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Regulation of membrane NMDA receptors by
dynamics and protein interactions
Mar Petit-Pedrol and Laurent Groc

Understanding neurotransmitter system crosstalk in the brain is a major challenge in neurobiology. Several intracellular and
genomic cascades have been identified in this crosstalk. However, the discovery that neurotransmitter receptors are highly
diffusive in the plasma membrane of neurons, where they form heterocomplexes with other proteins, has profoundly
changed our view of neurotransmitter signaling. Here, we review new insights into neurotransmitter crosstalk at the plasma
membrane. We focus on the membrane organization and interactome of the ionotropic glutamate N-methyl-D-aspartate
receptor (NMDAR) that plays a central role in excitatory synaptic and network physiology and is involved in the etiology of
several major neuropsychiatric disorders. The nanoscale organization and dynamics of NMDAR is a key regulatory process for
glutamate synapse transmission, plasticity, and crosstalk with other neurotransmitter systems, such as the monoaminergic
ones. The plasma membrane appears to be a prime regulatory compartment for spatial and temporal crosstalk between
neurotransmitter systems in the healthy and diseased brain. Understanding the molecular mechanisms regulating membrane
neurotransmitter receptor crosstalk will likely open research avenues for innovative therapeutical strategies.

Introduction
The N-methyl-D-aspartate receptors (NMDARs) are ionotropic
glutamate receptors whose activation and calcium permeability
play central roles in glutamate synapse physiology. Conse-
quently, dysfunctions of NMDAR signaling are associated with
neurological and psychiatric diseases (Paoletti et al., 2013; Wyllie
et al., 2013). Several decades of research have provided valuable
insight into how the NMDARs are trafficked to glutamatergic
synapses, how they are regulated by neuronal activity or mod-
ulatory systems, and how they become dysfunctional in neuro-
psychiatric disorders. Schematically, NMDAR activation is
essential for numerous brain cell communication processes,
including synaptogenesis, long-term synaptic plasticity (e.g.,
NMDAR-dependent long-term synaptic potentiation [LTP]),
dendritic integration, learning, and memory (Collingridge et al.,
2004; Lau et al., 2009; Hansen et al., 2018). The NMDAR acti-
vation requires (a) a depolarization of the membrane to remove
the magnesium block and (b) the presence of both agonist
(glutamate) and coagonist (glycine or D-serine), making this
receptor a coincident detector at the basis of Hebbian-type
synaptic plasticity processes (Collingridge et al., 2004). Besides
the effect of NMDAR-induced depolarization, the NMDAR per-
meability to calcium triggers calcium-dependent signaling cas-
cades that regulate functional and structural plasticity of

synapses. These calcium-dependent processes play key roles in
the maturation of synapses, structural plasticity of synapses and
dendritic spines, and many other key plasticity processes
(Collingridge et al., 2004; Lau et al., 2009; Paoletti et al., 2013;
Hansen et al., 2018). During NMDAR-dependent LTP, it has for
instance been shown that calcium entry from NMDAR activates
Ca2+/calmodulin-dependent protein kinase II (CaMKII), which
phosphorylates and favors the trafficking of α-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)
to the synapses (Herring and Nicoll, 2016).

NMDAR subunit composition determines its location and
function. NMDARs are heterotetramers composed of two
obligatory GluN1 subunits that associate with two GluN2 (A–D)
or GluN3 (A and B) subunits (Paoletti et al., 2013; Wyllie et al.,
2013). The GluN2 subunits determine most NMDAR biophysical
properties, including agonist affinity, open probability, and de-
activation kinetics (Paoletti et al., 2013; Wyllie et al., 2013).
Whereas the GluN1 subunit is widely distributed over the ner-
vous system, the different GluN2 subunits show regional dis-
tributions that change during development and aging (Paoletti
et al., 2013). The NMDARs are expressed not only by neurons but
also by glial and endothelium cells in the brain, as well as by cells
from the immune system, kidney, heart, and pancreas (Leboyer
et al., 2016), suggesting that the understanding of NMDAR
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function in brain cell networks is a complex challenge. Exocy-
tosis, endocytosis, and local dendritic synthesis control most of the
membrane pool of NMDARs, including their delivery to synaptic
areas (Trepanier et al., 2012; Sanz-Clemente et al., 2013b; Horak
et al., 2014; Vieira et al., 2020). Once inserted in the plasma
membrane through exocytosis, NMDARs explore large segments
of the dendrite through lateral diffusion (Tovar and Westbrook,
2002; Groc et al., 2004, 2006; McQuate and Barria, 2020). Dif-
fusing NMDARs eventually enter synapses, in which they interact
with a myriad of scaffold proteins from the postsynaptic density
(PSD) or trans-synaptic complexes (Frank and Grant, 2017).

Besides the canonical role of NMDARs in mediating long-
term synaptic plasticity through their calcium permeability,
non-ionotropic functions of the receptor have also been well
described (Gray et al., 2016; Dore et al., 2016, 2017). Among
these, the specific role of the NMDAR surface dynamics in
tuning synaptic plasticity and associative memory highlight the
essential role of receptor movement, organization, and direct
interactions with other proteins (Bard and Groc, 2011; Ladépêche
et al., 2014; Groc and Choquet, 2020). Yet our mechanistic un-
derstanding of the crosstalk between neurotransmitter systems
is far from complete. Besides well-identified intracellular sig-
naling cascades that are often shared between systems, direct
interactions between neuronal receptors occur within the
plasma membrane and play major roles in network physiology,
behavioral adaptations, and even neuropsychiatric disorders.
Here, we review our current understanding of two fundamental
processes that shape the organization and functions of neuronal
receptors: receptor lateral diffusion and receptor–receptor in-
teraction at the plasma membrane, focusing on the NMDAR.

Nanoscale organization and surface dynamics of NMDAR
More than a third of surface NMDARs are located extra-
synaptically, the rest being concentrated within the postsynaptic
compartment (Harris and Pettit, 2007; Petralia et al., 2010;
McQuate and Barria, 2020; Tovar and Westbrook, 1999). Al-
though the activation of synaptic NMDARs leads to survival-
promoting mechanisms and synaptic adaptations, the activa-
tion of extrasynaptic NMDARs preferentially leads to mito-
chondrial dysfunction, loss of integrity of neuronal structures,
neurotoxicity, and cell death (Hardingham and Bading, 2010).
The mechanism behind these distinct fates is likely the activa-
tion of different intracellular pathways triggered by calcium
influx (Bading, 2013; Hardingham, 2019). The surface distribu-
tion of NMDARs results from the equilibrium between synaptic
and extrasynaptic receptor exchange. The surface dynamics
through Brownian diffusion of a given receptor is solely pow-
ered by thermal agitation. Yet NMDAR surface organization
within these compartments is not homogeneous, indicating the
presence of local regulatory mechanisms (Groc and Choquet,
2020). Advances in superresolution microscopy show that in
the postsynaptic compartment, the nanoscale organization of
neurotransmitter receptors, scaffolds, and signalingmolecules is
well structured (Frost et al., 2010; MacGillavry et al., 2013; Nair
et al., 2013; Broadhead et al., 2016). Nanoscale surface mapping
of NMDAR subtypes revealed a small number (5–10) of nano-
domains (∼55 nm wide) per synaptic area (MacGillavry et al.,

2013; Kellermayer et al., 2018). The presence of synaptic nano-
domains for most glutamate receptors and scaffold proteins in
hippocampal synapses strengthens the view that the post-
synapse is a highly compartmentalized entity. The nanoscale
compartmentalization of NMDARs plays a role in postsynaptic
transmission and synaptic plasticity (Zeng et al., 2016;
Kellermayer et al., 2018). It has been proposed that the post-
synaptic organization in nanodomains better aligns the re-
ceptors to presynaptic release sites (Tang et al., 2016). Within
the NMDAR family, GluN2A and GluN2B subunits have differ-
ential and largely nonoverlapping nanoscale organization in
synapses from hippocampal neurons, indicating the presence of
specific sorting mechanisms for different NMDAR subtypes.
Although much less explored, extrasynaptic NMDARs are also
structured in nanodomains, forming a star-like mesh of small
nanodomains that outnumber the synaptic ones (Fig. 1 A;
Kellermayer et al., 2018). Yet the mechanism governing the
nanodomain organization of extrasynaptic NMDARs remains
mostly unknown. While in synapses, intracellular scaffold pro-
teins from the PSD mainly contribute to the nanodomain orga-
nization, other putative mechanisms involving transmembrane
interaction and/or extracellular matrix are likely to be organ-
izers for extrasynaptic NMDARs.

