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The postsynaptic density (PSD) of excitatory synapses is built from a wide variety of scaffolding proteins, re-
ceptors, and signaling molecules that collectively orchestrate synaptic transmission. Seminal work over the past
decades has led to the identification and functional characterization of many PSD components. In contrast, we
know far less about how these constituents are assembled within synapses, and how this organization contributes
to synapse function. Notably, recent evidence from high-resolution microscopy studies and in silico models,
highlights the importance of the precise subsynaptic structure of the PSD for controlling the strength of synaptic
transmission. Even further, activity-driven changes in the distribution of glutamate receptors are acknowledged
to contribute to long-term changes in synaptic efficacy. Thus, defining the mechanisms that drive structural
changes within the PSD are important for a molecular understanding of synaptic transmission and plasticity.
Here, we review the current literature on how the PSD is organized to mediate basal synaptic transmission and

how synaptic activity alters the nanoscale organization of synapses to sustain changes in synaptic strength.

1. Introduction

Excitatory synapses are remarkably heterogeneous in structure,
molecular composition, and function. Even along single dendrites, the
electrophysiological responses of individual synapses vary considerably
(Holler et al., 2021; Matsuzaki et al., 2001) and correlate well with the
morphological characteristics and molecular composition of synapses.
The number of AMPA-type glutamate receptors found at hippocampal
CA3-CAl synapses for instance is highly variable but correlates strictly
with synapse size (Nusser et al., 1998). Similarly, spine head area cor-
relates with PSD area and AMPA receptor-mediated responses (Holler
et al., 2021; Matsuzaki et al., 2001). Importantly, these postsynaptic
structural aspects are modified by changes in synaptic activity. In
particular, the long-term potentiation (LTP) and depression (LTD) of
synapses are associated with prominent changes in synaptic composition
and structure. Pioneering work at hippocampal synapses revealed the
astonishing complexity of molecular pathways that underlie synaptic
plasticity (Bosch and Hayashi, 2012; Nishiyama and Yasuda, 2015).
Central to this process is the dynamic trafficking of AMPA receptors to
and from the PSD to adjust synaptic strength (Huganir and Nicoll, 2013;
Malinow and Malenka, 2002). Nevertheless, it is becoming increasingly
clear that the absolute number of AMPA receptors at the PSD is not the
sole determinant of synaptic efficacy. Since single presynaptic vesicle
release events in the synaptic cleft lead to a narrow, transient peak in
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glutamate concentration, only a sub-population of the receptor pool that
directly opposes the release site becomes maximally activated (Liu et al.,
1999; Raghavachari and Lisman, 2004). Consequently, compacting
AMPA receptors in a clustered configuration, i.e., without changing the
absolute number of receptors, is sufficient to potentiate excitatory
postsynaptic currents (EPSCs) (MacGillavry et al., 2013; Savtchenko and
Rusakov, 2014). Thus, even though canonically the expression of LTP is
thought to be primarily mediated by an activity-induced increase in the
number of postsynaptic AMPARs, synapses can be strongly potentiated
by reorganizing the spatial distribution of synaptic components in the
absence of an absolute increase in receptor number (Fig. 1).

In most synapses, there is indeed prominent nanoclustering of re-
ceptors. Super-resolution studies found that both AMPA receptors and
scaffolding proteins such as PSD-95 are enriched in subsynaptic nano-
domains (MacGillavry et al., 2013; Nair et al., 2013) that are trans-
synaptically aligned with presynaptic release sites into so-called
nanocolumns (Tang et al., 2016). Recent exciting work is beginning to
unravel how this heterogeneous organization of PSD components is
established, and how this organization is modulated by plasticity-
inducing stimuli. Chronic changes in synaptic activity that induce syn-
aptic scaling profoundly alter the scaffold and receptor organization at
synapses (Fukata et al., 2013; MacGillavry et al., 2013). Also, chemical
LTD is associated with the reorganization and loss of synaptic PSD-95
(Compans et al., 2021; Tang et al, 2016). And, NMDA receptor-
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mediated potentiation of synapses is associated with an increase in the
number of nanodomains, and an increase in the alignment of presyn-
aptic release machinery with PSD-95 (Hruska et al., 2018; Tang et al.,
2016). Even further, environmental enrichment was found to be asso-
ciated with an increase in structural reorganization of PSDs in vivo,
suggesting that experience facilitates nano-structural remodeling of the
PSD (Wegner et al., 2022). Here, we discuss how the nanoscale orga-
nization of the PSD determines the strength of synaptic transmission and
explore how plasticity mechanisms could alter the organization of the
PSD to express changes in synaptic strength (Fig. 2).

