, despite 

depression being more prevalent in women (Kuehner, 2017). The CORT model of depression 

displays major sex differences, making its use limited in females. Indeed, prolonged CORT 

exposure in females does not produce anxio-depressive-like behaviors, and it has been 

suggested that females may develop a tolerance to high dosages of CORT (Mekiri et al., 

2017). This tolerance is believed to be influenced by hormonal differences (Seney et al., 2012). 
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Furthermore, the CORT model is not the only one displaying sex differences. For instance, 

the social defeat model successfully induces a depressive phenotype in male mice, but not in 

females, where aggressive behaviors are less common (Solomon, 2017). Similarly, female 

sensitivity to CMS is variable and highly dependent on the mouse strain and the behavioral 

tests used (Mineur et al., 2006). Consequently, obtaining data on the mechanisms of 

depression in females remains challenging. 

 

CORT-exposed mice present deficits in each test except in the sucrose preference test 

(SPT) 

We performed a series of behavioral tests designed to evaluate different aspects of 

depressive-like behavior. As revealed by the O-maze, open field, NSFT, TST and the ultimate 

calculation of a Z-score, 5 weeks of CORT did induce a depressive-like phenotype in mice, as 

previously reported (David et al., 2009; Hache et al., 2012). However, the effect was not 

recapitulated in the fourth test, the sucrose preference (SP) test. This test indexes anhedonia, 

which is a core symptom of depression characterized by a diminished ability to experience 

pleasure and happiness. In animal models of depression, a reduction in sucrose preference 

is a strong and reliable indicator of depressive-like phenotype. Therefore, it is puzzling that we 

did not observed any changes in the sucrose preference of CORT-exposed mice. Due to 

logistic constraint relative to the serial aspect of our battery in a short time, animals have been 

habituated for 4 hours in individual cages the day before the test. We then measured SP the 

following day, by placing the animals back in their individual cages for 4 hours. However, cage 

changes is not optimal as they can cause leakage of solutions, ultimately leading to increased 

variability in the results (Serchov et al., 2016). According to a meta-analysis, baseline levels 

of SP are usually above 80% for control animals while depressed-like mice under chronic mild 

stress (CMS) for 4 weeks display an impaired SP of 40 to 50% (Antoniuk et al., 2019). In our 

study, baseline levels in CTRL mice exposed solely to vehicle (cyclodextrine 0.45%) were 

above 60% while CORT-exposed mice displayed 53% preference for sucrose. This indicates 

a lack of specificity, which could be due to insufficient habituation or measurement time, or the 

fact that mice were subjected to other behavioral tests in the preceding three days. Typically, 

SP testing involves a longer acclimatization period to the two-bottle choice setup, ranging from 

24 hours to 5-7 days (Ding et al., 2018; Serchov et al., 2016). However, a 2-hour SP test (1%) 

of mice exposed for 21 days to a CORT solution at a dose lower than ours (25 µg/ml vs 35 

µg/ml) is sufficient to observe significant anhedonic behavior (Zhao et al., 2024). This suggests 

that our inability to measure anhedonia is more likely due to insufficient acclimatization time 

rather than the measurement duration. Furthermore, other adjustments can be made to 

increase SPT resolution in our study, such as, i) the establishment of a baseline level for SP 

prior to CORT exposure to reduce individual variability, meaning that changes in SP can be 



140 
 

better attributed to CORT treatment rather than pre-existing differences in animals; ii) 

switching bottle positions in the middle of the testing to reduce potential side preference effect; 

iii) avoiding to perform NSFT before SPT to avoid sequential food deprivation followed by 

water deprivation; iv) introducing the animals to sucrose taste before data collection to reduce 

the effect of neophobia, either by the establishment of a baseline level (see i)) or by increasing 

sucrose concentration during habituation (Strekalova and Steinbusch, 2010).  

 

On a final note, some tests can be less sensitive to CORT treatments, guiding our choices in 

behavioral assessments. For instance, while both the tail suspension test (TST) and the forced 

swim test (FST) measure behavioral despair, the TST shows increased sensitivity for the 

detection of antidepressant effects compared to the FST (Castagné et al., 2011). In a mouse 

model of schizophrenia, the effects of a single dose of ketamine are detected in the TST but 

not in the FST, indicating that the TST is better suited for measuring the impact of acute 

neurochemical changes (Chatterjee et al., 2012). In addition, chronic CORT exposure in mice 

produces a depressive-like phenotype measured in the open field (OF) and novelty-

suppressed feeding test (NSFT) but not in the FST (David et al., 2009). One aspect missing 

in our study is the impact on working memory (WM). Indeed, WM deficits are major cognitive 

impairment observed in MDD patients (Chen et al., 2023). Radial arm maze (RAM) and T 

maze are commonly used to assess working spatial memory in rodents (Dominguez et al., 

2019; Kohler et al., 2022).  

 

Ketamine compensates for modalities of depression-like phenotype  

Ketamine fully reversed anxiety-related deficits in the O-maze test. However, this effect did 

not persist in subsequent tests. When calculating Z-scores, we observed a distinct response 

to ketamine between our two cohorts within the CORT KET group: the first cohort did not 

respond to ketamine treatment, as its Z-score was comparable to the CORT group, while the 

second cohort Z-score aligned with the CTRL group, suggesting an antidepressant response. 