The surface dynamics of a single NMDAR at the neuronal
plasma membrane classically exhibits distinct behaviors: (a)
strong confined diffusion and anchoring of receptors within PSD
nanodomains, (b) high diffusion with low confinement in the
extrasynaptic membrane, and (c) confined diffusion within
small extrasynaptic nanodomains (Fig. 1 B; Groc et al., 2009;
Groc and Choquet, 2020). In parallel to the observation that
GluN2A- and GluN2B-NMDARs form different nanodomains,
their surface dynamics are also different (Groc et al., 2006; Bard
et al., 2010). During sustained synaptic activity in immature
neurons, GluN2B-NMDARS, but not GluN2A-NMDARs, exhibit a
high degree of exchange between synaptic and extrasynaptic
compartments, redistributing CaMKII and favoring LTP (Groc
et al., 2004; Bellone and Nicoll, 2007; Dupuis et al., 2014).
Within synapses, PDZ domain–containing membrane-associated
guanylate kinase proteins, such as PSD95, serve as scaffolding
proteins that anchor NMDARs as well as other transmembrane
proteins (Sheng and Sala, 2001; Nair et al., 2013; Chen et al.,
2015; Zhu et al., 2016). Interactions of NMDARs with other in-
tracellular partners are also important to regulate their organi-
zation, such as direct interaction with CaMKII. Indeed, activated
CaMKII interacts with the C-terminus of the GluN2B subunit and
regulates receptor function (Halt et al., 2012; Incontro et al., 2018;
Barcomb et al., 2016) and surface trafficking (Sanz-Clemente et al.,
2013a; Dupuis et al., 2014). Note that CaMKIIα is recruited to the
PSD in an activity-dependent manner during LTP, whereas
CaMKIIβ stabilizes the actin cytoskeleton at the PSD, acting as
scaffolding protein for NMDAR (Incontro et al., 2018).

The extracellular environment is also a major regulator of
NMDAR surface dynamics, particularly for extrasynaptic re-
ceptors. Extracellular NMDAR surface dynamics is regulated by
components of the extracellular matrix such as matrix metal-
loproteinase 9, tissue plasminogen activator, stress hormone
(corticosterone), and sex hormone (estrogen; Groc et al., 2008;

Petit-Pedrol and Groc Journal of Cell Biology 2 of 15

NMDA receptor surface dynamics and interactions https://doi.org/10.1083/jcb.202006101

https://doi.org/10.1083/jcb.202006101


Michaluk et al., 2009; Lesept et al., 2016; Potier et al., 2016;
Mikasova et al., 2017). In addition, the NMDAR coagonists, gly-
cine and D-serine, differentially regulate the surface dynamics
of both synaptic and extrasynaptic NMDARs (Fig. 1 C; Papouin
and Oliet, 2014; Ferreira et al., 2017). For instance, D-serine al-
ters the surface dynamics and synaptic content of GluNB-
NMDAR, but not GluN2A-NMDAR, through interaction be-
tween its C-terminus and PDZ-binding scaffold proteins
(Ferreira et al., 2017). Other, yet unknown, molecules of the
extracellular environment could also be potent regulators of
NMDAR dynamics, e.g., polyamines, protons, zinc, or neuro-
steroids, as they all contribute to NMDAR-mediated synaptic
regulation (Paoletti et al., 2013; Hansen et al., 2018). Thus, the
nanoscale distribution and surface dynamics of synaptic and
extrasynaptic NMDARs are regulated by multiple well-defined
and yet still unknown mechanisms. The latter is particularly
true for extrasynaptic NMDARs that form small nanodomains
whose molecular composition and regulation remain enigmatic.

Protein–protein interactions at the plasma membrane:
Detection methods
The term interactome describes the molecular interaction net-
works in a living organism (Sanchez et al., 1999). Interactions

can occur between transmembrane proteins from opposed cells
(trans-interactions) or between transmembrane proteins em-
bedded within the same membrane (cis-interactions). Transient
interactions associate and dissociate rapidly and can be divided
into strong or weak based on their properties (Iacobucci et al.,
2021). Weak transient interactions associate and dissociate
continuously (e.g., high dissociation rate), like most receptor–
receptor interactions (Perkins et al., 2010; Acuner Ozbabacan
et al., 2011). The characterization of these interactions in their
native environment has been challenging compared with strong
and high-affinity interactions that can be captured by most
available biochemical approaches (Xing et al., 2016; Titeca et al.,
2019; Portillo et al., 2020). Different methods are available to
investigate the interaction of hydrophobic proteins, such as
membrane proteins (Snider et al., 2015). Although these tech-
niques have brought to light a series of new interactions, their
respective advantages and disadvantages support the claim that
different approaches should be used to validate membrane re-
ceptor interaction. Several methods based on different strategies
exist and provide a powerful toolbox to cell biologists. In addi-
tion to these methods, the criteria defined for the well-studied G
protein–coupled receptor (GPCR) heterometers could be used to
define membrane complexes: (a) heteromer components should

Figure 1. Surface distribution and dynamics of NMDAR. (A) Live immunostaining of surface GluN2B-NMDAR in days in vitro 15 hippocampal neurons
followed by dSTORM imaging. SR-Tesseler segmented clusters are represented. NMDARs can be observed to form nanodomains within glutamatergic syn-
apses and in the extrasynaptic (Extrasyn.) compartment (black arrow heads). Scale bars = 30 nm. (B) Schematic representation of NMDAR lateral diffusion
along neuronal dendrites. A given NMDARwill be anchored within synaptic and extrasynaptic NMDAR nanodomains. (C) NMDAR surface dynamics is regulated
(Δ) by intracellular modulators (PDZ scaffold proteins at the postsynaptic compartment) and by extracellular modulators (NMDAR coagonists, D-serine and
glycine, matrix metalloproteases, tissue plasminogen, and steroid hormones). Glut., Glutamate.
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colocalize in the same compartment and physically interact, (b)
heteromers should exhibit properties distinct from those of the
protomers, and (c) heteromer disruption should lead to a loss of
heteromer-specific properties (Gomes et al., 2016). Depending
on whether the interactors are known/unknown or form puta-
tive strong/weak interaction, the choice of complementary
methods will be essential. Yet still today, there is a relative lack
of methods to study protein–protein interaction within the
plasma membrane in a live and native environment with both
high spatial (interaction of spots that are eventually at low
density) and temporal (short time of interaction) resolution.
Future technological developments are needed to define a re-
ceptor membrane interactome, which can be composed of doz-
ens of different proteins, with high spatial and temporal
resolutions, in a given biological tissue.

The NMDAR surface cis-interactome: Current view
To define the NMDAR membrane interactome, we have classi-
fied the amount of the evidence of interaction for NMDAR in-
teractors based on the number of different techniques used to
unveil specific heterodimer (Fig. 2 and Table 1). Note that part of
the synaptic NMDAR interactome with intracellular proteins
from the PSD has been successfully characterized using immu-
noprecipitation and mass spectrometry (Frank and Grant, 2017).
The NMDAR involvement in major neurological and psychiatric
disorders has made the mapping of its protein interactions a
longstanding goal in neurophysiology and drug therapy. The

cycling of NMDARs between intracellular pool and the plasma
membrane relies on protein interactions and phosphorylation
processes that have been well characterized (Trepanier et al.,
2012; Sanz-Clemente et al., 2013b; Horak et al., 2014; Vieira
et al., 2020). Yet our understanding of the NMDAR membrane
cis-interactome and its spatiotemporal regulation in live neu-
rons is far less complete. Here, we review the experimentally
based evidence of cis-interactions between NMDAR and neu-
rotransmitter receptors or ion channels at the neuronal plasma
membrane and discuss their main physiological functions
(Fig. 2).

