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BACKGROUND: Since it was established that the
cognitive brain is formed mostly by an inter-
connected network of neurons that communi-
cate at contact sites termed synapses, intense
research has aimed at identifying their molec-
ular composition and physiological roles. The
discovery that the efficacy of synaptic trans-
mission can be modified by neuronal activity
has undoubtedly been a major step in under-
standing brain function. The various forms of
activity-dependent synaptic plasticity were
early on proposed to play central roles in brain
adaptation, learning, and memory. This moti-
vated neurophysiologists to understand the
mechanisms of synaptic plasticity, initially
within the sole framework of the quantal prop-
erties of transmitter release, largely ignoring
the cell biology revolution that was occurring
in parallel. In the 1970s, at the same time that
synaptic plasticity was discovered, the fluidity of
cell membranes was established. Surprisingly,
these contemporary findings seldom crossed
paths. As cell biologists established the major
roles of receptor trafficking in cell function,
neurophysiologists still largely viewed synapse
function as based on unitary receptor proper-
ties and control of transmitter release. It has
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been only about 20 years since the two fields
cross-fertilized and the regulation of receptor
movements into and out of synapses emerged as
a fundamental mechanism for synaptic plasticity.

ADVANCES: Largely based on the development of
imaging approaches, including single-molecule
tracking, receptors have been demonstrated to
undergo a variety of movements, from long-
range rapid motor-based intracellular trans-
port, to short-range Brownian surface diffusion,
and intercompartment exchange by membrane
trafficking. For efficient synaptic transmission,
receptors must accumulate in front of neuro-
transmitter release sites. This is accomplished
through a set of interactions with intracellular
scaffold proteins, transmembrane auxiliary
subunits, or adhesion proteins and other extra-
cellular elements. This duality of receptor move-
ments and stabilization has led to the important
concept that the number of functionally respon-
sive receptors at synapses results from the inter-
play between reversible receptor stabilization
and dynamic equilibrium between pools of
receptors in the synaptic, extrasynaptic, and
intracellular compartments. Coarse receptor
distribution along dendrites is largely achieved
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Neurotransmitter receptors undergo a variety of large- and small-scale movements. Movements of
large amplitude constantly reshuffle the receptor distribution (e.g., surface diffusion and intracellular
transport). Movements at interfaces (e.g., between synaptic and extrasynaptic sites, between intracellular
and surface compartments) are of small amplitude but have huge functional impacts. Each of these
movements is highly regulated and finely tuned in physiological and pathological conditions.
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by intracellular transport. Because exchange
of receptors between surface and intracellular
compartments seems to occur largely at extra-
synaptic sites, reversible surface receptor diffu-
sion trapping at synapses has emerged as a

central mechanism to con-
trol their availability for
Read the full article synaptic activation. Recep-
at https://dx.doi. tor stabilization and move-
org/10.1126/ ments are all profoundly
science.aay4631 regulated by short- and
long-term neuronal activity
patterns. Reciprocally, evidence has accumulated
that receptor movements participate in many
forms of synaptic plasticity. Notably, altered
receptor movements are observed in many neuro-
developmental, psychiatric, or neurodegenerative
pathological models as indicated in the figure
[the + and - signs indicate the reported positive
and negative modulation of the indicated traf-
ficking and stabilization processes during either
normal (blue) or pathological (red) synaptic
function]. Whether altered receptor trafficking
represents the primum movens of some neuro-
logical diseases remains to be established, but is
certainly an attractive hypothesis.

OUTLOOK: Most receptor trafficking studies
have been performed in reduced experimen-
tal systems such as neuronal cultures. This has
limited our understanding of the physiological
impact of these processes. The development
of brighter and smaller probes together with
new imaging modalities are on the verge of
allowing routine measurement of receptor
movements in more physiological settings such
as brain slices and in vivo. There is little doubt
that qualitatively comparable trafficking mo-
dalities will be identified. Reciprocally, tools
are being developed to control the various types
of receptor movements, from blocking surface
diffusion by receptor cross-linking to stopping
receptor exocytosis with light-activated toxins.
Often, these trafficking tools do not impair basic
synaptic function, because resilience of the syn-
apse to trafficking alterations is high owing to
the amount of available receptors, as well as the
trapping capacities and nanoscale organization
of the synapse. Combining measurement and
control of receptor movements will not only al-
low better understanding of their contribution
to synaptic and neuronal function but also pro-
vide valuable tools for identifying the role of
synaptic plasticity in higher brain functions.
Controlling receptor movements or stabilization
may eventually represent an alternative thera-
peutic strategy to receptor activity modulation
approaches in a variety of synaptic and network-
based brain diseases.
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Regulation of neurotransmitter receptor content at synapses is achieved through a dynamic equilibrium
between biogenesis and degradation pathways, receptor stabilization at synaptic sites, and receptor
trafficking in and out synapses. In the past 20 years, the movements of receptors to and from synapses
have emerged as a series of highly regulated processes that mediate postsynaptic plasticity. Our
understanding of the properties and roles of receptor movements has benefited from technological
advances in receptor labeling and tracking capacities, as well as from new methods to interfere with
their movements. Focusing on two key glutamatergic receptors, we review here our latest understanding
of the characteristics of receptor movements and their role in tuning the efficacy of synaptic

transmission in health and brain disease.

ctivity-dependent modulations of the ef-

ficacy of synaptic transmission between

neurons, commonly termed synaptic plas-

ticity, are key for brain development and

functions, among which are primarily
learning and memory (7). Alterations in syn-
apse function are believed to be at the origin
of brain dysfunction in many diseases. Despite
having been studied for decades, the mecha-
nisms of activity-dependent forms of synaptic
plasticity remain largely unknown. We believe
that this dearth of knowledge originates from
our current inability to incorporate the diverse
and dynamic biochemical properties of the
molecular components of synapses at the nano-
scale level into a comprehensive model. This
understanding is key as synapses are the ele-
mentary components of neural network func-
tion underlying behavior.