Conducting the experiment once more in a third cohort of animals is necessary to validate the 

long-lasting ketamine antidepressant effects under our experimental conditions. 

 

We used a racemic mixture of (R,S)-ketamine, composed of equal parts of (R)-ketamine and 

(S)-ketamine (esketamine). In 2019, the FDA approved esketamine as an adjunct treatment 

for patients with treatment-resistant depression (TRD) alongside a primary oral antidepressant 

(Cristea and Naudet, 2019). (S)-ketamine has a fourfold higher affinity for NMDAR (Ki = 0.30 

µM) and possesses three to four times greater anesthetic potency compared to (R)-ketamine 

(Ki = 1.40 µM) (Domino, 2010; Domino et al., 1965). A racemic mixture of (R,S)-ketamine 

displays an intermediate affinity for NMDAR (Ki = 0.53 µM) (Ebert et al., 1997). Research has 
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primarily focused on esketamine due to its NMDAR-blocking property, which is believed to 

underlie its antidepressant effects (Li et al., 2010; Wilkinson and Kitay, 2020). In TRD patients, 

esketamine has shown rapid antidepressant effects that can last up to two months, and it also 

reduces suicidal ideation (Canuso et al., 2018; Daly et al., 2018). However, the precise 

molecular mechanisms behind esketamine antidepressant action remain unclear. In healthy 

subjects, esketamine can cause severe psychomimetic side effects by increasing cerebral 

metabolic rates of glucose (CMRglu) (Vollenweider et al., 1997). In contrast, (R)-ketamine 

induces lower CMRglu levels in the brain, resulting in fewer psychomimetic side effects and a 

lower potential for abuse (Vollenweider et al., 1997; Yang et al., 2015).  

 

In animal models, comparison studies of the antidepressant effect of (R,S)-ketamine, (R)-

ketamine and (S)-ketamine have been conducted. For instance, (R,S)-ketamine (10 mg/kg) 

and (R)-ketamine (10 mg/kg), but not (S)-ketamine (10 mg/kg), reversed the depressive-like 

behavior of rats exposed to chronic CORT injections for 21 days, in the FST 24 h after a single 

i.p. injection (Fukumoto et al., 2017). Furthermore, in the tail suspension test (TST) in mice, 

(R,S)-ketamine and (R)-ketamine continued to exhibit antidepressant effects 48 hours after 

injection, whereas (S)-ketamine did not (Fukumoto et al., 2017). This suggests that (R,S)-

ketamine and (R)-ketamine exhibit more antidepressant potency than (S)-ketamine. These 

results have been confirmed on mice undergoing chronic social defeat stress (CSDS) with a 

single intranasal administration of the different compounds at the same doses of 10 mg/kg 

(Chang et al., 2019). Analyses of FST results 24 hours post-treatment indicated that the order 

of antidepressant potency is (R)-ketamine > (R,S)-ketamine > (S)-ketamine, while the order 

of psychomimetic potency is (S)-ketamine > (R,S)-ketamine > (R)-ketamine (Chang et al., 

2019).  

 

Collectively, these data support a rapid-onset and lasting antidepressant action of (R)-

ketamine, which is free of the psychomimetic effects seen with (S)-ketamine and, to a lesser 

extent, (R,S)-ketamine. To note, the potency of antidepressant effect of ketamine isomers 

does not appear to correlate with their NMDAR antagonism potency, indicating that NMDAR 

blocking may not be the main mechanisms underlying the antidepressant action of ketamine. 

A recent meta-analysis reviewing 24 clinical trials confirmed that (R,S)-ketamine exhibit 

greater responses and remission rates than esketamine (Bahji et al., 2021). 

 

Lastly, there is still no clear consensus on the molecular mechanisms that explain the different 

antidepressant potencies of (R)-ketamine and (S)-ketamine. Unlike (S)-ketamine, the 

antidepressant effect of (R)-ketamine was believed to be mediated by the activation of TrkB 

receptors through BDNF enhancement, while other studies suggested that the antidepressant 
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actions of both isomers involve BDNF-TrkB activation (Rafało-Ulińska and Pałucha-

Poniewiera, 2022; Yang et al., 2015). Moreover, contradictory results also suggest the 

involvement of mTOR and ERK pathways in the antidepressant effects of (R)-ketamine and 

(S)-ketamine, attempting to explain the differences in their potencies, but a clear conclusion 

is still lacking (Rafało-Ulińska and Pałucha-Poniewiera, 2022; Yang et al., 2018). Hence, our 

inability to reproduce the long-lasting antidepressant effect of (R,S)-ketamine beyond 24 hours 

in subsequent tests may be due to the different susceptibilities of the isomers in CORT-

exposed mice. 