Interaction with dopamine receptors
Dopamine receptors are GPCRs involved in numerous brain
functions such as motor activity, emotion, cognition, and re-
ward. Of the five types of dopamine receptors, only D1R and D2R
directly interact with NMDARs at the neuronal membrane
(Wang et al., 2012). Coimmunoprecipitation of fusion proteins
expressed in heterologous cells and bioluminescence resonance
energy transfer (BRET) experiments demonstrated that D1R
interacts with GluN1 and GluN2A subunits but not with the
GluN2B subunit (Lee et al., 2002; Fiorentini et al., 2003).
Imaging approaches further confirmed that GluN1-NMDAR and
D1R interact at the plasma membrane of live hippocampal
neurons (Scott et al., 2006; Ladepeche et al., 2013b; Gréa et al.,
2019). NMDAR and D1R interact via their intracellular
C-terminal tails (Lee et al., 2002; Pei et al., 2004; Fiorentini et al.,
2003; Cahill et al., 2014). The D1R-NMDAR interaction favors the
retention of NMDARs at extrasynaptic location, increases D1R

Current methods to decipher protein–protein interaction in cells

The relative specificity of the methods relates here to their capacities
to minimize the production of false-positive or -negative outcomes. The size
of the putative cluster formed by interacting proteins can range from small
(tens of nanometers) to larger (hundreds of nanometers to submicrons)
entities.

Figure 2. Known neurotransmitter receptor and ion channels cis-
interactors of the NMDAR at the neuronal membrane. Described cis-
interactions that NMDARs can establish at the neuronal cell surface and
the multiple interactions within the NMDAR cell-surface interactome. Be-
cause methods to demonstrate protein–protein interactions can give false
positives, the interaction will be more relevant if it has been demonstrated by
several means. The different grade of evidence for its given NMDAR cis-
interaction has been represented by thick dark red lines, indicating that the
interaction has been proven by three or more techniques, middle-thickness
red lines, indicating two techniques, and thin light pink lines, indicating one
technique. Note that GluN1 (nine interactions), mGluR5 (six), D1R (five), µOR
(five), Sig1R (five), mGluR1 (four), and EphB2 (four) are the most connected
receptors in this macrocomplex.
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insertion into the cell membrane, and inhibits NMDAR currents
and NMDAR-mediated excitotoxicity through a phosphatidyl-
inositol 3-kinase–dependent pathway (Lee et al., 2002; Pei et al.,
2004; Ladepeche et al., 2013b). Activation of D1R promotes the
phosphorylation of GluN1 subunit through the recruitment of
cAMP/PKA signaling, Fyn-related pathways, or alternatively via
the activation of the PKC/Src cascades (Trepanier et al., 2012).
As a result, D1R-NMDAR interaction is disrupted, which in-
creases NMDAR surface dynamics and synaptic content and
promotes NMDA-dependent LTP and working memory (Nai
et al., 2010; Ladepeche et al., 2013b). Note that different,
sometimes opposite, regulatory processes have been defined for
NMDAR-D1R interactions in striatal neurons (Cahill et al., 2014).
Heterocomplexes also exist between D2R and GluN2B-NMDAR
(Liu et al., 2006). This interaction, enhanced by dopamine
stimulation (e.g., cocaine), prevents the binding of CaMKII to

GluN2B-NMDAR, leading to GluN2B subunit dephosphorylation
and a decrease in NMDAR signaling (Liu et al., 2006). Therefore,
NMDARs and dopamine receptors can interact at different loci
whose characteristics and fine molecular regulation remain still
to be fully uncovered.

Interaction with metabotropic glutamate receptors (mGluRs)
The mGluRs are GPCRs that participate in the modulation of
glutamatergic synaptic transmission and neuronal excitability
throughout the central nervous system (CNS). Of the eight
mGluRs, only mGluR1 and mGluR5 directly interact with
NMDARs. The direct interaction between mGluR5 and GluN1
subunits was first demonstrated using BRET in HEK293 cells
expressing both receptors (Perroy et al., 2008). The interaction
regulates their respective trafficking and inhibits receptor ac-
tivity (Perroy et al., 2008). Single-particle tracking (SPT)

Table 1. Evidence of NMDAR interactors

Interaction Method Sources

D1R-GluN1 CoIP of rat brain tissue and hippocampal cultures Lee et al., 2002; Fiorentini et al., 2003

BRET in COS cells expressing the subunits Fiorentini et al., 2003

CoIP using rat hippocampal extract Pei et al., 2004

CoIP after disruption of interaction using peptide in mouse striatum
neurons and slices

Cahill et al., 2014

SPT in rat hippocampal neurons Ladepeche et al., 2013a

D1R-GluN2A CoIP of rat brain tissue, hippocampal cultures, and transfected
heterologous cells

Lee et al., 2002; Fiorentini et al., 2003

D2R-GluN2B CoIP of GST-fused subunits using striatal extracts Liu et al., 2006

mGluR1-GluN1 BRET in transfected HEK293 cells Perroy et al., 2008

mGluR1-GluN2A CoIP with rat brain hippocampal lysates Lai et al., 2019

mGluR5-GluN1 BRET in transfected HEK293 cells Perroy et al., 2008

SPT in rat hippocampal neurons Aloisi et al., 2017

EphB2-GluN1 CoIP of transfected HEK293 cells Dalva et al., 2000

CoIP of brain lysates; cultured neurons Nolt et al., 2011; Hanamura et al., 2017

SPT in rat hippocampal neurons Mikasova et al., 2012

ICC in synaptosomes from mouse brain (colocalization) and PLA Washburn et al., 2020

µOR-GluN1 CoIP assays with mice brain synaptosomes; BiFC approach in live
transfected CHO cells

Rodŕıguez-Muñoz et al., 2012

ApoE-GluN1 CoIP of transfected COS7 cells and CoIP of mouse brain lysates Hoe et al., 2006

BKα R–GluN1 CoIP of rodent brain Zhang et al., 2018

α7 nAchR-GluN2A IP of rat hippocampal homogenate Li et al., 2012

Sig1R-GluN1 CoIP, AFM, PLA Balasuriya et al., 2013

NL1–GluN1 PLA in COS7 cells Budreck et al., 2013

H3R-GluN1, H3R-GluN2A CoIP, PLA, BRET, BiFC in heterologous cells, and/or rodent brain tissue Rodŕıguez-Ruiz et al., 2017

IL1R-GluN1, IL1R-GluN2B CoIP of rat hippocampi Gardoni et al., 2011

P2X-GluN1 Electrophysiology experiments on exogenously expressed receptors in
oocytes

Rodriguez et al., 2020

TRPM4-GluN2A, TRPM4-GluN2B CoIP of rodent brain tissue Yan et al., 2020

CoIP, coimmunoprecipitation; BRET, bioluminescence resonance energy transfer; COS cells, CV-1 (simian) in Origin, and carrying the SV40 cells; SPT, single
particle tracking; HEK293 cells, human embryonic kidney 293 cells; ICC, immunocytochemestry; PLA, proximity ligase assay; BiFC, bimolecular fluorescence
complementation; AFM, atomic force microscopy.
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experiments further demonstrated that GluN1-NMDAR and
mGluR5 colocalize at the surface of neurons, especially in syn-
apses and their vicinities (Aloisi et al., 2017). Coimmunopreci-
pitation studies using rat brain hippocampal lysates also showed
that mGluR1 and GluN2A subunits interact (Lai et al., 2019).
NMDAR andmGluR1/5 also have a fast and indirect interplay via
Homer proteins (O’Neill et al., 2018; Sylantyev et al., 2013). As
NMDARs and mGluR1/5s are both glutamate receptors, their
interaction is likely a key regulator of glutamate synapse
physiology and pathology (Bockaert et al., 2010).