2. Subsynaptic distribution of AMPA and NMDA receptors

AMPA receptors are responsible for the fast excitatory responses to
presynaptic stimuli, and the number of AMPA receptors close to gluta-
mate release sites is an important determinant of synaptic strength.
NMDA receptors act as synaptic coincident detectors and serve as a gate
for the induction of synaptic plasticity and activation of NMDA receptors
is key for the induction of the main forms of Hebbian synaptic plasticity
(Mayer et al., 1984; Nowak et al., 1984). Importantly, considering the
rapid decay of glutamate after vesicle release (Clements et al., 1992;
Diamond and Jahr, 1997), and the low affinity for glutamate of in
particular AMPA receptors (Traynelis et al., 2010), only receptors close
to the release site are predicted to become activated (Raghavachari and
Lisman, 2004; Santucci and Raghavachari, 2008). Indeed, these theo-
retical predictions have been confirmed by electrophysiological and
calcium imaging studies that found that single release events do not
saturate postsynaptic AMPA and NMDA receptors (Mainen et al., 1999;
McAllister and Stevens, 2000; Nimchinsky et al., 2004). Thus, the sub-
synaptic distribution of AMPA and NMDA receptors directly impacts
receptor activation and determines how the amplitude and variability of
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postsynaptic responses are modulated. The subsynaptic distribution of
glutamate receptors has therefore been studied extensively using various
methods in different preparations (Scheefhals and MacGillavry, 2018).
In general, electron microscopy (EM) studies have pointed out that
NMDA receptors are preferentially enriched in the center of the synapse
with AMPA receptors residing more peripherally (Kharazia and Wein-
berg, 1997; Racca et al., 2000). The rapid developments in super-
resolution microscopy in the past decade have further spurred the
investigation of protein distributions at excitatory synapses. Particularly
techniques such as single-molecule localization microscopy (SMLM),
stimulated emission depletion (STED) and expansion microscopy now
allow accurate investigation of synapse nanostructure in diverse
cultured and in vivo preparations (Arizono et al., 2022; Sarkar et al.,
2022). A general emerging notion from these studies is that the orga-
nization of the PSD is much more heterogeneous than previously was
appreciated and that both AMPA and NMDA receptors are enriched in
distinct nanodomains (Jezequel et al., 2017; Kellermayer et al., 2018;
MacGillavry et al., 2013; Nair et al., 2013).

AMPA receptors are tetrameric complexes assembled from combi-
nations of four subunits: GluA1-4. In the adult hippocampus, GluA1/2
and GluA2/3 hetero-tetramers are the most prevalent synaptic receptor
types, with a smaller contribution of calcium-permeable GluA1l homo-
tetramers (Lu et al., 2009). Moreover, native AMPA tetramers asso-
ciate with a complement of auxiliary proteins that further diversify the
functional properties and organization of synaptic AMPA receptors.
Single-molecule tracking studies showed that AMPA receptors diffuse
freely on the extrasynaptic membrane but are immobilized once they
enter the PSD (Heine et al., 2008; Hoze et al., 2012; Tardin et al., 2003).
In the PSD, AMPA receptors are anchored by scaffolding proteins in
80-100-nm sized nanodomains (MacGillavry et al., 2013; Nair et al.,
2013). AMPAR nanodomains seem to generally localize laterally in the
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Fig. 1. Nanoscale reorganization of the PSD during synaptic plasticity. Synapses can change the content, number and position of postsynaptic nanodomains to

increase or decrease neurotransmission efficacy in response to synaptic activity.
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Fig. 2. Mechanisms of activity-induced formation and maintenance of postsynaptic nanodomains. Glutamate receptors and scaffolding proteins can be clustered in
apposition of presynaptic release sites by transsynaptic adhesion complexes (top circle). Postsynaptic nanodomains can be formed by increased binding between
scaffolding proteins (middle circle). Actin polymerization and nucleation can facilitate glutamate receptor clustering via scaffold-actin interactions (bottom circle).