The efficacy of synaptic transmission has been
classically determined by presynaptic transmit-
ter release properties, and postsynaptic recep-
tor numbers and properties. In addition, the
presynaptic and postsynaptic compartments
have until recently been considered to be rela-
tively independent functional entities. The ef-
ficacy of synaptic transmission between two
neurons is traditionally viewed as the product
of the number of release sites n, their release
probability p, and the elementary postsynaptic
response to a release event g (2). The total post-
synaptic response R following an action po-
tential is thus given by the simple equation

R = npq
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Although ¢ was initially thought to rely on
individual receptor properties and numbers,
recent investigations on the nanoscale organi-
zation and dynamics of receptors have highlighted
the additional level of regulation provided by
the precise positioning of receptors. Nanoscale
changes in receptor organization within the
postsynaptic density (PSD) may control synaptic
efficacy without the need for changes in ab-
solute receptor numbers or biophysical prop-
erties (3-5). This is particularly important
for receptors that have a low affinity for their
ligand, such as AMPA receptors (AMPARSs)
[median effective concentration (EC5,) ~100 to
1000 uM], as their probability of activation drops
rapidly with distance—tens of nanometers—
from the site of transmitter release. This is likely
less crucial for higher-affinity receptors such
as N-methyl-p-aspartate (NMDA) (ECs, ~0.1 to
5 uM) or metabotropic glutamate (ECs, ~tens
of uM) receptors.

The regulation of the efficacy of synaptic trans-
mission through the control of ¢ has emerged
as a major postsynaptic mechanism that com-
plements the presynaptic control of transmit-
ter release by 7 and p. Initially, the regulation
of ¢ had been attributed to changes in indi-
vidual receptor properties, such as conductance
or permeability through posttranslational mod-
ifications (6), binding and unbinding of endog-
enous ligands (7), or endogenous pore blockers
(8). Amajor paradigm shift occurred when work
from many laboratories indicated that neuro-
transmitter receptors could enter and leave
the PSD at rates compatible with the onset of
synaptic plasticity—i.e., seconds to minutes
(9, 10). This key notion—that neurotransmitter
receptors could move in and out of the PSD—
laid the groundwork for the concept that ¢
could be controlled through the regulation of
the type and number of receptors at the PSD
on short time scales, compatible with the early

expression of synaptic plasticity after an in-
duction stimulus (9). Receptor entry and exit
to and from the PSD, first thought to be limited
to endocytic and exocytic membrane traffick-
ing between intracellular pools and the neu-
ronal surface (11), were rapidly complemented
by lateral diffusion in the plane of the mem-
brane (12-14). Indeed, we and others have pro-
posed that the main pathway for receptors to
enter and leave the PSD was Brownian move-
ment of receptors in the plasma membrane
powered by thermal agitation (9, 15). Deter-
mining the respective roles of changes in re-
ceptor nanoscale positioning, absolute numbers,
and posttranslational modifications in the ex-
pression of synaptic plasticity represents a major
challenge.

Receptors are concentrated in the PSD
through interactions with a variety of intra-
cellular scaffold, transmembrane, and extra-
cellular proteins. These interactions are often
transient and of relatively low affinity, so that
the actual number of receptors present in front
of neurotransmitter release sites results from
an interplay between their movements and
their stabilization (9). This has led to the con-
cept of reversible diffusion trapping of recep-
tors and more generally to the notion that the
number of receptors in the PSD, which largely
sets g, results from a dynamic equilibrium be-
tween receptors in various subcellular compart-
ments. Understanding the regulation of receptor
number at synapses can only be achieved by
taking into account this duality between re-
ceptor movements and stabilization. In this
review, we will analyze and comment on our
current state of knowledge of the various types
of receptor movements—and the entangled sta-
bilization processes, the latest techniques de-
veloped to measure and interfere with them,
and most notably, their various functions in
the normal and pathological synapse.

Types of receptor movements and methods
for their study

Neurons exploit a wide range of categories of
subcellular movements at different spatial and
temporal scales to cope with their morpholog-
ical complexity. The extensive distances between
the cell body and distal synapses require the
recruitment of specific strategies to deliver mo-
lecular components to their appropriate sites
of action over long ranges but with exquisite
precision. This is helped in part by the distri-
bution of the biosynthetic machinery, including
the endoplasmic reticulum (ER) and ER-Golgi
intermediate compartment (ERGIC), through-
out the dendrite (76, 17). Receptor movements
can roughly be divided in two categories: (i)
the movements associated with the traffick-
ing of vesicles in which the receptors are trapped
(vesicles formed during endocytosis, exocytosis,
endosomal recycling, intracellular transport, ex-
change between endoplasmic reticulum, ERGIC,
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and Golgi compartments); and (ii) Brownian
diffusion in membrane planes of sufficient di-
mension to allow measurable movements (plas-
ma membrane, ER, Golgi) and solely powered
by thermal agitation, but limited by protein-
protein and protein-lipid interactions.