Interaction with opioid receptors
µ-Opioid receptors (µORs) are inhibitory GPCRs responsible for
analgesia and mediate rewarding and positive reinforcement, a
critical initial step leading to opioid addiction, after activation
(Cuitavi et al., 2020). Coimmunoprecipitation experiments with
mice brain synaptosomes identified that µORs form a hetero-
complex with the GluN1 subunit through their C-terminus but
do not interact with GluN2A or GluN2B subunit (Rodŕıguez-
Muñoz et al., 2012). This interaction was observed in midbrain
periaqueductal gray cells, cerebral cortex, striatum, and dorsal
spinal cord. Application of the opioid morphine above analgesic
doses disrupts the NMDAR–µOR complex and favors
GluN1 C-terminal phosphorylation through PKC. Inhibition of PKC
strengthens the NMDAR–µOR complex, restoring analgesic effects
of morphine (Rodŕıguez-Muñoz et al., 2012; Garzón et al., 2012).

Interaction with Ephrin B2 receptor
Ephrin receptors are divided in two families: EphA (EphA1–A9)
and EphB (EphB1–B6R) receptors, and generally mediate cell–
cell communication by interacting with surface-associated li-
gands (ephrins) on neighboring cells. EphB2Rs are tyrosine
kinases crucial for migration, repulsion, and adhesion during
neuronal, vascular, and epithelial development. Direct cis-
interaction between the extracellular domains of EphB2R and
GluN1 subunit was demonstrated by coimmunoprecipitation
(Dalva et al., 2000; Washburn et al., 2020), and later confirmed
with SPT (Mikasova et al., 2012) and proximity ligase assay
(PLA) experiments (Washburn et al., 2020). NMDAR–EphB2R
heterocomplex formation increases NMDAR-dependent Ca2+

influx and synaptic retention and modulates NMDAR channel
function and phosphorylation of GluN2B subunits (Dalva et al.,
2000; Nolt et al., 2011; Mikasova et al., 2012). Coimmunopreci-
pitation experiments revealed that the GluN1 subunit interacts
with other Eph receptors, such as EphB1R, EphB3R, and EphB4R
(Dalva et al., 2000; Calò et al., 2005). During development, the
EphBR-NMDAR association plays an important role in syn-
aptogenesis and regulates synaptic plasticity at later stages
(Grunwald et al., 2001; Hruska and Dalva, 2012). EphB2R thus
appears, among other signaling functions, to anchor and stabi-
lize NMDARs within synapses through cis-interactions.

Interaction with ApoE receptor
Apolipoprotein E receptor 2 (ApoER2) is a member of the low-
density lipoprotein receptor family, involved in neural signal-
ing, neurogenesis, neuroinflammation, cholesterol metabolism,
and trafficking of cholesterol and other lipids in the plasma and

the CNS (Holtzman et al., 2012; Lee and D’Arcangelo, 2016; Zhao
et al., 2018; Jossin, 2020). Activation of ApoER2 with reelin
modulates glutamatergic transmission by enhancing NMDAR-
mediated synaptic transmission, stabilizing GluN2B-NMDAR at
synapses, and favoring NMDAR-dependent LTP in hippocampal
neurons (Groc et al., 2007; Qiu et al., 2006). ApoER2 and GluN1-
NMDAR have been found to interact through their extracellular
domains, as demonstrated by coimmunoprecipitation experi-
ments (Hoe et al., 2006). ApoER2 also interacts with PSD95,
potentially forming a bridge with other GluN2 subunits (Hoe
et al., 2006).

Interaction with nicotinic receptors
Nicotinic acetylcholine receptors (nAChRs) are major signaling
molecules in both the central and peripheral nervous system
that bind to the neurotransmitter acetylcholine and drugs such
as the agonist nicotine (Koukouli and Maskos, 2015). There are
17 subtypes of nAchR, divided into muscle-type and neuronal-
type subunits. The neuronal α7 nAchRs, which are highly ex-
pressed in the hippocampus, physically interact with GluN1 and
GluN2A subunits, forming a multimeric complex that modulates
NMDAR function (Li et al., 2012; Zhang et al., 2016). Nicotine
promotes α7 nAchR-NMDAR interaction, up-regulates NMDAR
currents, and favors synaptic NMDAR-dependent LTP (Bürli
et al., 2010; Li et al., 2013). NMDAR-α7 nAchR complex forma-
tion leads to changes in extracellular signal–regulated kinase
activity, suggesting that it is part of the downstream pathway
associated with the formation of this heterocomplex (Li et al.,
2012). In mice, disruption of the interaction causes memory and
learning deficits (Li et al., 2013).

Interaction with neuroligin
Neuroligin 1 (NL1) is a postsynaptic cell adhesion molecule that
binds to presynaptic β-neurexins to mediate the formation,
maintenance, and plasticity of glutamate synapses (Shipman and
Nicoll, 2012; Chamma et al., 2020). Neuroligin mutations have
been associated with developmental disorders and autism
(Etherton et al., 2011; Bemben et al., 2015). Neuroligins, present
at inhibitory and excitatory synapses, have a key role in the
formation of synapses by recruiting PSD95 and NMDAR at the
postsynaptic site (Bang and Owczarek, 2013) and are required
for the induction of NMDAR-dependent LTP (Shipman and
Nicoll, 2012; Wu et al., 2019). NL1 interacts with the GluN1
subunit and regulates the abundance of NMDARs at postsyn-
aptic sites (Budreck et al., 2013). Using chimeric NL1/NL2 pro-
teins, it was demonstrated that the extracellular domain of NL1
is required to recruit GluN1-NMDAR at the postsynaptic ter-
minals (Budreck et al., 2013). The overexpression of NL1 pro-
motes the clustering of synaptic NMDARs in cultured neurons
(Chih, 2005). Thus, NL1 anchors and stabilizes NMDARs within
synapses through cis-interaction.

Interaction with voltage-activated potassium (BK) channels
The large conductance, calcium-activated, and BK channels are
channels with a voltage sensor formed by four pore-forming
subunits, which repolarize the membrane potential in re-
sponse to depolarization by allowing an outward flow of
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potassium. BK channels are distributed in the whole brain, and
they regulate membrane excitability, neurotransmitter release,
and calcium signaling (Contet et al., 2016). Coimmunoprecipi-
tation studies unveiled that BK channels and NMDARs form
complexes via direct interactions with their obligatory subunits,
BKα and GluN1 subunit (Zhang et al., 2018). NMDARs activate
BK channels by Ca2+ influx, which mediates rapid membrane
repolarization through potassium efflux (Ghatta et al., 2006).
Disruption of the BK-NMDAR interaction using a specific com-
peting peptide mimicking BKα intracellular region prevents
NMDAR-induced BK channel activation and increased glutamate
synapse transmission (Zhang et al., 2018).

Interaction with Sigma-1 receptor (Sig1R)
Sig1R is a transmembrane protein widely distributed in the CNS
that regulates neurotransmitter release, learning, and memory
(Maurice and Su, 2009; Bolshakova et al., 2016). Sig1R regulates
the inositol-3-phosphate receptor and modulates calcium sig-
naling in ER and mitochondria. Although Sig1R is mainly an ER
protein, it has been proposed to translocate to the plasma
membrane (Ryskamp et al., 2019), where it interacts with
NMDARs. The interaction between Sig1Rs and NMDARs was
demonstrated using different methods: protein coimmunopre-
cipitation, atomic force microscopy (AFM) imaging, and PLA
(Balasuriya et al., 2013). Sig1R directly interacts with GluN1, but
not GluN2A, subunits through their extracellular domains. The
role of this interaction at the plasma membrane, however, re-
mains to be defined in neurons.