synapse (Goncalves et al., 2020; Li et al., 2021). Super-resolution mi-
croscopy and EM studies have estimated that nanodomains contain
10-20 AMPA receptors (Compans et al., 2021; Getz et al., 2022; Mar-
tinez-Sanchez et al., 2021), and that synapses contain 1-3 nanodomains
(Hruska et al., 2022; MacGillavry et al., 2013; Nair et al., 2013).

A key event in the potentiation of synapses is the subunit-specific
recruitment of AMPA receptors to the postsynaptic membrane. The
sequence diversity in the intracellular C-tail of GluA1/2 and GluA2/3
hetero-tetramers has drawn considerable attention, and models of
subunit-specific rules for trafficking to and from synapses are based
primarily on differences in intracellular interactions (Shi et al., 2001).
Importantly however, the optogenetic, forced recruitment of GluAl re-
ceptors to the PSD was shown to not affect the amplitude of miniature
EPSCs (Sinnen et al., 2017), suggesting that the mere addition of re-
ceptors to a synapse does not necessarily potentiates transmission, but
that adding receptors specifically to nanodomains aligned with pre-
synaptic sites of vesicle release is required to enhance synaptic trans-
mission. What dictates the precise positioning of receptors in
subsynaptic nanodomains? The intracellular C-tails of AMPA receptors
seem to be principally involved in surface trafficking, and do not
mediate lateral diffusion or anchoring and positioning of AMPA re-
ceptors (Bats et al., 2007; Kerr and Blanpied, 2012). Rather, it is more
likely that the AMPA receptor auxiliary proteins that interact with PSD
scaffold proteins facilitate activity-driven changes in AMPA receptor
positioning (Fig. 2). Phosphorylation of TARPs by CaMKII or PKC for
instance promotes the interaction with PSD-95 and stabilizes AMPA
receptors at the synapse (Chetkovich et al., 2002; Hafner et al., 2015;
Opazo et al., 2010; Sainlos et al., 2011; Schnell et al., 2002; Watson
et al., 2021), and is required for the expression of both electrically- and
chemically-induced LTP (Rouach et al., 2005; Tomita et al., 2005).
Further investigation into other auxiliary proteins is needed to deter-
mine the relative contribution of these proteins to subsynaptic AMPA
receptor positioning.

NMDA receptors are predominantly hetero-tetramers comprising of
the GluN1 subunit associated with GluN2 subunits or a combination of
GluN2 and GluN3 subunits (Paoletti et al., 2013). In the hippocampus,
GluN2A and GluN2B-containing receptors are most abundant and are

thought to differentially govern plasticity. The relative abundance of
GluN2A and GluN2B-containing receptors is regulated during develop-
ment and plasticity, and influences not only the properties of NMDA
currents, but also the ability to induce plasticity due to differential
ability in recruiting signaling cascades. In mature hippocampal synap-
ses, both GluN2A and GluN2B-containing receptors were found to form
nanodomains (Kellermayer et al., 2018). Consistent with EM studies,
this study showed that NMDA receptor nanodomains tend to reside in
the center of the PSD and their number varied between 1 and 4 per
synapse. GluN2A nanodomains were on average smaller and more
numerous than GluN2B nanodomains. This study found little spatial
overlap of GluN2A and GluN2B nanodomains (~30 %). This fraction
could represent a population of tri-heterotetrameric, GluN2A- and
GluN2B-containing NMDA receptors, although estimations from func-
tional studies suggest a larger contribution of tri- heterotetrameric
NMDA receptors to postsynaptic EPSCs (Gray et al., 2011; Rauner and
Kohr, 2011). Intriguingly, the properties of GluN2B nanodomains, but
not GluN2A nanodomains, scale along the length of the dendritic tree
(Ferreira et al., 2020). GluN2B nanodomains at distal synapses were
significantly smaller but contained a higher density of receptors than
nanodomains at synapses close to the soma. Functionally, the distance-
dependent scaling of GluN2B nanodomain properties was modulated by
interactions with CaMKII and depended on neuronal network activity.
These findings are not only of interest to understand mechanisms of
synaptic plasticity but also bear relevance for understanding psychiatric
disorders associated with NMDA dysfunction. For instance, autoanti-
bodies isolated from patients with anti-NMDA encephalitis (Ladepeche
et al., 2018), or from psychotic schizophrenia patients (Jezequel et al.,
2017), were shown to severely disrupt the nanoscale organization and
function of NMDA receptors.