Methods for measuring receptor movements

Measuring receptor movements is obviously
best performed in live cells, although valuable
indirect information can be obtained through
time-lapse snapshots in fixed cells or even more
crudely through biochemical means. In live
neurons, the oldest and still the most popular
approach for measuring receptor movements
is fluorescence recovery after photobleaching
(FRAP), in which fluorescently labeled recep-
tors (Fig. 1A) are locally photobleached through
a focused laser beam, and the recovery of flu-
orescence in the bleached zone measures the

A FRAP[
&24:52_/3 L

IRVNEEALS

Fluorescence

Time

C Single molecule localization

Low resolution Super resolution

Mobile
Trecovery fraction

rate of receptor mobility in the surrounding
membrane environment (I8). The asymptotic
level of recovery tentatively measures the frac-
tion of immobile receptors. It is hard to in-
terpret precisely the mechanistic origin of this
value, which mixes the availability of receptors
outside the bleached spot and the fraction of
receptor trapping sites inside the bleached
spot, among other parameters. For FRAP, re-
ceptors are most often tagged with fluorescent
proteins that allow specific imaging of cell sur-
face receptors (19). An interesting alternative
that allows labeling of endogenous receptors
is the use of monovalent fluorescent ligands.
FRAP is a versatile method, easy to implement
on commercial microscopes, that can measure
receptor movements in neuronal cultures, in
brain slices, or even in vivo, and is thus very
popular (13, 20). However, it has several se-
vere drawbacks, remaining a bulk imaging
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Fig. 1. Methods for studying receptor movements. (A) In fluorescence recovery after photobleaching

(FRAP), fluorescently labeled receptors are locally photobleached and the recovery of fluorescence levels in
the bleached area measures both the rate of movement of the receptors and the fraction of immobile
receptors. (B) Irreversible open channel blockers can be used to block specifically synaptic receptors opened
upon transmitter release. The rate of recovery of synaptic responses upon washout of the blocker measures
the exchange rate of synaptic receptors. (C) In single-molecule localization microscopy, the diffraction-limited
fluorescence spot emitted by a single dye can be fitted by a Gaussian curve whose centroid localizes the
dye with a precision proportional to the square root of the number of emitted photons. Sequential localization of
thousands of dyes allows reconstitution of a super-resolved image. (D) Localizing single molecules in live cells
in time-lapse imaging allows tracking of individual receptors. The surface explored by the receptors over
time allows measurement of their types of movements and diffusion rates. Extrasynaptic receptors typically
display free Brownian movements (linear curve), whereas synaptic receptors display confined movements.
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approach, lacking spatial resolution (which
is limited by diffraction to a couple of hundred
nanometers at best; hence it lacks subsynaptic
resolution or information on the directionality
of movements), and often requiring receptor
overexpression. The last point is a serious is-
sue, as receptor overexpression strongly biases
mobility measurements—through the satura-
tion of trapping sites, for example. This latter
point will be largely overcome by the recent
development of CRISPR-mediated tagging of
endogenous receptors (21), although the signal
from tagged endogenous receptors will likely
be disappointingly low with respect to that of
overexpressed receptors. An interesting electro-
physiological alternative uses high-affinity open
channel blockers to measure the mobility of
synaptically activated receptors (Fig. 1B). Upon
transmitter release, activated open receptors
are irreversibly blocked. Recovery of synaptic
responses over time is then a measure of re-
ceptor exchange (22).

The gold standard for measuring receptor
movements is single-particle or single-molecule
tracking. It has evolved from a relatively coarse
approach using receptor-bound nanogold or
latex particle tracking to a sophisticated meth-
od that can track with high speed (up to kilo-
hertz) and high resolution (in the 10-nm range)
single fluorochromes attached to receptors
(23-25) (Figs. 1C and 2). Because of their intrin-
sic single-molecule sensitivity, these approaches
are ideally suited to tracking endogenous re-
ceptors that are often expressed at low copy
numbers. The two key features needed to
achieve single-molecule localization micros-
copy (SMLM) of endogenous receptors are
(i) use of a high-affinity specific labeling
method (Table 1 and Fig. 2) and (ii) a sparse
(<1 molecule per um?) distribution of emitted
fluorescence spots at any given time point to
detect individual molecules. Then, each fluo-
rescent spot (i.e., receptor) can be detected
with a precision proportional to the square
root of the number of emitted photons, to a
resolution of 10 nm. Because of the need for
efficient photon collection, SMLM has been
mostly used in two-dimensional (2D) cultured
cells but has also been successfully implemented
to track the movement of receptors in brain
slices (26). SMLM-based super-resolution imag-
ing approaches now enable multicolor maps of
receptor distribution to be obtained in live or
fixed neurons with 10-nm resolution (Fig. 1D)
(23, 27). Single-particle tracking approaches have
also been successfully implemented to track
the movement of receptors transported into
intracellular vesicles (28).

Intracellular movements

The intracellular environment is relatively
viscous; hence, intracellular membranous com-
partments can only move slowly unless dis-
placed by active motors. To our knowledge, the
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intracellular diffusion rate of vesicles contain-
ing receptors in the postsynaptic or dendritic
compartment has not been explicitly measured.
However, by analogy to the diffusion of pre-
synaptic vesicles that have been amply studied,

postsynaptic vesicles may reach diffusion rates
on the order of 0.01 um?/s and could be high-
ly confined (29). Efficient vesicle movement
through the cytoplasm requires energy. Actin
dynamics generate forces that manipulate
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Fig. 2. Temporal and spatial resolution, as well as synaptic access, achieved by various methods to
follow receptor dynamics. (A) Temporal versus spatial resolution determined by various methods
commonly used to measure receptor dynamics. Note that spatial resolution spans orders of magnitude.
The approaches are differentially suited to measuring the dynamics of surface proteins (blue) versus generic
synaptic proteins (orange). Some are particularly suited to tracking endogenous receptors (boxed).
STORM: stochastic optical reconstruction microscopy; SIM: structured illumination microscopy; STED:
stimulation emission depletion; WF: wide field; FRAP: fluorescence recovery after photobleaching; phGFP:
phluorin GFP (green fluorescent protein); U-PAINT: universal point accumulation imaging in nanoscale
topography; SPT: single-particle tracking. (B) Respective sizes of various reporter-ligand complexes. The smaller
the complex, the better is the access to receptors in the synaptic cleft. See Table 1 for abbreviations.

membranes in the process of vesicle biogenesis,
for propelling vesicles through short distances
in the cytoplasm to reach their destination
(30). The actin dynamics-based movements
of receptors associated with the exocytosis
and endocytosis of vesicles are of critical im-
portance, as they allow such receptors to ex-
change between intracellular compartments
and the neuronal surface, although this repre-
sents a distance of only a few nanometers. Our
view is that these receptor recycling events are
centrally involved in controlling total surface
receptor content but only indirectly regulate
synaptic receptor numbers.