Interaction with histamine 3 receptor (H3R)
H3R is a member of the GPCR superfamily widely expressed in
the CNS, particularly in the frontal cortex and hippocampus
(Pillot et al., 2002). H3Rs are located at the presynaptic and
postsynaptic membrane, where they regulate the synthesis and
release of histamine (Panula et al., 2015). Not only do they
function as a presynaptic autoreceptor by inhibiting histamine
release in the brain, but they also regulate the release of other
neurotransmitters such as acetylcholine, noradrenaline, sero-
tonin (5-HT), and dopamine (Esbenshade et al., 2008). It has
been demonstrated that H3Rs act as allosteric regulators of
NMDARs and D1Rs (Moreno et al., 2011; Rodŕıguez-Ruiz et al.,
2017). Several approaches to study protein–protein interactions
such as coimmunoprecipitation, PLA, BRET, and bimolecular
fluorescence complementation (BiFC) in heterologous cells or
rodent brain tissue have demonstrated that H3Rs directly in-
teract with GluN1 and GluN2A subunits, and also with D1Rs,
forming an heteromeric complex (Rodŕıguez-Ruiz et al., 2017).
Antagonists of H3Rs reduce the excitotoxicity of NMDAR. Acting
on this heterocomplex has thus been suggested as a target for
neurodegenerative diseases (Grove et al., 2014; Moreno-Delgado
et al., 2020). H3Rs form heterocomplexes with D1Rs and D2Rs
that modulate dopaminergic neurotransmission and play a pu-
tative role in drug addiction (Ellenbroek, 2013).

Interaction with IL-1 receptor (IL-1R)
IL-1R is a cytokine receptor activated by the cytokine IL1 that
promotes proinflammatory processes (Boraschi et al., 2018).

Coimmunoprecipitation using homogenates from rat hippo-
campus demonstrated that IL1R is expressed at the dendrites, is
enriched at the postsynaptic compartment, and interacts with
GluN1 and GluN2B subunits. NMDAR activation increases IL-1R
interaction with NMDARs, as well as the surface expression and
localization of IL-1R at synaptic membranes, by favoring the
membrane insertion of new IL-1R (Gardoni et al., 2011). IL-1R
activation activates tyrosine kinases that trigger GluN2B subunit
phosphorylation, promoting the formation of IL-1R–NMDAR
complexes and synaptic localization (Viviani et al., 2003;
Johansson et al., 2020).

Interaction with purinergic P2X receptors
Purinergic P2X receptors are ATP-gated, calcium-permeable,
nonselective cation channels (seven subunits: P2X1–7) impli-
cated in the modulation of synaptic transmission, neuro-
inflammation, pain, neurological dysfunctions, vascular tone,
cardiac rhythm and contractility, and immune response (Khakh
and North, 2012; Burnstock, 2018). They are usually located at
the PSDs of excitatory neurons. Binding of ATP results in
channel opening, cation influx, and membrane depolarization
(Coddou et al., 2011). Among the P2X receptor members, P2X4
has been found to play a role in the induction of NMDAR-
dependent LTP via the modulation of NMDAR calcium influx
(Sim et al., 2006; Pankratov et al., 2009). In the hippocampus,
the activation of postsynaptic P2X2 or P2X4 triggers surface
AMPAR internalization, leading to P2X-mediated long-term
synaptic depression (Pougnet et al., 2014, 2016). P2X receptors
further modulate the activity of GABAa receptors (Boué-Grabot
et al., 2004; Toulmé et al., 2007; Jo et al., 2011), nACh receptors
(Khakh et al., 2000), and 5-hydroxytryptamine receptor 3A
(Boué-Grabot et al., 2003; Emerit et al., 2016; Soto et al., 2020).
Coexpression of P2X receptors and NMDARs in oocytes showed
that they interact via the C-terminal domain of NMDAR, and
their activation inhibits NMDAR-dependent currents
(Rodriguez et al., 2020).

Interaction with transient receptor potential cation channel
subfamily M member 4 (TRPM4)
TRPM4, also known as melastatin-4, is a cation channel that
mediates cell depolarization. TRPM4 provides a mechanism for
cells to depolarize in a Ca2+-dependent manner and shape action
potential duration and spiking frequency (Launay et al., 2002;
Nilius et al., 2003). TRPM4 has been identified as a key com-
ponent of NMDAR-mediated cell death signaling. Indeed,
TRPM4 is not expressed in synapses but in extrasynaptic
membranes, where NMDAR activation has been related to cell
death. Coimmunoprecipitation experiments using lysates from
cultured mouse hippocampal neurons and brain lysates from
mouse hippocampus and cortex have demonstrated that GluN2A
and GluN2B subunits, but not GluN1 subunit, interact with
TRPM4. While interaction between TRPM4 and extrasynaptic
NMDAR triggers mitochondrial dysfunction and cell death, and
inhibits cAMP response element–binding protein activation and
early gene expression, disruption of this interaction has a neu-
roprotective effect against NMDAR-mediated toxicity (Yan et al.,
2020).
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NMDAR surface interactome: Regulation and dynamics
The above multiple known cis-interactions between NMDARs
and neurotransmitter receptors, ion channels, and adhesion
proteins suggest that NMDAR is centrally positioned to integrate
various key signals in brain circuits. Indeed, receptors from
monoaminergic, opioid, and cell-adhesion molecule signaling
directly modulate NMDAR signaling through protein–protein
interactions. In the plasma membrane of neurons, neurotrans-
mitter receptors and ion channels laterally diffuse and explore
large somatic and dendritic membrane domains. This is not
specific for neurons, as neurotransmitter receptors and trans-
porters also exhibit high diffusion at the surface of astrocytes
(Ciappelloni et al., 2017; Renner and Triller, 2020). NMDARs and
their interacting receptors and ion channels are often expressed
in the same neuronal types and dendritic compartments. The
lateral diffusion of all these interacting membrane proteins is
likely to be modulated by their random interactions (Fig. 3). An
approximate comparison of the lateral diffusion characteristics
(e.g., diffusion coefficients) of NMDAR and its receptor inter-
actome demonstrates that NMDAR diffusion is relatively slower
(Fig. 3), eventually reflecting a role as central integrator. At the
synapse, NMDARs are structurally organized in nanodomains,
and direct interactions between NMDARs and EphB2Rs or NL1Rs
are important determinants of NMDAR synaptic anchoring. In
the perisynaptic and extrasynaptic compartments, NMDARs
likely associate with other interacting receptors allowing mod-
ulatory processes. For instance, interaction of NMDARs with
dopamine receptors forms an extracellular pool of “reserve”

NMDARs (Scott et al., 2002; Ladepeche et al., 2013b). Upon do-
pamine release, the NMDAR–dopamine receptor interaction is
disrupted in hippocampal neurons, inducing a lateral redistri-
bution of NMDARs that favors their recruitment at synapse and
NMDAR-dependent LTP (Liu et al., 2000; Ladepeche et al.,
2013a). Although the exact molecular mechanism underpin-
ning the regulation of such protein–protein interaction remain
unclear, a change in the conformational structure of the re-
ceptors that impacts their interaction is a likely scenario. In
support, the activation of NMDARs alters the intracellular
C-terminus conformation that impairs direct interaction with
PDZ scaffold proteins (Ferreira et al., 2017). Whether such a
molecular scenario applies to the other members of the NMDAR
cis-interactome remains an open question.