The co-existence of functionally distinct receptor nanodomains at
synapses strengthens the idea that the postsynaptic compartment is
much more organized than previously anticipated. How the segregation
of glutamate receptor subtypes contributes to the physiology of synapses
and their ability to induce and express plasticity however remains
largely unknown. The seemingly segregated nanodomain organization
of AMPA and NMDA receptors (Hosokawa et al., 2021) suggests that
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these distinct receptor domains could be coupled to functionally
different release sites. Indeed, asynchronous and synchronous release
sites were found to be preferentially aligned with AMPA receptors and
NMDA receptors respectively (Li et al., 2021). This spatial segregation of
synchronous and asynchronous transmission thus suggests that synapses
can process AMPA receptor-mediated transmission and NMDA receptor-
gated plasticity separately in both time and space, thereby corroborating
the innate differences in glutamate receptor kinetics. More quantitative
investigation of the distance between nanodomains within individual
synapses could predict whether single glutamate release events can
evoke exclusively AMPA- or NMDA-mediated synaptic currents.

3. Nanoscale organization of scaffolding proteins within the
postsynaptic density

A defining hallmark of excitatory synapses is the PSD, a dense
accumulation of proteins attached to the postsynaptic membrane that
forms the structural platform for anchoring and positioning glutamate
receptors. The PSD can be readily visualized as an electron-dense
structure in EM and has been extensively characterized in ultrastruc-
tural studies. PSDs are generally disc-shaped structures that can be
irregular in shape, with sizes ranging from 100 to 500 nm in diameter
and 30-50 nm in thickness (Harris and Stevens, 1989). The structure and
composition of the PSD is dynamic and can be rapidly and reversibly
altered during synaptic plasticity (Araki et al., 2015; Bosch et al., 2014;
Compans et al., 2021; Hruska et al., 2018; Steiner et al., 2008). Never-
theless, the activity-driven mechanisms that control this internal orga-
nization of the PSD are only starting to be elucidated.

Proteomics studies revealed that the PSD is composed of hundreds of
different protein species with highly diverse stoichiometries (Cheng
et al., 2006; Sheng and Hoogenraad, 2007). Multidomain scaffolding
proteins define the shape, size and internal architecture of the PSD and
are key for the function of excitatory synapses. The membrane-
associated guanylate kinase (MAGUK) family member PSD-95 is one
of the most abundant proteins in the PSD (Cheng et al., 2006) and an-
chors AMPARs at the synapse via interactions with auxiliary subunits
such as TARPs (Bats et al., 2007; Schnell et al., 2002). In line with this,
overexpression or depletion of PSD-95 severely impacts synaptic trans-
mission and plasticity (Ehrlich et al., 2007; Stein et al., 2003; Sun and
Turrigiano, 2011). PSD-95 is a prototypical scaffold protein that in-
teracts with membrane proteins, a multitude of other scaffolds, signaling
molecules and actin-binding proteins. PSD-95 is anchored at the syn-
aptic membrane via palmitoylation (El-Husseini et al., 2002; El-Husseini
et al., 2000a) and extends vertically into the PSD (Chen et al., 2008). The
scaffold protein GKAP is situated deeper into the PSD and forms an in-
termediate scaffold that interacts with PSD-95 and couples it to Shank
and Homer proteins that together form a stable multimeric platform
(Hayashi et al., 2009; Naisbitt et al., 1999). This typical layered orga-
nization of scaffold proteins along the axo-dendritic axis has consistently
been found by immuno-EM studies and SMLM studies (Dani et al., 2010;
Petersen et al., 2003; Valtschanoff and Weinberg, 2001). This layered,
but interconnected distribution allows intracellular actin dynamics to
control membrane protein organization (Kerr and Blanpied, 2012) and
could allow for layer-specific malleability of the PSD by differentially
reorganizing scaffold proteins. To what extent the organization of in-
dividual scaffolding layers can be controlled independently remains
unknown. Interestingly, it was found that Shank can interact with
autoinhibited CaMKII, while activation of CaMKII promotes unbinding
from Shank and conversely favors binding to GluN2B (Cai et al., 2021).
These findings suggest that the regulated shuttling of CaMKII between
different layers of the PSD could mediate layer-specific modulation.
More broadly, activity-dependent post-translational modifications likely
influence scaffold-scaffold interactions and impact scaffolding nano-
domain compaction (Fig. 2).