Longer-distance and more efficient intra-
cellular transport systems involve adenosine
5”-triphosphate (ATP)-driven molecular mo-
tors. Actin-based molecular processes have
been involved in both endocytic and exocytic
processes (31). The actin-based motor myosin
VI is directly required for activity-induced,
clathrin-mediated endocytosis of AMPA re-
ceptors for synaptic long-term depression in
hippocampal neurons (32) and at parallel fiber-
Purkinje cell synapses (33). Dendritic spines
are highly enriched in actin and mostly devoid
of microtubules and are thus likely the pri-
mary site where myosin-based movements are
at play. During LTP induction, myosin Vb or
Va interacts with GluAl-containing recycling
endosomes in the dendritic shaft to drive their
delivery into spines. There, the recycling endo-
somes fuse with the plasma membrane, leading
to both the surface insertion of GluA1 AMPAR
subunits and the spine surface growth that

Table 1. Different labeling strategies for imaging receptor dynamics. Generally, a reporter must be bound to the target receptor through a ligand. Three
broad categories of reporters can be used: fluorescent proteins (FP) genetically fused to the receptors, organic dyes, or nanoparticles (such as quantum dots,
gold particles, carbon nanotubes, etc.). The latter two must be attached to the target receptor through a ligand. There is a broad variety of ligands, from
antibodies and their derivatives (single-chain ScFv or Fab fragments) to the more recent monomeric avidin, fibronectin domains (FN3), or intrabodies. These ligands
can recognize either endogenous receptors or epitope tags genetically fused to the receptors. A promising method for labeling the smallest ligands lies in

the use of unnatural amino acids (UAA) that can be labeled by organic dyes. These combinations of labels-ligands-reporters can then be imaged by various
methods, including diffraction-limited FRAP and wide-field (WF) or scanning methods (including confocal, spinning disk, and STED microscopy).

Labeling methods Label family Label Ligand Reporter Size Imaging method
r FP - FP 4 nm FRAP, WF, Scanning
Fluorescent protein { pH sensitive FP - FP 4 nm FRAP, WF, Scanning
Photoswitchable FP - FP 4nm PALM
Genetic fusion or modification FP, HA, myc, V5, ... Antibody Organic dye 10 nm SPT, U-PAINT, AF, FRAP
Epitope tag ScFv, Fab Nanoparticles 20-50 nm  SPT
Biotinylation acceptor Monomeric avidin 3nm SPT, U-PAINT, AF, FRAP
L UAA UAA Clickable ligand Organic dye 1nm SPT, AF, FRAP
Antibody Organic dye 10 nm SPT, U-PAINT, AF
ScFv, Fab, FN3 domain { Nanoparticles 20-50 nm  SPT
Ligand to endogenous protein
Intrabodies FP, organic dye 4nm SPT, FRAP, WF, Scanning
Peptides, aptamers Dye 2-4 nm SPT, FRAP, WF, Scanning
{ Nanoparticles 20-50nm  SPT
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accompanies LTP (34). It is currently unclear
whether actin-based transport is also at play
for longer movements in dendrites. The pre-
ferred active transport pathway for long-range
intracellular movements, either between the
ER, ERGIC, and Golgi or for post-Golgi traf-
ficking, is microtubule-based transport, allow-
ing directional movements at speeds up to 2 to
5 umy/s.

Few studies have yet directly studied glu-
tamate receptor intracellular transport. This
is mostly due to imaging limitations that arise
from the use of fluorescent protein-tagged re-
ceptors. A first comprehensive report of GLR-1
intracellular transport was achieved in Caeno-
rhabditis elegans (35). In cultured hippocam-
pal neurons, several studies recently reported
the microtubule-based rapid transport of AMPAR
(28) or KAR subunits (36). Glutamate receptor
intracellular transport is fully bidirectional, sug-
gesting that it is primarily used by the neuron
as a means to rapidly disperse receptors over
the whole dendrite rather than as a point-to-
point transport system. This likely eases the
availability of receptors over the whole den-
drite for rapid on-demand delivery or synaptic
capture during activity-dependent plasticity
rather than for directed processes. Selective
imaging of transport of neo-synthetized GluAl
revealed that synaptic activity and rapid in-
creases in intracellular calcium concentrations
stop vesicle transport presumably priming them
for surface delivery in response to synaptic ac-
tivity. During later phases of neuronal stimu-
lation, intracellular AMPAR transport is largely
increased, probably to replenish the intracel-
lular content in the dendrite (28). Altogether,
the high level of activity-dependent regulation
of glutamate receptor intracellular transport
(28, 36) strongly suggests that it plays a far
more important regulatory role in controlling
receptor availability during synaptic plasticity
than expected and thus deserves better scru-
tiny. An important unsettled question at present
is whether the mechanisms whereby activity
regulates trafficking of AMPA glutamate re-
ceptors are specific to these proteins or gen-
eral to neurotransmitter receptors or even all
dendritic recycling cargo.