 

Ketamine-induced brain functional connectivity rewiring is different between initial and 

later phase of the establishment of the antidepressant effect 

To assess the global impact of ketamine antidepressant effects, we selected two specific 

timepoints for measuring brain functional connectivity: 90 minutes and 24 hours. We chose to 

investigate the establishment of the antidepressant effect at 90 minutes, as it aligns with the 

onset of symptom relief observed in patients (Lapidus et al., 2014; Carlos A Zarate et al., 

2006). Additionally, c-Fos protein levels are known to peak between 1.5 to 2 hours after neural 

activity induction (Chaudhuri et al., 2000). At 24 hours, we focused on connectivity changes 

to coincide with the conclusion of the synaptic plasticity window triggered by ketamine, once 

the drug has been metabolized, signifying the onset of the antidepressant maintenance phase 

(Moda-Sava et al., 2019). Moreover, c-Fos protein levels remain detectable at this stage, as 

observed in studies on chronic stress (Lin et al., 2018; Matsuda et al., 1996). Our methodology 

combines c-fos detection with light sheet microscopy to measure these changes.  

 

Ketamine at 90 min versus at 24 hours produced different network rearrangements within 

meso-cortico-limbic-striatal systems. Ketamine mainly enhances nucleus accumbens (Nac) 

and hippocampus (Hipp) connectivity within 90 min while active regions at 24 hours involve 

the subparaventricular zone (SPZ), basolateral amygdala (BLA), lateral hypothalamus (LH) 

and most of all medial prefrontal cortex (mPFC).  

 

The Nac (nucleus accumbens) is a brain region within the ventral striatum that, along with the 

ventral tegmental area (VTA), forms the well-characterized VTA-Nac dopaminergic pathway, 

a crucial element of the reward circuit (Russo and Nestler, 2013). This pathway also connects 

midbrain areas, such as the laterodorsal tegmentum (LTDg) and the rostromedial tegmentum 

(RMTg), to other limbic and cortical areas like BLA and Hipp, thereby driving reward-related 

behaviors through various types of neurotransmitter modulation processes (Berridge and 

Kringelbach, 2015; Russo and Nestler, 2013). The Nac has been implicated in the 

psychomimetic effects of phencyclidine, the parent compound of ketamine, which shares 
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ketamine binding site on NMDAR (Steinpreis and Salamone, 1993). The psychomimetic 

effects of a subanesthetic dose of ketamine typically occur within an hour following the infusion 

in depressed patients (Berman et al., 2000). More precisely, psychiatric symptoms measured 

by the Brief Psychiatric Rating Scale (BPRS) occur during the first 30 to 60 minutes after 

ketamine exposure in depressed patients in 72 % of studies (Tashakkori et al., 2021). Nac 

activity is likely to decrease gradually, rendering this region a minor actor in the maintenance 

of antidepressant effects 24 hours post-exposure, as we observe in our study. 

 

Additionally, as the Nac is dysfunctioning in MDD, ketamine may target this area among others 

to modulate its activity. Indeed, MDD patients display Nac hypertrophy compared to healthy 

humans (Abdallah et al., 2017). And considering the network dimension, functional 

connectivity between Nac and mPFC are driving anhedonia modality in depression, as well as 

in antidepressant response. A recent study shows that ketamine (administered as a single i.p 

injection of 10 mg/kg) enhances functional connectivity, 24 hours post exposure, between 

glutamatergic inputs from the mPFC and Hipp to dopaminergic neurons in the Nac thereby 

reducing anhedonia in mice exposed to chronic CORT (Lucantonio et al., 2023). In our study, 

we observed Nac involvement in the 90 minutes network, which has been reduced in the 24 

hours network. Hence, our study supports the idea that counteracting Nac dysfunction induced 

by depression may be a crucial role of ketamine in establishing and maintaining its 

antidepressant effect. 

 

Sleep disturbances and MDD are bidirectionally related. Beyond being a consistent symptom 

of the disease, sleep dysfunction can serve as a predictor, as individuals with sleep 

disturbances have twice the risk of developing MDD (Baglioni et al., 2011). The most common 

sleep disturbance in MDD patients is insomnia (88%), highlighting the ability of depression to 

disrupt sleep patterns and circadian rhythms (Song and Zhu, 2021). In addition to its 

antidepressant effects, ketamine has been shown to improve sleep quality in depressed 

patients (Duncan et al., 2019). The suprachiasmatic nuclei (SCN) and its main efferent target, 

the subparaventricular zone of the hypothalamus (SPZ), are key structures in regulating 

circadian rhythms and controlling sleep/wake cycle parameters (Lu et al., 2001). Modulation 

of their activity, notably by the anesthetic isoflurane, has been suggested to be associated 

with dysregulated circadian rhythms and sleep-wake alternation (Hu et al., 2024). Hence, the 

increased involvement of the SPZ in CTRL KET and CORT 24 h networks suggests 

modifications in sleep patterns and circadian rhythms. 
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5 weeks of CORT did not have a consistent effect on brain networks  

In our study, we observed that CORT impacted brain networks more deeply at the 24 h 

timepoint compared to the 90 min timepoint, despite the conditions being identical for both 

experiments. Indeed, the CORT network was denser in the 90 min experiment (D = 0.63) 

compared to the 24 h experiment (D = 0.26). When considering changes in correlation strength 

in broad brain regions, the effect of CORT was less clear, as it was occurring in only the 

midbrain, LHb and mPFC in the 90 min experiment, whereas it affected the mPFC, 

hypothalamus, pons, and striatum in the 24 h experiment. Notably, the mPFC is the more 

consistent target across all analyses in these experiments. 