PSD-95 is central in controlling the number of AMPA receptors at the
synapse, and it is conceivable that PSD-95 instructs the lateral
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distribution of AMPA receptors through auxiliary subunits like TARPy8
(Watson et al., 2021). Conventional microscopy approaches consistently
found that the distributions of endogenous PSD-95 (using antibodies or
genetic labeling approaches) and recombinantly expressed variants of
PSD-95 are highly enriched in the PSD (Broadhead et al., 2016; El-
Husseini et al., 2000b; Fortin et al., 2014; Willems et al., 2020). Spatial
analysis of immunogold labeling EM for PSD-95 averaged across mul-
tiple PSDs indicated that PSD-95 is homogeneously distributed across
the PSD, but quantitative analysis of immuno-EM data on isolated PSDs
did report clustered distributions (DeGiorgis et al., 2006; Swulius et al.,
2010). Moreover, EM tomography data show clear vertical filaments
that most likely resemble PSD-95 proteins in their extended configura-
tion. Indeed, PSD-95 knockdown leads to the loss of these vertical ele-
ments (Chen et al., 2011). Intriguingly, the loss of these vertical
elements is not homogenous. Rather, PSD-95 knockdown leads to the
loss of distinct 30-80-nm sized electron-dense patches that include PSD-
95-associated horizontal elements and putative AMPA receptors. Simi-
larly, a recent study combining EM tomography and SMLM showed that
the signaling organizing protein AKAP79/150 is heterogeneously
distributed within the PSD and also adopts a vertical, extended config-
uration at the PSD (Chen et al., 2022). These results further indicate that
the subsynaptic distribution of PSD proteins is much more heteroge-
neous than was anticipated. Indeed, quantitative super-resolution
studies revealed that the spatial distribution of PSD-95 within individ-
ual synapses is highly heterogeneous (Fukata et al., 2013; MacGillavry
et al., 2013). At most synapses, PSD-95 is concentrated in distinct
nanodomains, defined as clear peaks in the local density of PSD-95. The
density of PSD-95 within these nanodomains is 3—4-fold higher than in
the rest of the PSD (Droogers et al., 2022; MacGillavry et al., 2013). On
average, synapses contain 1-3 scaffold nanodomains that are 80-100
nm in diameter. Strikingly, AMPARs are enriched in nanodomains of
PSD-95 (MacGillavry et al., 2013; Nair et al., 2013), and their colocal-
ization scales with synapse size (Droogers et al., 2022). Even further,
nanodomains of other scaffold proteins like GKAP, Shank and Homer,
are generally also aligned along the axo-dendritic axis suggesting that
nanocolumns extend throughout the layers of the PSD (Tang et al.,
2016).