Surface movements

The plasma membrane is a viscous compart-
ment, known to be highly dynamic but compart-
mentalized (37). As such, all neurotransmitter
receptors move through Brownian diffusion
when not stabilized by interactions with sta-
ble elements such as cytoskeletal or scaffold
proteins. Tracking the surface movements of
endogenous single receptors in neurons has
revealed these expected features as well as
unexpected ones. This is particularly true for
receptors in the extrasynaptic compartment
that usually diffuse freely at rates up to 1 um?/s
(13, 38-40). Similarly, receptors are highly mo-
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bile in intracellular membranes such as the ER
(41). Brownian diffusion is solely powered by
thermal agitation and as such represents a
“free” movement that is energetically neu-
tral for the cell. The distance traveled by dif-
fusion is proportional to the square root of
time; hence, it is an efficient system for short-
but not long-range displacement. On aver-
age, at 0.2 umZ/ s, a receptor travels close to a
micrometer in 1 s but only 20 um in 100 s. By
comparison, intracellular motor-driven trans-
port allows a receptor to travel ~200 um in 100 s
and is thus much more efficient for long-range
displacement than diffusion, despite requiring
ATP to supply energy. To date, there are almost
no reports of directed receptor movement on
the neuronal surface [see, however, (42)].
Brownian diffusion is random in direction
and would thus be inefficient as a specific
spatial targeting method. However, most re-
ceptors harbor binding partners that allow
their local stabilization. AMPA and NMDA
receptors are concentrated at synaptic sites
through binding with specific scaffolds that
can be either intracellular, transmembrane, or
extracellular (10). These interactions are usu-
ally of relatively low affinity, allowing receptor
binding and unbinding within seconds. This
has led to the key concept of reversible diffu-
sion trapping that sets the interplay between
receptor movements and stabilization (9). This
concept applies to almost all membrane pro-
teins in all cell types but bears a particular in-
terest for synaptic receptors whose function
critically depends on their localization in front
of release sites. Because this is a dynamic equi-
librium, the number of receptors concentrated
at synapses and the ratio between synaptic
and extrasynaptic receptors at a given time
result from a combination of their diffusion
rate inside and outside synapses, the number
and affinity of their anchoring sites (or slots),
and the total number of surface receptors. The
latter is largely set by the rates of biogenesis
and exchange with intracellular compartments
through membrane trafficking. The reversibil-
ity of diffusion trapping at synapses demon-
strated for all ionotropic glutamate receptors
(14, 43, 44) is correlated to the existence of a
reserve pool of extrasynaptic receptors. This is
particularly true for AMPARs and NMDARSs
where the existence of a large pool of extra-
synaptic receptors has been confirmed by local
electrophysiological experiments (45). Although
a large fraction of receptors can usually ex-
change between synaptic and extrasynaptic
sites [e.g., typically ~30% for AMPARs (9)],
most glutamate receptors are concentrated at
synapses, with a ratio of synaptic to extrasyn-
aptic receptor >10 (45). This originates from
the existence of a large pool of stabilized re-
ceptors in the PSD—for example, in the form of
nanodomains (3, 46, 47). The existence of both
mobile and immobile receptors at synapses

together with a high concentration of recep-
tors at the PSD might be best explained by
the combined concepts of highly cooperative
receptor-scaffold interactions (48, 49) and the
phase separation created by scaffold-scaffold
(50) and scaffold-receptor interactions (57) that
result in the formation of well-defined post-
synaptic domains.

Because a fraction of receptors enter and
leave synaptic sites, they have to move inside
synapses. The PSD provides many obstacles
to free diffusion in addition to specific bind-
ing sites. Accordingly, SMLM studies have
all reported confined movement for proteins
and lipids within the PSD (52, 53). Nonethe-
less, most studies using FRAP or SMLM have
reported a high fraction of mobile synaptic
AMPARs, from 30 to 60% (13, 39, 54) to as
much as 80 to 90%, and from 25 to 50% for
NMDARSs (22, 55). Whereas FRAP can only
measure exchange rates between synaptic and
extrasynaptic sites (because of the diffraction
limit), SMLM provides direct access to intra-
PSD movements. The combination of various
super-resolution imaging modalities has re-
cently allowed measurement of AMPAR diffu-
sion strictly in the PSD (40) and indicated that
~25% of AMPARs move at rates >0.01 um?/s
inside the PSD—that is, >60 nm per 100 ms.
The high fraction of exchange between synap-
tic and extrasynaptic pools of receptors, as
well as the existence of these intrasynaptic
movements, has far-reaching functional con-
sequences, particularly given their exquisite
regulation by neuronal activity and the re-
cently characterized nanoscale subsynaptic
organization of receptors with respect to trans-
mitter release sites (4, 5).

Role of receptor dynamics in synapse function
and plasticity

Receptor movements and nanoscale
organization: Short-term plasticity

The subsynaptic localization of receptors with
respect to neurotransmitter release sites has a
major impact on the probability of activation
for receptors that have relatively low affinity
for glutamate (e.g., AMPARs with a glutamate
affinity in the hundreds of micromolar range)
(54, 56, 57). This is because presynaptic vesi-
cles contain only ~2000 glutamate molecules,
and their release creates a steep glutamate gra-
dient. This spatial sensitivity is expected to be
less prominent for receptors with higher affi-
nity, such as the NMDARs or mGluRs. Model-
ing predicts that displacing AMPARs 100 nm
away from the glutamate release site could
decrease their probability of activation by half,
depending on the number of glutamate mol-
ecules per vesicle (4). Accordingly, recent studies
have suggested that about half of synaptic
AMPARSs are organized in nanoclusters (3, 47)
that are aligned with presynaptic transmitter
release sites (4, 5, 58), supporting the concept
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of functional nanocolumns to increase the fi-
delity of fast excitatory transmission. This pe-
culiar organization might also support the
proposal that we made 10 years ago that fast
surface diffusion of AMPARSs tunes frequency-
dependent short-term plasticity (FD-STP) by
allowing the fast replacement of desensitized
receptors by naive ones (54) (Fig. 3A). This pro-
cess is favored by the increased diffusion of
desensitized AMPARs as compared to naive
ones (39). Promotion of AMPAR diffusion by
removal of the extracellular matrix facilitates
FD-STP (59), whereas calcium/calmodulin-
dependent protein kinase IT (CaMKII)-mediated
decrease in AMPAR mobility depresses FD-STP
(38). This process might explain the decrease in
FD-STP observed during LTP and CaMKII ac-
tivation (60). Along the same lines, the secreted
glycoprotein Noelinl can limit AMPAR diffusion
and modulates FD-STP (61). Altogether, con-
verging elements indicate that, contrary to
common belief, modulation of FD-STP does
not strictly depend on changes in neurotrans-
mitter release but rather also depends upon

postsynaptic AMPAR surface diffusion and fast
reorganization. This process would obviously
be of prime importance at synapses with high
release probability, such as some synapses onto
CAl pyramidal neurons (62), and would be fa-
vored by high-frequency sequential release at
the same location as could occur as a result
of the nanocolumnar organization of release
sites with AMPAR nanodomains (4, 5). Cau-
tion should thus be used in assigning changes
in paired-pulse ratio of synaptic responses
solely to presynaptic mechanisms.