 

One explanation of these differences could be related to c-fos expression. Although still 

detectable up to one week after activation, protein levels of expression are weaker than after 

30-60 min, indicating a transient activation (Lin et al., 2018). Indeed, c-fos detection technique 

is known for its low temporal resolution, peaking approximately 2 hours after induction, which 

limits its ability to capture rapid neuronal activity changes occurring within minutes (Kovács, 

2008). Additionally, although c-fos is more expressed in excitatory neurons than inhibitory 

neurons in the cerebral cortex and hippocampus, it does not allow to decipher neuron 

subtypes, thereby limiting interpretations regarding involvement in different neurotransmitter 

systems at the brain level (Filipkowski et al., 2000).  

 

The use of transgenic mice, like FosTRAP2 mice, would allow for direct labelling of c-fos 

positive cells and provide finer control of its temporal window of expression through tamoxifen 

administration (DeNardo et al., 2019). Furthermore, in order to enhance temporal resolution 

and gain deeper insights into the dynamics of changes following KET treatment in vivo, 

functional c-fos imaging using superparamagnetic iron oxide nanoparticles (SPIONs) 

hybridizing with c-fos mRNA and detectable in real-time MRI could be a complementary 

approach (Liu et al., 2007).  

 

The medial prefrontal cortex (mPFC) as a hub for the maintenance of the antidepressant 

effect 

We show that ketamine is able to counteract CORT-induced activity dysregulations in the 

mPFC, 24 hours after exposure, once the antidepressant effect has been established. The 

mPFC governs high executive functions and plays key roles in various cognitive processes 

such as decision making, attention, memory and emotional control (Bittar and Labonté, 2021; 

Euston et al., 2012). It is thus not surprising that impairment in mPFC functioning and structure 

are consistently found in MDD patients, with consensual evidence of volume reduction and 

functional connectivity alterations (Pizzagalli and Roberts, 2022).  
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Over the years and with functional magnetic resonance imaging (fMRI) development, the 

investigation of brain dysregulations in depression has evolved. Indeed, initially focused on 

segregated structural and functional changes, researchers now have a broader approach by 

examining brain interactions and connectivity patterns changes. This shift has led to an update 

of the concept of depression as a network-based disorder (Mulders et al., 2015). Two different 

types of network organizations in the human brain operate in balance: a resting state network 

(RSN) or default mode network (DMN), and task positive networks (TPN)(Di and Biswal, 

2014). The DMN corresponds to a pattern of coordinated brain region activity when a person 

is at rest and not involved in a task but rather in self-referential mental activities (Davey et al., 

2016). This network includes the precuneus/posterior cingulate cortex (PCC), the medial 

prefrontal cortex (MPF), and medial, lateral, and inferior parietal cortex (Raichle et al., 2001). 

 

Depressed patients present an hyperactivity of the DMN, thought to lead to excessive self- 

focus and rumination, and a decreased connectivity within TPN (Knyazev et al., 2018). More 

precisely, the central executive network (CEN) and the salience network (SN) are the main 

hypoactivated TPN in MDD (Mulders et al., 2015). The CEN consists of the lateral prefrontal 

cortex, the posterior parietal cortex (PPC), the frontal eye fields (FEF) and part of the 

dorsomedial prefrontal cortex (dmPFC) and is involved in attention and working memory while 

the SN includes the fronto-insular cortex, the dorsal ACC, the amygdala and temporal poles 

and is implicated in emotion regulation (Mulders et al., 2015).  

 

Besides being characterized as a hub region for the expression of depressive symptoms in 

humans, complementary evidence from clinical studies supports the mPFC as a key structure 

in mediating antidepressant effects. In humans, alleviation of depressive symptoms by 

electroconvulsive therapy (ECT) has been related to improved connectivity in DMN, where 

network-based analysis show decreased brain activity in the PFC and prominent changes in 

its functional connectivity (Qi et al., 2020). Regarding pharmacotherapies, the prefrontal cortex 

serves as an imaging biomarker of therapeutic response in MDD patients (Fonseka et al., 

2018). Indeed, reductions in prefrontal activity are consistent among responders and absent 

in non-responders, indicating its crucial role in mediating antidepressant effects (Cook and 

Leuchter, 2001).  

 

The effect of ketamine in healthy subjects has been well described but to a lesser extent in 

the context of depression. However, this has implications for the antidepressant action of 

ketamine, as the molecule decreases functional connectivity of the DMN (Scheidegger et al., 

2012). Furthermore, recent reports suggest that ketamine adjusts prefrontal brain functional 
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connectivity in depressed patients. 24h after a 45-min infusion of ketamine at the 

subanesthetic dose of 0.5 mg/kg, MDD patients exhibit enhanced connectivity between the 

subgenual anterior cingulate cortex (sgACC) and the right lateral PFC, associated to relief of 

depressive symptoms (Gärtner et al., 2019). In TRD patients, ketamine infusion (0.5 mg/kg 

over 40 min) increased functional connectivity of the sgACC with the perigenual ACC (pgACC) 

and anterior ventromedial PFC (vmPFC), and this correlates with an improvement in 

anhedonia scores (Alexander et al., 2023). In a recent study of TRD patients, ketamine 

increased connectivity between frontal and limbic regions 24 hours post-infusion, associated 

to an improvement of the depressive symptoms (Rengasamy et al., 2024). Thus, ketamine 

modulates both intraconnectivity within prefrontal areas and interconnectivity with other brain 

regions, highlighting the medial prefrontal cortex (mPFC) as a central hub in depressed 

patients. 