Liquid-liquid phase separation (LLPS) as the driving force for
compartmentalization in cellular processes is gaining considerable in-
terest (Boeynaems et al., 2018). Also at synapses, LLPS has been
described to play a role in organizing protein complexes into functional
units (Feng et al., 2019). For the PSD, phase separation was first
demonstrated using purified SynGAP and PSD-95 proteins. SynGAP was
shown to bind PSD-95 as a trimer via multivalent interactions (Zeng
et al., 2016). The mixing of these two components was sufficient to
create highly concentrated liquid-like droplets. In a follow-up study, it
was shown that mixing the core scaffolding proteins of the PSD also
induced phase separation (Zeng et al., 2018). These condensates have
PSD-like properties and were able to selectively solubilize the tail of the
NMDA receptor, while excluding the tail of GABA receptors. Similarly,
these scaffold condensates can capture TARP proteins via multivalent
interactions in their C-tail (Zeng et al., 2019). These studies shed new
light on how multivalent interactions could contribute to protein orga-
nization within the PSD, but how LLPS contributes to subsynaptic pro-
tein compartmentalization remains unknown.

4. Actin-PSD interactions shape synaptic nanoscale organization

The actin cytoskeleton in dendritic spines can dynamically interact
with the PSD in several ways. Shank proteins interact with various actin-
modulating proteins (Han et al., 2013; MacGillavry et al., 2016; Qual-
mann et al., 2004) and Shank3 was even found to bind F-actin directly
(Salomaa et al., 2021). In addition, foci of high actin polymerization in
the spine localize preferentially near the PSD and their number corre-
lates with spine size (Frost et al., 2010). Functionally, these direct and
indirect interactions of the actin cytoskeleton with the PSD allow actin
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to support continuous dynamic changes in PSD morphology and control
the subsynaptic distribution of scaffolds and receptors (Blanpied et al.,
2008; Kerr and Blanpied, 2012; MacGillavry et al., 2016). Consistently,
acute F-actin depolymerization preferentially destabilizes scaffolding
proteins situated deep in the PSD (Kuriu et al., 2006), suggesting that
actin dynamics can mold the PSD by exerting force on its cytoplasmic
side. However, other actin-binding proteins such as a-actinin bind PSD-
95 at its N-terminus, close to the plasma membrane (Matt et al., 2018),
suggesting that actin could also exert force on the sub-membranous
layers of the PSD. In addition, F-actin binds AKAP79/150 at its plasma
membrane-associated N-terminus, thereby retaining it in the PSD
(Gomez et al., 2002).

Prominent changes in actin polymerization and depolymerization
are broadly thought to induce spine structural plasticity (Okamoto et al.,
2004). Modest actin depolymerization indeed impairs the maintenance
of LTP in the CAl area of the hippocampus but leaves basic synaptic
transmission intact (Krucker et al., 2000) and many actin regulators
have been implicated in the expression of LTP (Yang and Liu, 2022). In
addition, actin depolymerization is necessary for structural LTD and
leads to loss of PSD-95 and AMPA receptors (Horne and Dell’Acqua,
2007; Zhou et al., 2004). Therefore, changes in actin dynamics likely
aids in the expression of LTP and LTD, potentially in part by reshaping
the subsynaptic AMPA receptor distribution. Given the direct in-
teractions of F-actin with the PSD, activity-driven changes in actin dy-
namics could mediate the nanoscale reorganization of the PSD. Both
a-actinin and the actin-nucleation factor Arp2/3 for instance are
recruited to the spine upon structural LTP (Bosch et al., 2014). Indeed,
super-resolution studies found that Arp2/3 locates in close proximity to
PSD-95 nanodomains (Chazeau et al., 2014). Moreover, another actin-
nucleation factor Abelson-interactor protein 1 (Abil), which binds
Shank3 (Wang et al., 2019), clusters in a single nanodomain that over-
laps nearly completely with synaptic PSD-95 nanodomains. Since actin
depolymerization leads to a decrease in the area and number of PSD-95
nanodomains (MacGillavry et al., 2013), it can be hypothesized that
actin polymerization shapes and maintains the nanostructure of the PSD,
whereas nucleation and anchoring of actin instructs activity-driven
nanoscale reorganization (Fig. 2). Nevertheless, it remains to be inves-
tigated how actin-induced morphological changes of the PSD regulate
positioning of AMPA receptors and mediate synaptic plasticity.