Receptor movements and nanoscale
organization: Long-term plasticity

Over the past three decades, the hypothesis that
activity-dependent changes in synaptic strength,
such as the canonical NMDAR-dependent LTP
or LTD, arise from rapid changes in postsyn-
aptic responsiveness to glutamate through in-
crease or decrease in AMPAR numbers has
gained enormous support (63-66) (Fig. 4). A
wealth of studies unveiled the trafficking path-
ways and molecular mechanisms underlying
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Fig. 3. AMPAR surface diffusion tunes short-term plasticity. (A) Simplified scheme of AMPAR switching
from closed (blue) to open (green) and desensitized (red) upon glutamate binding. (B) The first action
potential triggers release of a glutamate vesicle and opening of the AMPAR facing the release site. Within a
few milliseconds, receptors become desensitized and recover slowly from desensitization. (C) When a second
action potential arrives at the terminal 50 ms after the first one, triggering a second release of glutamate at a
similar location, few receptors are available for activation if they are immobile, as long as the other ones
remain desensitized. (D) If receptors are mobile, desensitized receptors are exchanged for naive ones
within the interstimulus interval, allowing more receptors to be available for activation and a faster recovery
from synaptic depression mediated by receptor desensitization.
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these activity-dependent rapid and enduring
changes in receptor numbers (9, 10). Several
points are worth mentioning. Initially, it was
suggested that AMPARs are directly delivered
to, or removed from, synapses by exocytosis or
endocytosis, respectively (66, 67). However, the
lack of direct visualization of these membrane
trafficking events at PSDs and their extensive
occurrence at nonsynaptic sites in the dendritic
shaft suggested rather that AMPARs could
reach and leave synapses by lateral diffusion,
whereas membrane trafficking events criti-
cally regulate their total amount at the cell
surface (15, 68, 69). Because we observed that
local increases in intracellular calcium immo-
bilize AMPARs in a CaMKII-dependent man-
ner, the hypothesis that diffusion trapping of
AMPARSs at synapses underlies the increase in
receptor number during LTP emerged (12, 38).
Surface receptor cross-linking confirmed that
AMPAR surface diffusion is mandatory both
for the initial phase of postsynaptic potentia-
tion and for further diffusion of exocytosed
receptors to the synapse (70). These and com-
plementary (15) data thus support a model in
which the initial phase of synaptic potentia-
tion is primarily due to diffusion trapping of
surface AMPARs. This anchoring could be de-
pendent on the binding of AMPAR complexes
to synaptic slots mediated by the major syn-
aptic scaffold protein PSD-95, through phos-
phorylation of the y2 TARP auxiliary subunit
(71, 72). Phosphorylation of a stretch of serine
residues in y2 would trigger unbinding of the
C terminus from the membrane and its in-
creased binding to deep PSD-95 PDZ domains,
a process facilitated by the N-terminal anchor-
ing of palmitoylated PSD95 to the plasma mem-
brane (71, 73).

This model likely needs to be revisited as
the major TARP at hippocampal synapses—y8
(74)—seems to behave differently from y2, and
its phosphorylation may decrease binding
to PSD95 (51). There might thus be different
rules for plasticity at different synapses or
regions of the brain because of differences
in the molecular players. Furthermore, it
remains to be demonstrated whether exo-
cytosis of AMPAR per se is necessary for LTP.
Given the relatively large amount of extra-
synaptic AMPARs already present in basal con-
ditions, there should, in theory, be no need for
the addition of a few more extrasynaptic re-
ceptors by exocytosis to allow synaptic poten-
tiation. Exocytosis may be required to traffic to
the neuronal surface an unidentified factor(s)
that would maintain accumulated synaptic re-
ceptors and stabilize spine growth (75). The
specific molecular players and mechanisms
responsible for the increased AMPAR respon-
siveness, as well as the respective roles of AMPAR
diffusion trapping and exocytosis, have not
yet been identified. The same molecular un-
certainty holds true for LTD that combines
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AMPAR escape from the PSD by diffusion and
endocytosis. A clue could come from the ex-
istence of small nanoscale reorganizations of
receptors within the PSD, allowing activity-
dependent changes in AMPAR alignment to
release sites without requiring a change in net
receptor numbers.

Similarly, the fine processes underpinning
NMDAR regulation during synaptic long-term
plasticity remain a subject of debate. It was
initially proposed that the main, if not sole,
contribution of NMDARs in LTP is to flux cal-
cium and activate protein kinases and asso-
ciated signaling pathways. This is because the
NMDAR pool is stable during LTP, and NMDARs
are overall more stable within synapses than
are AMPARs (14, 75). Yet, there is emerging
evidence that changes in NMDAR membrane
trafficking and subtype composition are re-
quired for long-term synaptic plasticity. First,
stable and specific changes in NMDAR trans-
mission, so-called NMDAR LTP, occur in some
hippocampal synapses after certain stimula-
tion protocols (76, 77). In the canonical AMPAR
LTP, NMDAR signaling changes slowly, over
a period of hours, after LTP (78), possibly con-
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Fig. 4. AMPAR and NMDAR surface trafficking during long-term potentiation
of glutamate synapses. Left: In the basal state, AMPARs and NMDARs diffuse
at the surface of hippocampal neurons, alternating between a confined state in
the PSD and a free diffusion state in the extrasynaptic compartment. In