Distribution of these putative interactions is likely organized
and strategically positioned by agonists such as dopamine, ace-
tylcholine, and opioid (Fig. 3). In volume transmission, i.e., long-
distance communication between brain cells, the extracellular
space may regulate the NMDAR cis-interactome not only locally
but more globally and tonically at the scale of brain region areas
(Borroto-Escuela et al., 2015). Investigations are needed to de-
fine the spatial (short versus long distance) and temporal (phasic
versus tonic release) regulation of the NMDAR cis-interactome.
Different mechanisms likely coexist to tune short- and long-
term neuronal integration. In hippocampal neurons, the extra-
synaptic compartment contains a myriad of small NMDAR
nanodomains, i.e., NMDAR interactome “hubs,” that can be
mobilized on demand by the extracellular interacting receptor

Figure 3. NMDAR surface dynamics are highly regulated by the crosstalk between NMDAR surface interactors. NMDAR surface interactors show
different diffusion rates at the cell surface, undergoing Brownian diffusion until they interact to form nanodomains (upper panel). Neurotransmitters, such as
glutamate (Glut.), opioid, acetylcholine, and dopamine (Dop.), released by projecting neurons, and neuronal activity modulate the diffusion of the NMDAR and
its interactors, creating nanoclusters at different neuronal compartments (lower panel). syn., synthesis.
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agonists (e.g., glutamate, dopamine, acetylcholine, and opioids)
through fast lateral diffusion. The advantages for such interplay
are that receptor lateral diffusion (a) is purely based on ther-
modynamics and does not directly require cell energy, (b) is
rapidly translated (millisecond range), (c) does integrate
multiple biophysical characteristics besides interacting re-
ceptor agonists (e.g., membrane lipid composition, viscosity,
and temperature), (d) is sufficiently sensitive to weak inter-
actions, and (e) easily translocates receptor complexes to
different nanoscale subcompartments. Developing new
imaging approaches with high spatiotemporal resolution in
live neurons will likely shed new unsuspected light on the
regulation of the NMDAR interactome and its physiological
role in brain circuits. Furthermore, one could envision that
drugs designed to alter NMDAR signaling will have to take
into account the interactome to better control excitatory-
modulatory balance in brain disorders.

Putative role of the NMDAR membrane interactome in
brain diseases
Human genetic and postmortem brain studies, as well as animal
models, have unveiled that dysfunctions of NMDAR signaling
are associated with the etiology of several major neurological
and psychiatric disorders, such as Alzheimer’s, Huntington’s,
and Parkinson’s diseases (Wenk, 2006; Bonuccelli and Del Dotto,
2006; Lipton, 2006; Fan and Raymond, 2007); schizophrenia
(Kantrowitz and Javitt, 2012; Weinberger, 2019); depression
(Maeng and Zarate, 2007); epilepsy; and ischemic stroke (Choi
et al., 1988; Villmann and Becker, 2007). For instance, the
pharmacological blockade of NMDAR with phencyclidine or
ketamine recapitulates a full range of cognitive, positive, and
negative symptoms of schizophrenia. In addition, psychomi-
metic drugs that block NMDAR transmission or genetic muta-
tions of the receptor produce major deficits in synaptic
plasticity, neuronal networks, and cognitive functions. In de-
velopmental models of schizophrenia, alterations of NMDAR
functions early in development perturb, among others, cell
proliferation and migration and synaptogenesis and generate
psychotic-like behavior at adult stage (Millan et al., 2016). Thus,
dysfunction of NMDAR signaling constitutes today one of the
main biological hypotheses at the basis of psychotic disorders.
Yet antipsychotic treatments, developed in the 1950s, primarily
target the dopaminergic receptors, and new pharmacological
drugs targeting the NMDAR have failed to meet therapeutical
end points (Miyamoto et al., 2005; Girgis et al., 2019). In addition
to these two receptor types, several other neurotransmitter re-
ceptors and ion channels have been associated with the emer-
gence of psychotic disorders, including voltage-gated calcium
channels, α7 nAchR, mGluR, opioid receptors, EphB2R, Sig1R,
and neurexin-neuroligin (Heyes et al., 2015; Young and Geyer,
2013; Nicoletti et al., 2019; Ashok et al., 2019; Zhang et al., 2010;
Ishiguro et al., 1998; Südhof, 2008). Strikingly, a large fraction of
these neurotransmitter receptors belong to the NMDAR inter-
actome (Fig. 4 A). Onemay thus hypothesize that the implication
of all these neurotransmitter receptors is somehow related to
their physical interaction and constant crosstalk with the
NMDAR. Theoretically, a sustained alteration of one of these

receptors (e.g., NMDAR) will reverberate on its membrane
partner signaling. The current antipsychotic drugs, which
mainly target dopamine and monoamine receptors, may thus
restore balance in the whole NMDAR interactome.

Is this proposal purely speculative? In other words, does any
experimental evidence support the claim that specific disruption
of the NMDAR membrane organization, related to psychosis in
humans, alters NMDAR partners in the interactome hub? The
discovery of anti-NMDAR encephalitis, an autoimmune disorder
of the brain mediated by the presence of autoantibodies in the
serum and cerebrospinal fluid that target the extracellular do-
main of the NMDAR (NMDAR-Abs), has been of prime impor-
tance in the field. The initial clinical presentation usually
includes prodromal headache or fever, followed by psychiatric
manifestations that may include anxiety, insomnia, delusional
thinking, hallucinations, paranoid thoughts, pressured speech,
mood disorder, or aggressive behavior, with episodes of agita-
tion and catatonia. At this stage, the symptoms suggest drug
abuse or an acute psychotic break, and a psychiatric consultation
is often considered. However, the disease usually progresses to a
more severe stage including seizures, reduced verbal output,
decreased level of consciousness, highly characteristic orofacial
and limb dyskinesias, dystonic postures, rigidity, and autonomic
dysfunction (with tachycardia, high blood pressure, hyperther-
mia, profuse salivation, and hypoventilation), suggesting a dis-
order other than primary psychiatric disease (Dalmau et al.,
2011, 2017; Titulaer et al., 2013). All these symptoms, including
the psychotic ones, are only due to the presence of the NMDAR-
Abs, providing a direct link between the presence of a given
molecule and the various symptoms. At the molecular and
cellular levels, the NMDAR-Abs target the GluN1 subunit
and cause a massive surface reorganization of the receptor.
Indeed, synaptic NMDARs are laterally displaced to the
extrasynaptic compartment, since NMDAR-Abs prevent
interaction between NMDAR and EphB2R (Mikasova et al.,
2012). Then, NMDAR-Abs decrease the content of extra-
synaptic NMDARs over time through a cross-linking effect
that likely favors receptor internalization; the effects are
reversed 4 d after the removal of NMDAR-Abs (Hughes
et al., 2010; Mikasova et al., 2012). Of note, NMDAR-Abs
do not alter dendritic branching, dendritic spine density,
or number of glutamatergic synapses (e.g., density of
PSD95 or Bassoon), indicating that the autoantibodies have
a specific effect on NMDAR trafficking and organization.

Inmice, the chronic intraventricular infusion of NMDAR-Abs
recapitulates the in vitro effects, i.e., decreases total surface and
synaptic NMDAR clusters and induces behavioral alterations
(Planagumà et al., 2015). The key question is then whether such
a change in NMDAR surface dynamics impacts other inter-
actome receptors. Neither the surface dynamics of the gluta-
matergic AMPA and GABAa receptors nor that of Kv1.3
potassium channels were affected by NMDAR-Abs (Mikasova
et al., 2012). However, sustained exposure of hippocampal
neurons to NMDAR-Abs significantly altered the surface dy-
namics of D1R (Gréa et al., 2019). Altered D1R trafficking was
observed mainly in the extrasynaptic compartment, where D1Rs
interact with NMDARs. Truncating the D1R C-terminal domain,
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which is required for direct interaction with NMDARs, pre-
vented the effect of NMDAR-Abs, indicating that the disorga-
nization of surface NMDARs by NMDAR-Abs reverberates to the
interacting dopamine receptors. Consistently, the intraventric-
ular injection of NMDAR-Abs, which cause memory deficits and
psychotic-like behaviors, altered the content of surface dopa-
mine receptors (D1R and D2R; Carceles-Cordon et al., 2020).
Besides the dopamine receptors, NMDAR-Abs also disrupt the
direct interaction between synaptic NMDAR and EphB2R,
leading to the rapid dispersal of both receptors outside synapses.
Thus, an antibody targeting one identified receptor causes at
least two collateral damage effects, disorganization of the do-
paminergic and ephrin signaling (Mikasova et al., 2012;
Planagumà et al., 2016). We propose thus a “domino effect”
hypothesis whereby altered membrane trafficking of NMDARs
will mechanically translate to nearby interactors, altering not
only NMDAR signaling but that of all the ones mediated by
receptors in the NMDAR interactome. It would thus be of
great interest to test the domino effect theory on other
members of the NMDAR interactome, such as neuroligin and
mGluR (Fig. 4 B). The development of new approaches to
identify interactions and their signaling effects in live brain
tissue are certainly necessary to uncover the rules under-
pinning dysfunction of the NMDAR interactome in neuro-
psychiatric conditions. It could be predicted that the presence
of NMDAR autoantibodies, for instance, will corrupt the
NMDAR interactome, and an unbalance in glutamatergic-do-
paminergic-cholinergic-opioid-ephrin-neuroligin signaling.