 

Ketamine enhancement of prefrontal regions functioning is also supported by molecular 

studies in rodents. Despite distinct anatomical definition of prefrontal regions between humans 

and rodent, functional homology has been identified. These regions are involved in both 

species in executive functions, decision-making, working memory, and social behaviors 

(Euston et al., 2012; Kesner and Churchwell, 2011) More specifically, the rodent infralimbic 

(IF) cortex is analogous to the human subgenual ACC (sgACC); the prelimbic (PL) area 

corresponds to the perigenual ACC (pgACC); both IL and PL are also analogous to the human 

ventromedial PFC (vmPFC); and the rodent ACC is analogous to both the human dorsal ACC 

(dACC) and ventral ACC (vACC) (Alexander et al., 2023; Laubach et al., 2018). Hence, even 

if cross-species comparisons are challenging, rodent studies on prefrontal areas provide 

valuable insights in the understanding of the neurobiological basis of anti-depressant effects 

of molecules like ketamine. In our study, we investigated the IF, PL, and ACC separately and, 

for simplification, referred to their combination as the medial prefrontal cortex (mPFC).   

 

At the network level, 24 hours after ketamine, we observed a recovery of the functional 

connectivity between IF and ACC that was lost in CORT-mice, consistent the pivotal role of 

the sgACC in ketamine-mediated antidepressant effect in depressed patients. Furthermore, 

ketamine uniquely increased connectivity within the mPFC (ACC+IF+PL), counteracting 

CORT-induced decrease in connectivity. In rats, a 10 mg/kg ketamine injection increased 

BOLD signal connectivity within prefrontal and hippocampal regions, particularly the IF, within 

15 minutes (Gass et al., 2014). Accumulating evidence suggest that ketamine promotes 

synaptic plasticity via mTORC1 signaling and synaptogenesis, which mitigates behavioral 

deficits in rodents (Duman et al., 2016). In fact, chronic CORT exposure in rats induces 

functional and structural changes in the mPFC, which are counteracted 24 hours after a 10 
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mg/kg injection of ketamine (Mingardi et al., 2023). Hence, a subanesthetic dose of ketamine 

impact both neuronal synaptic plasticity processes and broader patterns of functional 

connectivity across the brain.  

 

CORT has no effect on GluN2A- or GluN2B-NMDAR diffusion 

In depressed patients, hypercortisolemia and abnormal glucocorticoid receptor (GR) and 

mineralocorticoid receptor (MR) signaling are key factors in the hyperactivation of the HPA 

axis. In rodents, corticosterone (CORT) is the major glucocorticoid hormone secreted by the 

adrenal gland as part of the hypothalamic-pituitary-adrenal (HPA) axis response to stress 

(Nandam et al., 2020). To mimic the in vivo conditions of stressed mice, we modeled chronic 

stress in cultures by chronically applying for 72 hours CORT to cortical cultures. 

 

Regarding glucocorticoids, their effects in the brain can vary depending on the dose and 

duration of exposure. CORT demonstrates a U-shaped dose-response relationship in the brain 

(Joëls, 2006). In organotypic hippocampal cultures, CORT induces apoptosis at a 

concentration of 1 µM and necrosis at 10 µM over a 72-hour period role of the mPFC (Kurek 

et al., 2016). Therefore, we selected a concentration of 100 nM based on previous research, 

aiming to saturate glucocorticoid receptors (GR, Kd ∼ 1-5 nM; MR, Kd ∼ 0.3 nM) and to avoid 

the pro-apoptotic effects observed at higher concentrations of CORT (Joëls, 2006; Mikasova 

et al., 2017).  

 

At 100 nM, CORT enhances GluR2-AMPAR synaptic content through increased lateral 

diffusion in rat hippocampal cultured neurons, concomitant with an increase in the amplitude 

of miniature excitatory postsynaptic currents (mEPSCs) (Groc et al., 2008; Karst and Joëls, 

2005). Furthermore, acute CORT administration for 20 minutes rapidly regulates GluN2B-

NMDAR surface dynamics and synaptic content through MR signaling in hippocampal 

neurons, which is associated with an enhancement of NMDAR-mediated mEPSCs (Mikasova 

et al., 2017). Here, we show that chronic CORT exposure (72 hours) has no impact on 

GluN2A-NMDAR or GluN2B-NMDAR surface diffusion in cortical neurons.  

 

CORT mainly mediate its effects in the brain through the activation of high-affinity 

mineralocorticoid receptors (MR) and low-affinity glucocorticoid receptors (GR), which can  

thereby either modulate specific gene expression (genomic action) or directly act on the 

intracellular environment notably through signaling pathway activation (non-genomic action) 

(Panettieri et al., 2019). GR and MR are expressed differently across human and rodent 

brains. In the human central nervous system, GR are primarily expressed in the frontal cortex, 

hypothalamus, hippocampus, and cerebellum, while MR are mostly expressed in the 
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hippocampus and limbic lobe (Singh et al., 2023). In rodents, GR are widely expressed 

throughout the brain, whereas MR expression is predominantly in limbic regions such as the 

hippocampus, amygdala, and lateral septum (McCann et al., 2021).  