the latter compartment, NMDARs can interact with other neurotransmitter
receptors such as those for dopamine. Right: During LTP, both AMPARs and
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u PDZ scaffold

tributing to synaptic homeostasis and meta-
plastic processes. Yet, shortly after the induction
of LTP at CA3-CAl synapses of young mice, the
contribution of GluN2B-NMDAR-mediated cur-
rent decreases (79), suggesting a rapid change
in NMDAR subtypes within the synapse. During
LTP induction at immature synapses, GIuN2B-
NMDARSs specifically escape the synapse and
actively traffic within the perisynaptic area, in
a CAMKII- and casein kinase 2-dependent pro-
cess (80). This activity-dependent redistribu-
tion of surface GluN2B-NMDARs is necessary
for the establishment of in vitro, ex vivo, and
in vivo LTP at hippocampal synapses, as well
as for associative memory (80, 81). This find-
ing provided the first evidence that membrane
diffusion of glutamate receptors is required
for LTP.

How could GluN2B-NMDAR synaptic escape
and trafficking in the perisynaptic area contrib-
ute to the establishment of LTP? We showed
that the increase in GluN2B-NMDAR surface
dynamics after stimuli that induce LTP directly
contributes to the accumulation of a-CAMKII
within the spine head (80). The highly diffu-
sive GluN2B-NMDAR could “shuttle” a-CAMKII

Monoamine receptors

NMDARs alter their surface dynamics and nanoscale organization. The
activation of NMDARs and calcium influx trigger signaling cascades that
laterally relocate GIuUN2B-NMDARs to the perisynaptic compartment to favor
CAMKII recruitment to the spine head and activation of casein kinase 2 (CK2).
In parallel, AMPARs are likely exocytosed to the plasma membrane and
accumulate within the PSD area.

to the PSD through their direct binding, con-
sistent with the well-defined and key role of the
interaction between NMDAR and o-CAMKII
into LTP and learning processes (82). Thus,
NMDAR surface dynamics, and especially that
of GIuN2B-NMDAR, is tuned by neuronal ac-
tivity and is necessary for the reorganization of
NMDARs and associated postsynaptic proteins
during long-term synaptic plasticity. Most of
the evidence supports a twofold model of the
role of NMDARs in LTP: (i) Strongly anchored
NMDARs (e.g., GluN2A-NMDAR) serve as iono-
tropic calcium providers to trigger essential
protein kinase and signaling cascades; and
(ii) labile NMDARs (e.g., GluN2B-NMDAR)
shuttle and redistribute some key intracellu-
lar actors after calcium influx (80, 83). After
LTP, the potentiated hippocampal synapses
thus exhibit an increased GluN2A/2B synap-
tic ratio that likely tunes their plastic range
by limiting further potentiation and even
favoring depotentiation (84). Surface NMDARs
thus have classical ionotropic but also non-
ionotropic functions related to their movements,
as described above for LTP and that could re-
late to other synaptic paradigms (85, 86).
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Fig. 5. Altered receptor surface diffusion homeostasis in pathological synapse dysfunction. (A) Alterations
in NMDAR and AMPAR surface dynamics have been reported in various models of neurological and psy-
chiatric disorders. In particular, the deficit in NMDAR trafficking in the presence of autoantibodies directed
against the receptor provided the first evidence of a direct link between receptor surface dynamics and
human brain pathology. (B) A hypothetical inverted-U curve shows that glutamate receptors must be
dynamic within a certain range to promote synaptic adaptation. If the receptor dynamics fall above or below
this range, the homeostatic range of the glutamate synapse is corrupted, favoring the development of

pathological conditions.

Induction and expression of long-term syn-
aptic plasticity thus involve a redistribution
of both AMPARs and NMDARs through lat-
eral diffusion to modulate their number and
nanoscale organization. This mechanism is
likely a general process for other forms of
plasticity that involve neurotransmitter re-
ceptor reorganization—for example, at inhibi-
tory synapses (87, 88).

Receptor dynamics and brain diseases

Dysfunctions of the glutamatergic and
y-aminobutyric acid (GABA)-mediated syn-
aptic transmissions, and particularly their lack
of adaptation, have been increasingly associ-
ated with the etiology of major neurological
and psychiatric disorders. We and others in-
vestigated whether the membrane organization
and dynamics of receptors represent some
of the primary elements that are corrupted
in major brain diseases. Defining the mo-
lecular and cellular processes underpinning
synaptic dysfunction in neuropsychiatric con-
ditions and animal models has, however, been
difficult because several confounding fac-
tors likely contribute to the etiology of most
brain illnesses. For instance, distinct proteins
of glutamatergic synapses (e.g., receptor, scaf-
fold, and signaling proteins) are implicated
in psychiatric diseases such as schizophrenia
and autism spectrum disorder (89). Glutamate
receptors per se are not usually genetically
altered, contrary to the synaptic environment
that is essential for their proper trafficking
and organization, fueling the hypothesis that
receptor trafficking rather than biophysical
properties has a decisive etiological role in
brain diseases (Fig. 5A). Support for this prop-
osition recently came from an autoimmune
disorder, NMDAR encephalitis. Patients with
NMDAR encephalitis have prominent psychi-
atric and neurological symptoms that directly
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correlate with autoantibodies targeting GluN1
subunit extracellular domain(s) (NMDAR-Ab)
(90). The symptoms vanish once NMDAR-Ab
are clinically removed. The NMDAR-Ab induce
a massive loss of NMDAR membrane content
in limbic structures. SMLM demonstrated that
NMDAR-Ab induce a rapid dispersal of synaptic
NMDAR toward the extrasynaptic membrane
compartment, in which they are efficiently
cross-linked and eventually internalized. The
lateral escape of NMDARSs from synapses de-
creases NMDAR-mediated transmission, abol-
ishes NMDAR-dependent synaptic plasticity,
alters neuronal network activity, and induces
major behavioral alterations (80, 91-93).