Conclusion and perspectives
NMDARs form protein–protein interactions with several trans-
membrane neurotransmitter receptors and ion channels at the
surface of neurons, in which they all actively diffuse and explore
large dendritic areas. Besides the fundamental physiological
processes that have been related to these cis-interactions, the
formation of these membrane hubs are the first regulatory level
of this interplay. The size, distribution, and duration of the
NMDAR interactome is currently unknown, calling for in-depth
investigations. These interactions are likely rather transient,
allowing fast remodeling and ensuring a great sensitivity to
changes in extracellular agonist levels. Measuring with high
time resolution (i.e., milliseconds) the interaction between
membrane receptors using innovative imaging approaches will
surely shed light on this question. Furthermore, elucidating the
rules governing the NMDAR interactome may also shed unsus-
pected light on the etiology ofmajor neurological and psychiatric
disorders. Autoimmune brain disorders in which a given auto-
antibody targets a membrane neurotransmitter receptor con-
stitute great investigation tools to dissect the primary (i.e., direct
target) and secondary (i.e., multiple associated receptor signal-
ing) effects and their translation to clinical symptoms. The use of
heterobivalent drugs, designed to bind to two different mem-
brane receptors simultaneously or not, has been suggested for
the treatment of drug abuse with molecules targeting adenosine
A2A receptor–D2R heterodimers (Borroto-Escuela et al., 2016).
Innovative therapeutical approaches to counterbalance the re-
ceptor interactome (e.g., favor stabilization) rather than acting

Figure 4. Altered NMDAR interactome in pathological conditions. (A) A high interconnection within the NMDAR interactome is established. The majority
of the components of the macrocomplex have been linked to neuropsychiatric disorders (e.g., schizophrenia; indicated in gray rectangles), suggesting that
disorders altering any of these interactions can potentially alter the whole interactome. (B) NMDAR interaction with dopamine receptor and EphrinB2 receptor
is impaired by patients’ NMDAR autoantibodies (left). For most of the NMDAR-interacting proteins, whether autoantibodies alter their interaction, location, or
function is unknown, although a domino effect is likely (right).
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with agonists/antagonists, as traditionally envisioned, could
thus revolutionize our treatment of brain diseases.
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Dupuis, J.P., L. Ladépêche, H. Seth, L. Bard, J. Varela, L. Mikasova, D. Bouchet,
V. Rogemond, J. Honnorat, E. Hanse, and L. Groc. 2014. Surface dy-
namics of GluN2B-NMDA receptors controls plasticity of maturing
glutamate synapses. EMBO J. 33:842–861. https://doi.org/10.1002/embj
.201386356

Ellenbroek, B.A. 2013. Histamine H3 receptors, the complex interaction with
dopamine and its implications for addiction. Br. J. Pharmacol. 170:46–57.
https://doi.org/10.1111/bph.12221

Emerit, M.B., C. Baranowski, J. Diaz, A. Martinez, J. Areias, J. Alterio, J.
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Etherton, M., C. Földy, M. Sharma, K. Tabuchi, X. Liu, M. Shamloo, R.C.
Malenka, and T.C. Südhof. 2011. Autism-linked neuroligin-3 R451C
mutation differentially alters hippocampal and cortical synaptic func-
tion. Proc. Natl. Acad. Sci. USA. 108:13764–13769. https://doi.org/10.1073/
pnas.1111093108

Fan, M.M.Y., and L.A. Raymond. 2007. N-methyl-D-aspartate (NMDA) re-
ceptor function and excitotoxicity in Huntington’s disease. Prog. Neu-
robiol. 81:272–293. https://doi.org/10.1016/j.pneurobio.2006.11.003
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Gréa, H., D. Bouchet, V. Rogemond, N. Hamdani, E. Le Guen, R. Tamouza, E.
Darrau, C. Passerieux, J. Honnorat, M. Leboyer, and L. Groc. 2019.
Human Autoantibodies Against N-Methyl-D-Aspartate Receptor Mod-
estly Alter Dopamine D1 Receptor Surface Dynamics. Front. Psychiatry.
10:670. https://doi.org/10.3389/fpsyt.2019.00670

Groc, L., and D. Choquet. 2020. Linking glutamate receptor movements and
synapse function. Science. 368:eaay4631. https://doi.org/. https://doi
.org/10.1126/science.aay4631

Groc, L., L. Bard, and D. Choquet. 2009. Surface trafficking of N-methyl-D-
aspartate receptors: physiological and pathological perspectives. Neu-
roscience. 158:4–18. https://doi.org/10.1016/j.neuroscience.2008.05.029

Groc, L., D. Choquet, F.A. Stephenson, D. Verrier, O.J. Manzoni, and P. Chavis.
2007. NMDA receptor surface trafficking and synaptic subunit com-
position are developmentally regulated by the extracellular matrix
protein Reelin. J. Neurosci. 27:10165–10175. https://doi.org/10.1523/
JNEUROSCI.1772-07.2007

Groc, L., D. Choquet, and F. Chaouloff. 2008. The stress hormone corticos-
terone conditions AMPAR surface trafficking and synaptic potentiation.
Nat. Neurosci. 11:868–870. https://doi.org/10.1038/nn.2150

Groc, L., M. Heine, L. Cognet, K. Brickley, F.A. Stephenson, B. Lounis, and D.
Choquet. 2004. Differential activity-dependent regulation of the lateral
mobilities of AMPA and NMDA receptors. Nat. Neurosci. 7:695–696.
https://doi.org/10.1038/nn1270

Groc, L., M. Heine, S.L. Cousins, F.A. Stephenson, B. Lounis, L. Cognet, and D.
Choquet. 2006. NMDA receptor surface mobility depends on NR2A-2B
subunits. Proc. Natl. Acad. Sci. USA. 103:18769–18774. https://doi.org/10
.1073/pnas.0605238103

Grove, R.A., C.M. Harrington, A. Mahler, I. Beresford, P. Maruff, M.T. Lowy,
A.P. Nicholls, R.L. Boardley, A.C. Berges, P.J. Nathan, and J.P. Horrigan.
2014. A randomized, double-blind, placebo-controlled, 16-week study of
the H3 receptor antagonist, GSK239512 as a monotherapy in subjects
with mild-to-moderate Alzheimer’s disease. Curr. Alzheimer Res. 11:
47–58. https://doi.org/10.2174/1567205010666131212110148

Grunwald, I.C., M. Korte, D. Wolfer, G.A. Wilkinson, K. Unsicker, H.P. Lipp,
T. Bonhoeffer, and R. Klein. 2001. Kinase-independent requirement of
EphB2 receptors in hippocampal synaptic plasticity. Neuron. 32:
1027–1040. https://doi.org/10.1016/S0896-6273(01)00550-5

Halt, A.R., R.F. Dallapiazza, Y. Zhou, I.S. Stein, H. Qian, S. Juntti, S. Wojcik, N.
Brose, A.J. Silva, and J.W. Hell. 2012. CaMKII binding to GluN2B is
critical during memory consolidation. EMBO J. 31:1203–1216. https://doi
.org/10.1038/emboj.2011.482

Hanamura, K., H.R. Washburn, S.I. Sheffler-Collins, N.L. Xia, N. Henderson,
D.V. Tillu, S. Hassler, D.S. Spellman, G. Zhang, T.A. Neubert, et al. 2017.
Extracellular phosphorylation of a receptor tyrosine kinase controls
synaptic localization of NMDA receptors and regulates pathological
pain. PLoS Biol. 15:e2002457. https://doi.org/10.1371/journal.pbio
.2002457