5. Transsynaptic coordination of synaptic efficacy

The alignment of postsynaptic receptor nanodomains with presyn-
aptic release sites has been predicted to have profound consequences for
the regulation of synaptic strength (Biederer et al., 2017; Tang et al.,
2016). How is this precise spatial alignment established across the
synaptic cleft? It is attractive to pose that adhesion complexes are
involved in the transsynaptic linkage of pre- and postsynaptic nano-
domains. Cryo-electron tomography visualized transsynaptic assemblies
or ‘sub-columns’ that link presynaptic vesicles with putative receptors,
lending direct structural support that transsynaptic complexes bridge
the cleft to bidirectionally organize subsynaptic structures (Martinez-
Sanchez et al., 2021). Molecular and functional studies have identified a
diverse group of synaptic adhesion complexes (Jang et al., 2017). Most
of these adhesion proteins, including the postsynaptic neuroligin (NL)
family, SynCAM immunoglobulin proteins, and leucine-rich repeat
transmembrane (LRRTM) proteins were first identified as drivers of
synaptogenesis (Biederer et al., 2002; de Wit et al., 2009; Scheiffele
et al., 2000). However, adhesion proteins are still abundant in mature
synapses and are now acknowledged to also fulfill myriad functions in
the transsynaptic coordination of synaptic transmission and plasticity
(Biederer et al., 2017). In particular, the NL and LRRTM families, which
both interact with PSD-95, are good candidates for organizing the
nanostructure of synapses. In recent work, a role for NL1 was proposed
in coordinating transsynaptic alignment of glutamate release and AMPA
receptors. Using a dominant-negative approach and competing peptides
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it was shown that chronic disruption of neurexin-NL1 interactions alters
transsynaptic nanostructure as resolved with SMLM (Haas et al., 2018).
This supports a role for NL1 in transsynaptic alignment, although other
effects of the chronic manipulation during development and maturation
of synapses cannot be excluded. Compared to NL1, LRRTM2 was found
to be more stably enriched in postsynaptic nanodomains that were more
closely localized to the center of the synapse than NL1 (Chamma et al.,
2016). In 3D SMLM experiments, LRRTM2 was indeed shown to be an
intrinsic component of the nanocolumn, positioned in close alignment
with both pre- and postsynaptic nanodomains (Ramsey et al., 2021).
Furthermore, acute cleavage of the extracellular domain of LRRTM2
resulted in the progressive reduction of AMPA receptors aligned with
presynaptic RIM1 nanodomains (Ramsey et al., 2021). This led to a
concomitant reduction in the amplitude of evoked postsynaptic currents
illustrating the functional role of intact nanocolumns formed by
LRRTM2. The response amplitude of spontaneous release events did not
change, which substantiates evidence for its distinct molecular mecha-
nism and possibly involves separate nanocolumns (Ramirez and Kava-
lali, 2011).

Another intriguing possibility is that the N-terminal domain (NTD) of
the AMPAR itself could be involved in transsynaptic interactions that
control receptor positioning relative to the presynaptic release site
(Fig. 2). This bulky extracellular domain makes up ~50% of the total
receptor complex and extends prominently into the synaptic cleft, up to
15 nm, and thus effectively bridges the synaptic cleft. In addition,
electrophysiological studies demonstrated that the NTD of AMPA re-
ceptor subunits contribute considerably to synaptic transmission and
plasticity (Diaz-Alonso et al., 2017; Watson et al., 2017). This domain
displays high sequence diversity between individual subunits (Greger
et al., 2017) and in fact, removal of the NTD alters the subsynaptic
distribution of AMPARSs in a subunit-dependent manner (Watson et al.,
2021). Deletion of the GluA1l NTD led to an increase in AMPA receptor
nanodomain size and a decrease in receptor density. In contrast, removal
of the GluA2 NTD did not affect AMPA receptor nanodomain organi-
zation. Whether this is mediated by a presynaptic interaction partner
remains untested, but for instance presynaptic Pentraxins and Clql
family members have been found to interact with this domain (Lee et al.,
2017; Martinelli et al., 2016). Moreover, the GluA1 NTD was found to
interact with neuroplastin-65, a presynaptic adhesion molecule (Jiang
et al., 2021). However, whether transsynaptic, NTD-mediated in-
teractions instruct subsynaptic receptor positioning, or mediate activity-
induced reorganization of synapse nanostructure remains unexplored.
All in all, the AMPA receptor NTDs are likely to influence subsynaptic
positioning of the receptor during synaptic plasticity.