 

CORT lack of effect on NMDAR surface dynamics in our cortical neuronal cultures may be 

attributed to the predominant expression of glucocorticoid receptor (GR) rather than 

mineralocorticoid receptor (MR), which has been shown to mediate CORT action on NMDAR 

surface diffusion (Mikasova et al., 2017). Alternatively, this lack of effect could also be due to 

the difference in exposure duration (20 minutes versus 72 hours), suggesting that longer 

exposures may induce compensatory mechanisms aimed at promoting homeostasis.  

 

Synaptic trapping of NMDAR as a therapeutic target 

In cortical cultures, we observed that a subanesthetic dose of ketamine sequentially enhances 

the trapping of GluN2B-NMDAR shortly after exposure. Subsequently, the trapping of GluN2A-

NMDAR occurs, aligning with the persistence of these effects even after the drug has been 

eliminated, i.e. 24 hours after. 

 

GluN2A- and GluN2B-NMDAR form distinct protein complexes and initiate different signaling 

cascades, resulting in distinct contributions of these two NMDAR subtypes to synaptic 

plasticity processes. (Dupuis et al., 2023; Kellermayer et al., 2018). As a consequence, their 

regulation governs synaptic plasticity driven-processes, such as brain development, memory, 

and cognitive functions (Paoletti et al., 2013). More specifically, GluN2B-NMDAR function and 

organization are notably regulated by its interaction with CaMKII. This interaction favors 

GluN2B-NMDAR trapping and the intracellular redistribution of CaMKII, promoting the 

induction of long-term potentiation (LTP) at glutamatergic synapses (Dupuis et al., 2014; 

Shipton and Paulsen, 2014). On the other hand, GluN2A-NMDAR are less crucial for LTP 

induction but are still important for its maintenance. They primarily act as ionotropic calcium 

providers in the postsynaptic density (PSD), generating distinct calcium dynamics in the 

postsynapse (Franchini et al., 2020; Sun et al., 2017). Indeed, GluN2A-NMDAR allow for a 

moderate and transient influx of Ca2+ whereas GluN2B-NMDAR facilitate rapid and substantial 

Ca2+ influx (Deep et al., 2019; Paul and Connor, 2010).  

 

Thus, the preferential retention of GluN2B-NMDAR at synapses following 90 minutes of 

ketamine exposure aligns with early synaptic plasticity processes that support the onset of its 

antidepressant effect (Duman et al., 2016). Similarly, the preferential anchoring of GluN2A-

NMDAR at synapses may sustain these effects through the maintenance of synaptic plasticity, 

consistent with the prolonged antidepressant effect lasting several days to a week. (Berman 
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et al., 2000; Carlos A Zarate et al., 2006). As a next step, we aim to investigate whether 

manipulating initial synaptic trapping of GluN2B-NMDAR with competing peptides can prevent 

ketamine-induced redistributions, thereby examining its therapeutic implications. 

 

Indeed, the enhancement of synaptic receptors associated with plasticity processes has 

emerged as a promising therapeutic strategy. Ketamine and fluoxetine have the ability to bind 

receptors for BDNF, i.e. TrkB receptors (TrkBR). Through allosteric modulation, they promote 

TrkB membrane trafficking to favor their cell surface expression and subsequent BDNF 

signaling involved in the antidepressant effect (Casarotto et al., 2021). Furthermore, a recent 

study conducted by Moliner and colleagues (2023) show that lysergic acid diethylamide (LSD) 

and psilocin (PSI) enhance the retention of TrkBR at synapses. Indeed, these psychedelics 

bind with high affinity to TrkBR and through positive allosteric modulation, stabilize these 

receptors in an active conformation. This maintains their anchoring in membrane lipid rafts, 

thus promoting prolonged BDNF signaling and synaptic plasticity (Moliner et al., 2023).  

 

Therefore, our data support the idea that various types of psychoactive molecules, such as 

ketamine, mediate antidepressant effects independently of direct action on the signaling 

function of post-synaptic receptors at synapses and that these receptor surface 

reorganizations may explain their prolonged effects. 

 

Ketamine effect on NMDAR retention at synapses may not involve metabolites action 

As other NMDAR antagonists failed to replicate the antidepressant effect of ketamine, 

accumulating evidence points to its mediation through the action of its metabolites, particularly 

hydroxynorketamines (HNK), i.e. (2R-6R)-HNK and to a less extent (2S-6S)-HNK (Highland 

et al., 2021). Thus, we investigated if ketamine-elicited NMDAR were attributable to the 

molecule itself or the action of (2R-6R)-HNK. We show that the antidepressant dose of 10 µM 

in CORT chronically exposed neurons did not reproduce the anchoring effect on GluN2A-

NMDAR of ketamine, 24 hours after exposure.  