Hansen, K.B., F. Yi, R.E. Perszyk, H. Furukawa, L.P. Wollmuth, A.J. Gibb, and
S.F. Traynelis. 2018. Structure, function, and allosteric modulation of
NMDA receptors. J. Gen. Physiol. 150:1081–1105. https://doi.org/10.1085/
jgp.201812032

Hardingham, G. 2019. NMDA receptor C-terminal signaling in development,
plasticity, and disease. F1000 Res. 8:1547. https://doi.org/10.12688/
f1000research.19925.1

Hardingham, G.E., and H. Bading. 2010. Synaptic versus extrasynaptic
NMDA receptor signalling: implications for neurodegenerative dis-
orders. Nat. Rev. Neurosci. 11:682–696. https://doi.org/10.1038/nrn2911

Harris, A.Z., and D.L. Pettit. 2007. Extrasynaptic and synaptic NMDA re-
ceptors form stable and uniform pools in rat hippocampal slices.
J. Physiol. 584:509–519. https://doi.org/10.1113/jphysiol.2007.137679

Petit-Pedrol and Groc Journal of Cell Biology 12 of 15

NMDA receptor surface dynamics and interactions https://doi.org/10.1083/jcb.202006101

https://doi.org/10.1038/nrn1556
https://doi.org/10.1038/nrn1556
https://doi.org/10.1016/bs.irn.2016.04.001
https://doi.org/10.1016/bs.irn.2016.04.001
https://doi.org/10.1016/j.tibs.2020.10.002
https://doi.org/10.1152/physrev.00010.2016
https://doi.org/10.1152/physrev.00010.2016
https://doi.org/10.1016/S1474-4422(10)70253-2
https://doi.org/10.1016/S0092-8674(00)00197-5
https://doi.org/10.1016/S0092-8674(00)00197-5
https://doi.org/10.3389/fnsyn.2016.00020
https://doi.org/10.1523/JNEUROSCI.1825-17.2017
https://doi.org/10.1002/embj.201386356
https://doi.org/10.1002/embj.201386356
https://doi.org/10.1111/bph.12221
https://doi.org/10.1523/JNEUROSCI.2390-15.2016
https://doi.org/10.1523/JNEUROSCI.2390-15.2016
https://doi.org/10.1038/bjp.2008.147
https://doi.org/10.1038/bjp.2008.147
https://doi.org/10.1073/pnas.1111093108
https://doi.org/10.1073/pnas.1111093108
https://doi.org/10.1016/j.pneurobio.2006.11.003
https://doi.org/10.7554/eLife.25492
https://doi.org/10.1074/jbc.M213140200
https://doi.org/10.1016/j.conb.2017.05.019
https://doi.org/10.1016/j.neuron.2010.05.026
https://doi.org/10.1186/1742-2094-8-14
https://doi.org/10.2174/1874473711205030199
https://doi.org/10.1016/j.pharmthera.2005.10.007
https://doi.org/10.1016/j.pharmthera.2005.10.007
https://doi.org/10.1016/j.jpsychires.2018.07.006
https://doi.org/10.1146/annurev-pharmtox-011613-135952
https://doi.org/10.1146/annurev-pharmtox-011613-135952
https://doi.org/10.12688/f1000research.8366.1
https://doi.org/10.12688/f1000research.8366.1
https://doi.org/10.3389/fpsyt.2019.00670
https://doi.org/10.1126/science.aay4631
https://doi.org/10.1126/science.aay4631
https://doi.org/10.1016/j.neuroscience.2008.05.029
https://doi.org/10.1523/JNEUROSCI.1772-07.2007
https://doi.org/10.1523/JNEUROSCI.1772-07.2007
https://doi.org/10.1038/nn.2150
https://doi.org/10.1038/nn1270
https://doi.org/10.1073/pnas.0605238103
https://doi.org/10.1073/pnas.0605238103
https://doi.org/10.2174/1567205010666131212110148
https://doi.org/10.1016/S0896-6273(01)00550-5
https://doi.org/10.1038/emboj.2011.482
https://doi.org/10.1038/emboj.2011.482
https://doi.org/10.1371/journal.pbio.2002457
https://doi.org/10.1371/journal.pbio.2002457
https://doi.org/10.1085/jgp.201812032
https://doi.org/10.1085/jgp.201812032
https://doi.org/10.12688/f1000research.19925.1
https://doi.org/10.12688/f1000research.19925.1
https://doi.org/10.1038/nrn2911
https://doi.org/10.1113/jphysiol.2007.137679
https://doi.org/10.1083/jcb.202006101


Herring, B.E., and R.A. Nicoll. 2016. Long-Term Potentiation: From CaMKII to
AMPA Receptor Trafficking. Annu. Rev. Physiol. 78:351–365. https://doi
.org/10.1146/annurev-physiol-021014-071753

Heyes, S., W.S. Pratt, E. Rees, S. Dahimene, L. Ferron, M.J. Owen, and A.C.
Dolphin. 2015. Genetic disruption of voltage-gated calcium channels in
psychiatric and neurological disorders. Prog. Neurobiol. 134:36–54.
https://doi.org/10.1016/j.pneurobio.2015.09.002

Hoe, H.S., A. Pocivavsek, G. Chakraborty, Z. Fu, S. Vicini, M.D. Ehlers, and
G.W. Rebeck. 2006. Apolipoprotein E receptor 2 interactions with the
N-methyl-D-aspartate receptor. J. Biol. Chem. 281:3425–3431. https://doi
.org/10.1074/jbc.M509380200

Holtzman, D.M., J. Herz, and G. Bu. 2012. Apolipoprotein E and apolipopro-
tein E receptors: normal biology and roles in Alzheimer disease. Cold
Spring Harb. Perspect. Med. 2:a006312. https://doi.org/10.1101/
cshperspect.a006312

Horak, M., R.S. Petralia, M. Kaniakova, and N. Sans. 2014. ER to synapse
trafficking of NMDA receptors. Front. Cell. Neurosci. 8:394. https://doi
.org/10.3389/fncel.2014.00394

Hruska, M., and M.B. Dalva. 2012. Ephrin regulation of synapse formation,
function and plasticity. Mol. Cell. Neurosci. 50:35–44. https://doi.org/10
.1016/j.mcn.2012.03.004

Hughes, E.G., X. Peng, A.J. Gleichman, M. Lai, L. Zhou, R. Tsou, T.D. Parsons,
D.R. Lynch, J. Dalmau, and R.J. Balice-Gordon. 2010. Cellular and syn-
aptic mechanisms of anti-NMDA receptor encephalitis. J. Neurosci. 30:
5866–5875. https://doi.org/10.1523/JNEUROSCI.0167-10.2010

Iacobucci, I., V. Monaco, F. Cozzolino, and M. Monti. 2021. From classical to
new generation approaches: An excursus of -omics methods for in-
vestigation of protein-protein interaction networks. J. Proteomics. 230:
103990. https://doi.org/10.1016/j.jprot.2020.103990

Incontro, S., J. Dı́az-Alonso, J. Iafrati, M. Vieira, C.S. Asensio, V.S. Sohal, K.W.
Roche, K.J. Bender, and R.A. Nicoll. 2018. The CaMKII/NMDA receptor
complex controls hippocampal synaptic transmission by kinase-
dependent and independent mechanisms. Nat. Commun. 9:2069.
https://doi.org/10.1038/s41467-018-04439-7

Ishiguro, H., T. Ohtsuki, M. Toru, M. Itokawa, J. Aoki, H. Shibuya, A. Kurumaji,
Y. Okubo, A. Iwawaki, K. Ota, et al. 1998. Association between poly-
morphisms in the type 1 sigma receptor gene and schizophrenia. Neurosci.
Lett. 257:45–48. https://doi.org/10.1016/S0304-3940(98)00797-6

Jo, Y.H., E. Donier, A. Martinez, M. Garret, E. Toulmé, and E. Boué-Grabot.
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