The hypofunction of synaptic NMDARs
(namely, the reduced number of synaptic
NMDARS) in the presence of autoantibodies
is solely due to trafficking alterations, as their
ionotropic function remains unaffected (91).
The internalization of extrasynaptic NMDARs
in the presence of autoantibodies is also ob-
served in the presence of an NMDAR antago-
nist (93). Thus, NMDAR-AD from patients with
autoimmune encephalitis, as well as patients
with mainly psychotic symptoms (94), impair
the membrane dynamics and organization of
NMDARSs, shedding new light on the unex-
pected molecular mechanisms underpinning
NMDAR dysfunction in major psychotic dis-
orders such as schizophrenia. The detection
of autoantibodies directed against other glu-
tamatergic and GABAergic receptors in patients
with various neurological and psychiatric con-
ditions raises the possibility that autoantibody-
mediated neuropsychiatric symptoms are more
widely mediated through disturbed membrane
organization and dynamics of neurotrans-
mitter receptors. For example, in autoimmune
encephalitis, antibodies against GluA2 induce
receptor internalization and a reduction in the
number of synaptic GluA2-containing AMPARS

followed by compensatory incorporation of
synaptic GluA2-lacking AMPARSs (95). Alter-
ations in NMDAR surface trafficking have also
been reported in various models of neurolog-
ical and psychiatric disorders, such as fragile
X syndrome (96), Huntington’s disease (97),
Alzheimer’s disease (98), and addiction (99).
In addition, mutations of the receptor itself
associated with autism or neurodevelopmen-
tal encephalopathy can also strongly affect
receptor membrane trafficking (100, 10I). Sim-
ilar alterations in membrane diffusion and or-
ganization have been reported for AMPARSs in
models of Alzheimer’s (102) and Huntington's
diseases (103), and for GABA, receptors in
Parkinson’s disease (104), supporting the idea
that a corrupted neurotransmitter receptor
dynamics contributes to the deficits in syn-
aptic transmission in neurodegenerative dis-
orders (105).

Outlook

Studies from the past 20 years have firmly es-
tablished that glutamate receptor trafficking
is a key factor in short and long-term synaptic
plasticity. Although most studies of receptor
movements have been carried out in reduced
experimental systems, there is no reason to
believe that receptors should move differently
in more physiological settings. While we remem-
ber the statement of a prominent neurosci-
entist that “maybe receptors move in culture,
but not in my head,” substantial evidence does
indicate that glutamate receptors diffuse at
the surface of neurons in brain slices (26, 54).
Measuring receptor dynamics in vivo is still
to be achieved, but it is already known that
the AMPAR synaptic content is dynamic in
live animals (106, 107). New technological
developments—for example, the use of gene
editing to incorporate small tags or unnatural
amino acids in receptors together with engi-
neering of brighter probes—should enable
routine and faithful tracking of endogenous
receptors in brain slices and even in vivo, mak-
ing it possible to study modulations of recep-
tor movement during physiological plasticity
and adaptive behaviors. This advancement
will help to define the role of receptor subunit
composition and regulation by scaffolding
proteins and signaling cascades during vari-
ous types of physiologically relevant experi-
mental paradigms of plasticity. It will also
enable the respective contributions of the var-
ious modalities of receptor movements to the
different forms of synaptic plasticity to be
determined. Besides visualizing receptor move-
ments, new approaches are emerging to artifi-
cially control these movements (70, 81)—for
example, through surface cross-linking. Fur-
ther refining these tools with better spatio-
temporal resolution will allow a full picture
of the roles of receptor movements in brain
functions to be obtained.
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The dynamics and organization of gluta-
matergic receptors, and likely other neuro-
transmitter families, are altered in various
neurological and psychiatric conditions. Elu-
cidating the mechanisms underpinning these
trafficking abnormalities will open new ave-
nues for innovation in therapeutic strategies,
an unmet and urgent need. For instance, most
of the past efforts to treat neuropsychiatric
disorders associated with glutamatergic recep-
tors, such as NMDAR activity in schizophrenia
and excitotoxic conditions, have focused on
modulating the ionotropic activity of receptors.
The poor outcome, so far, of these programs
should prompt us to explore other ways of
manipulating glutamate receptor-mediated
transmission. Models of brain diseases have
consistently been associated with either a down-
or up-regulation of glutamate receptor surface
diffusion, suggesting that either modification
can lead to the pathological loss of synaptic
adaptation and neuronal integration. We hy-
pothesize that normal synaptic transmission
and plasticity are associated with a homeostatic
range of membrane receptor dynamics, simul-
taneously ensuring sufficient receptor flux and
stabilization in signaling domains (Fig. 5B).
In pathological conditions, membrane recep-
tor dynamics would escape this homeostatic
range, being either too low (e.g., reduced dif-
fusion) or too high (e.g., reduced anchoring).
The development of therapeutic strategies to
finely and specifically tune membrane recep-
tor dynamics and organization in brain cells
thus offers a new and unexplored opportunity
to restore balance in the glutamatergic drive
of the diseased brain.
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Receptors moving in and out of the synapse

The number of neurotransmitter receptors and their spatial organization on the postsynaptic site is a central
determinant of synaptic efficacy. Sophisticated techniques to visualize and track the movement of single molecules have
provided us with profound new insights into these dynamics. We now know that neurotransmitter receptors undergo
movements on different scales. Groc and Choquet review our present understanding of the mechanisms that regulate
glutamate receptor localization and clustering. Receptor movements are fundamental to basic synaptic function and
participate in many forms of synaptic plasticity.
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