 

Similarly to ketamine, a single injection of the metabolite (2R,6R)-HNK (10 mg/kg) has been 

shown to alleviate anhedonic behaviors in rats exposed to chronic CORT, without reproducing 

its psychoactive side effects (Zanos et al., 2016). This study further demonstrate that the 

metabolite enhances glutamatergic signaling independently of NMDAR signaling, but rather 

through a synaptic upregulation of AMPAR in the hippocampus (Zanos et al., 2016). The 

impact of (2R,6R)-HNK of AMPAR signaling has also been shown in other structures like the 

mesencephale or the nucleus accumbens, but whether this may be associated with its 

antidepressant effect remain unclear (Qu et al., 2021). 
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In our study, complementary experiments assessing (2R,6R)-HNK impact on GluN2B-

NMDAR or AMPAR surface trafficking would allow for better understanding of its underlying 

molecular mechanisms. 

 

Conclusion 

To conclude, we provide valuable insights into the molecular mechanisms and network 

functional connectivity reorganizations that may contribute to the antidepressant effect of 

ketamine. The manipulation of NMDAR synaptic trapping within specific brain areas may 

directly compensate for depression-induced connectivity alterations, opening new therapeutic 

strategies that avoid the undesirable side effects associated with direct signaling alterations 

attributable to current psychoactive molecules. 
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Regions of interest CTRL group CTRL KET 

group 

CORT group CORT KET 

group 

BLA 18.75 10.52631579 13.88888889 20.45454545 

Hipp 9.375 21.05263158 19.44444444 11.36363636 

LH 18.75 15.78947368 11.11111111 20.45454545 

DMH 14.0625 18.42105263 16.66666667 13.63636364 

SPZ 14.0625 23.68421053 22.22222222 2.272727273 

SCN 1.5625 10.52631579 11.11111111 6.818181818 

ACC 14.0625 10.52631579 16.66666667 20.45454545 

IF 14.0625 15.78947368 8.333333333 20.45454545 

PL 17.1875 23.68421053 16.66666667 18.18181818 

DRN 4.6875 2.631578947 5.555555556 2.272727273 

VTA 3.125 2.631578947 5.555555556 15.90909091 

VP 10.9375 18.42105263 22.22222222 15.90909091 

LTDg 14.0625 2.631578947 11.11111111 2.272727273 

PPN 17.1875 15.78947368 0 6.818181818 

CeM 17.1875 2.631578947 0 18.18181818 

Nac 10.9375 2.631578947 8.333333333 2.272727273 

LHb 0 2.631578947 11.11111111 0 

 

Table 1: Percentage of involvement of each region of interest in the network for each condition for the 

24h experiment. The number of significant correlations for each area has been counted and divided by 

the total number of significant correlations for the considered group, then transformed into percentages. 

In orange has been underlined the regions that show the largest involvement in the network for each 

condition. Linked to figure 2C.  

 

Regions of interest CTRL group CTRL KET 

group 

CORT group CORT KET 

group 

BLA 14.45783133 17.10526316 11.62790698 16.36363636 

Hipp 14.45783133 15.78947368 15.11627907 20 

LH 15.6626506 17.10526316 11.62790698 16.36363636 

DMH 14.45783133 15.78947368 12.79069767 16.36363636 

SPZ 15.6626506 14.47368421 13.95348837 12.72727273 

SCN 2.409638554 1.315789474 9.302325581 3.636363636 

ACC 14.45783133 13.15789474 13.95348837 12.72727273 

IF 14.45783133 9.210526316 11.62790698 5.454545455 

PL 14.45783133 15.78947368 6.976744186 10.90909091 

DRN 8.43373494 13.15789474 12.79069767 9.090909091 

VTA 7.228915663 3.947368421 1.162790698 0 

VP 14.45783133 13.15789474 16.27906977 18.18181818 

LTDg 13.25301205 9.210526316 12.79069767 9.090909091 

PPN 7.228915663 10.52631579 12.79069767 12.72727273 

CeM 14.45783133 11.84210526 16.27906977 5.454545455 

Nac 14.45783133 18.42105263 16.27906977 18.18181818 

LHb 0 0 0 12.72727273 

 

Table 2: Percentage of involvement of each region of interest in the network for each condition for the 

90 min experiment. The number of significant correlations for each area has been counted and divided 

by the total number of significant correlations for the considered group, then transformed into 

percentages. In orange has been underlined the regions that show the largest involvement in the 

network for each condition. Linked to figure 3A.   
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Figure 1: Changes in correlated activities within meso-cortico-limbic-striatal systems after 5 weeks of CORT and 

24h of KET. (A) r values of interregional correlations of the basolateral amygdala (BLA) according to conditions (Two-way 

ANOVA, ns, ***p<0,001, ****p<0,0001). (B) r values of interregional correlations of hypothalamic regions, considered as the 

grouping of lateral hypothalamus (LH), dorsomedial hypothalamus (DMH), subparaventricular zone (SPZ) and 

suprachiasmatic nucleus (SCN), according to conditions (Two-way ANOVA, ns, ****p<0,0001). (C) r values of interregional 

correlations of midbrain area, considered as the grouping of ventral tegmental area (VTA) and dorsal raphe nucleus (DRN), 

according to conditions (Two-way ANOVA, ns, **p<0,01,****p<0,0001). (D) r values of interregional correlations of the 

ventral pallidum (VP) according to conditions (Two-way ANOVA, ns). (E) r values of interregional correlations of pons 

regions, considered as the grouping of pedunculopontine nucleus (PPN) and laterodorsal tegmental nucleus (LTDg) 

according to conditions (Two-way ANOVA, ***p<0,001,****p<0,0001). (F) r values of interregional correlations of striatal 

regions, considered as the grouping of central amygdala (CeM) and nucleus accumbens (Nac), according to conditions 