6. Discussion/outlook

Numerous studies from the past two decades have implied that the
synapse can change its efficacy by re-arranging the nanoscale organi-
zation of glutamate receptors. However, we have only begun to eluci-
date the mechanisms that determine and govern the functional
nanoscale (re)organization, and even less is known about the signaling
cascades that lead to these processes. Future studies will need to uncover
the mechanisms necessary for the formation and maintenance of nano-
domains, and to pinpoint the local signals that induce the coordinated
reorganization of synapses during synaptic plasticity.

Currently however, a major challenge is to experimentally relate
changes in the nanoscale organization of individual synapses to their
function. Computational simulations have therefore been instrumental
to unravel the functional aspects of synaptic nano-architecture (Franks
et al., 2003; Raghavachari and Lisman, 2004; Savtchenko and Rusakov,
2014; Xie et al., 1997). Realistic simulations of synaptic transmission
allow exploration of the parameter space in which a physiologically
viable synapse can operate. In addition, synaptic efficacy can be
measured quantitatively for an infinite number of experimental designs.
For example, synaptic characteristics such as receptor number, type,
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state and distribution, release site number and position, release proba-
bility and glutamate molecules per release event, can be varied freely.
Furthermore, the movement and interaction probability of each synaptic
component can be set according to literature and the research question
that is being addressed. Thus, in silico simulations of synaptic trans-
mission and plasticity can assess hypotheses about synaptic nano-
organization that wet-lab experiments cannot.

Further progress in the field will also be fueled by new developments
in tools to reliably monitor and manipulate endogenous synaptic com-
ponents to study the contribution of protein dynamics to the expression
of synaptic plasticity. Current developments in CRISPR/Cas9-mediated
genome editing now allow endogenous labeling of virtually any pro-
tein in neurons (Droogers et al., 2022; Fang et al., 2021; Gao et al., 2019;
Willems et al., 2020; Zhong et al., 2021). These approaches hold great
promise for resolving and manipulating the dynamic changes in sub-
synaptic protein distribution during synaptic plasticity as these tools
overcome several experimental limitations associated with protein
overexpression and antibody labeling such as undesired side-effects
from protein overexpression or limited specificity of antibodies. More-
over, specifically for AMPA receptors, several knock-in mice have now
been engineered to monitor endogenous surface receptor dynamics in
slice systems as well as in in vivo learning paradigms (Getz et al., 2022;
Graves et al., 2021). Even further, apart from monitoring protein dis-
tribution, these tools allow acute manipulation of protein distribution
and dynamics. For example, inducible recruitment of AMPA receptor to
synapses using chemical or optogenetic dimerization systems are very
powerful tools to acutely control synaptic receptor content (Droogers
et al., 2022; Sinnen et al., 2017). Also, changing receptor mobility in a
whole culture, slice or brain using chemically induced dimerization of
endogenous AMPA receptors was shown to acutely disrupt synaptic
plasticity (Getz et al., 2022). These novel tools for manipulating sub-
synaptic receptor organization, acutely and chronically, will likely have
broad applications in vivo and for behavioral studies, in addition to
functional studies on the importance of nanodomain organization.

Disruptions in the molecular processes that control synaptic plas-
ticity are a hallmark of cognitive disorders (Volk et al., 2015). In fact,
mutations in more than 200 postsynaptic proteins have been associated
with over 130 mental diseases (Bayes et al., 2011). Specifically, post-
synaptic scaffolding proteins such as the Shank proteins have been
implicated in autism spectrum disorder, schizophrenia and mental
retardation (Berkel et al., 2010; Leblond et al., 2014). As glutamate
receptor clustering close to release sites is regulated by postsynaptic
scaffolding proteins, it is conceivable that impaired subsynaptic (re)or-
ganization of scaffolding proteins and glutamate receptors can lead to
various synaptopathies. Future directions studying the possible patho-
genic role of impaired subsynaptic (re)organization will provide a
deeper understanding of disease mechanisms.
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