(Two-way ANOVA, *p<0,05,***p<0,001, ****p<0,0001). (B) r values of interregional correlations of the lateral habenula (LHb) 

according to conditions (Two-way ANOVA, ns, *p<0,05). Conditions for all graphs: CTRL (n = 8 brains), CTRL KET (n = 9 

brains), CORT (n = 10 brains) and CORT KET (n = 9 brains). 
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Figure 2: Changes in correlated activities within meso-cortico-limbic-striatal systems after 5 weeks of CORT and 

90min of KET. (A) r values of interregional correlations of the basolateral amygdala (BLA) according to conditions (Two-

way ANOVA, ns). (B) r values of interregional correlations of hypothalamic regions, considered as the grouping of lateral 

hypothalamus (LH), dorsomedial hypothalamus (DMH), subparaventricular zone (SPZ) and suprachiasmatic nucleus (SCN), 

according to conditions (Two-way ANOVA, ns, ****p<0,0001). (C) r values of interregional correlations of midbrain area, 

considered as the grouping of ventral tegmental area (VTA) and dorsal raphe nucleus (DRN), according to conditions (Two-

way ANOVA, ns, **p<0,01). (D) r values of interregional correlations of the ventral pallidum (VP) according to conditions 

(Two-way ANOVA, ns, *p<0,05). (E) r values of interregional correlations of pons regions, considered as the grouping of 

pedunculopontine nucleus (PPN) and laterodorsal tegmental nucleus (LTDg) according to conditions (Two-way ANOVA, 

*p<0,05,**p<0,01). (F) r values of interregional correlations of striatal regions, considered as the grouping of central 

amygdala (CeM) and nucleus accumbens (Nac), according to conditions (Two-way ANOVA,***p<0,001). (B) r values of 

interregional correlations of the lateral habenula (LHb) according to conditions (Two-way ANOVA, *p<0,05, ***p<0,001, 

****p<0,0001). Conditions for all graphs: CTRL (n = 7 brains), CTRL KET (n = 9 brains), CORT (n = 8 brains) and CORT 

KET (n = 10 brains). 
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Title: Exploring the molecular determinants of behavioral changes induced by ketamine 

at the nanoscale 

Abstract: In the central nervous system (CNS), NMDA receptors (NMDAR), part of the 

ionotropic glutamate receptors family, mediate the majority of fast excitatory neuronal 

transmission. By allowing calcium influx into neuronal cells and subsequent activation of 

signaling pathways, NMDAR play a central role in synaptic plasticity events that occur during 

development and underly cognition and memory processes. Recent advances in super 

resolution microscopy have revealed unexpected dimensions of NMDAR signaling beyond 

their ionotropic function, which contribute to synaptic physiology. Indeed, NMDAR adopt a 

precise and dynamically regulated nanoscale organization at synapses which regulates their 

plasticity and controls memory formation, thereby raising the question whether NMDAR 

synaptic organization can be of therapeutic interest. Moreover, competitive and non-

competitive antagonists like open channel blockers (OCBs) elicit similar inhibition of NMDAR 

signaling but result in distinct behavioral outcomes, suggesting mechanisms independent of 

ion flux blocking. Using a combination of super resolution microscopy techniques and 

behavioral testing, we demonstrate the non-competitive NMDAR antagonist ketamine 

enhances the synaptic trapping of receptors, and thereby alleviates anxiety/depression-like 

behavioral deficits caused by autoantibodies from psychotic patients. We then examined 

whether these changes in NMDAR distribution at synapses may contribute to ketamine-elicited 

rearrangements in brain connectivity supporting its antidepressant properties. Major 

depressive disorder is a leading cause of disability worldwide and is believed to be the 

consequence of abnormal activity in key structures supporting mood and reward, namely 

cortico-meso-limbic structures. Current treatments, such as serotonin-based 

pharmacotherapies and psychotherapies, have a delayed onset of action and still up to one-

third of patients are resistant. Thus, the recent discovery that a subanesthetic dose of 

ketamine induce a rapid-acting and sustained antidepressant effect has risen new hopes for 

the treatment of depression. Despite intense investigation, the mechanisms through which 

ketamine acts on NMDAR signaling within the cortico-meso-limbic network to produce its 

antidepressant effect remain unclear. To address this, we have developed a multi-level 

approach combining single-molecule imaging to monitor NMDAR synaptic redistributions and 

detection of immediate early gene expression in a pharmacological model of depression using 

light-sheet microscopy to identify network rearrangements induced by ketamine. Overall, we 

provide new molecular mechanisms supporting ketamine-elicited behavioral changes, offering 

NMDAR synaptic distribution manipulation as a therapeutic strategy for both autoantibody-

induced pathological deficits and depressive-associated deficits. 

Keywords: NMDA receptor, ketamine, nanoscale organization, depression 
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