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Abstract
Fast excitatory synaptic transmission is mediated by AMPA-type glutamate receptors (AMPARs).
It is widely accepted that the number of AMPARs in the postsynaptic density (PSD) critically
determines the efficiency of synaptic transmission, but an unappreciated aspect of synapse
organization is the lateral positioning of AMPARs within the PSD, that is, their distribution across
the face of a single synapse. Receptor lateral positioning is important in a number of processes,
most notably because alignment with presynaptic release sites heavily influences the probability of
receptor activation. In this review, we summarize current understanding of the mechanisms that
dynamically control the subsynaptic positioning of AMPARs. This field is still at early stages, but
the recent wave of developments in super-resolution microscopy, synapse tomography, and
computational modeling now enable the study of lateral protein distribution and dynamics within
the nanometer-scale boundaries of the PSD. We discuss data available measuring the lateral
distribution of glutamate receptors and scaffold proteins within the PSD, and discuss potential
mechanisms that might give rise to these patterns. Elucidating the mechanisms that underlie the
lateral organization of the PSD will be critical to improve our understanding of synaptic processes
whose disruption may be unexpectedly important in neurological disorders.

1. Introduction
The spatial organization of receptors at individual synapses establishes the efficacy of
baseline neurotransmission and permits appropriate forms of neural plasticity that are driven
by these levels of activity. If structural organization of the synapse is disrupted, synaptic
function is acutely compromised. Over longer periods, the consequently altered regimes of
plasticity can cascade to developmental and lifelong pathology. So what forms of synaptic
structural organization are central to synapse function? Undoubtedly, the alignment of
postsynaptic receptors with sites of neurotransmitter release is the defining feature of
synaptic structure. On the presynaptic side of the cleft, mechanisms of vesicle fusion and
recycling rates must maintain release at appropriate rates at appropriate sites. On the other
side of the cleft, receptors must be concentrated appropriately to maintain their level of
activation. At central glutamatergic synapses, the number of AMPA receptors (AMPARs) is
tightly controlled, and subtly modulated during numerous forms of synaptic plasticity
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(Malinow and Malenka, 2002). Indeed, receptors continually enter and leave synapses
(Triller and Choquet, 2008), and we know a great deal about the biosynthesis, trafficking,
and degradation mechanisms that regulate the supply of receptors able to be incorporated to
the synapse (Kennedy and Ehlers, 2006; Shepherd and Huganir, 2007). The labile nature of
receptors emphasizes the need to understand the mechanisms at the synapse that counteract
receptor diffusion and concentrate receptors at this critical position. These mechanisms are
the sine qua non of the postsynaptic density (PSD), the ultimate organizer of postsynaptic
function.

The importance of the PSD is clear, as molecular disruption of the PSD causes devastating
phenotypes (Bangash et al., 2011; Bayes et al., 2011; Peca et al., 2011; Wang et al., 2011),
and achieving an intimate understanding of PSD assembly and interior organization is key to
any complete view of synapse function. Accordingly, molecular constituents and
biochemical characteristics of the PSD have been intensively investigated and reviewed
elsewhere (Okabe, 2007; Sheng and Hoogenraad, 2007). In this review, we examine
intrinsic features of the PSD that are less well understood, highlighting that the PSD is not a
uniform, regular structure, but contains a great deal of organizational specificity along the
plane parallel to the synaptic membrane. We consider this the “lateral” organization of the
PSD, to distinguish it from its “vertical” or “laminar” organization in the pre-to-postsynaptic
axis orthogonal to the membrane.

Though many synaptic constituents including adhesion molecules, ion channels, and diverse
receptor types may be found in unique and important patterns across the lateral extent of the
synapse, in this review, we will focus on the lateral distribution of AMPARs because their
positioning is expected to have particularly important consequences for synapse function
(Newpher and Ehlers, 2009). We discuss specifically those receptors that are present in the
synapse within the PSD, and we leave aside perisynaptic or extrasynaptic receptors whose
importance is reviewed elsewhere (see Bard and Groc; Gladding and Raymond, this issue).
We consider potential mechanisms that can control the distribution of AMPARs within the
synapse, including in some detail the PSD scaffold proteins most likely to accomplish this,
and then outline recent technical developments that offer hope for understanding roles of
dynamic lateral organization of the PSD in health and disease.

2. Lateral distribution of synaptic glutamate receptors
2.1. Functional consequences of subsynaptic receptor distribution

When glutamate is released from a presynaptic vesicle, glutamate concentration within the
synaptic cleft rises to millimolar levels (Clements et al., 1992). Though the peak of this
spike is very high (1-3 mM), the transient is narrow (<200 nm) and dissipates substantially
from diffusion and buffering within ~100 μsec (Bergles et al., 1999; Diamond and Jahr,
1997). Importantly, the EC50 of glutamate for activating AMPARs is remarkably low,
ranging from ~0.5 mM to nearly 2 mM for different subtypes (Traynelis et al., 2010), and
thus receptors displaced from the site of release likely experience concentrations of
glutamate insufficient to open them effectively. Just as critically, the probability of channel
opening is steeply dependent on the number of bound agonists (Rosenmund et al., 1998),
and on the kinetics of transitions to open or desensitized states (Robert and Howe, 2003).
Because of these biophysical factors, numerical modeling suggests that while AMPA
receptors directly across from the site of release open with fairly high probability (~0.6),
receptors laterally displaced by even 50 nm are much less likely to open (Franks et al., 2003;
Raghavachari and Lisman, 2004; Xie et al., 1997). In fact, single release events may activate
just a fraction of the total number of AMPARs at the synapse: at relatively large synapses,
the activated hotspot may cover as little as 25% of the PSD (Lisman and Raghavachari,
2006; Lisman et al., 2007). Thus, not just the total number of AMPARs in a synapse, but
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also the local density of AMPARs within synapse subdomains may determine the efficiency
of synaptic transmission (Fig. 1).

Physiological evidence consistent with this notion of limited receptor activation has been
obtained at a variety of synapses (Frerking and Wilson, 1996). Notably, single release events
fail to activate all synaptic AMPARs in cultured hippocampal neurons (Liu et al., 1999;
McAllister and Stevens, 2000), as indicated by a larger amplitude and lower variance of
responses to glutamate applied iontophoretically at the synapse. At the calyx of Held in
acute brainstem slices, the concentration of glutamate in the presynaptic terminal is limiting,
such that adding exogenous glutamate via a presynaptic patch pipette increases the response
to spontaneous vesicle fusion (Yamashita et al., 2009). Likewise, at cerebellar mossy fiber–
granule cell connections composed of a single release site, receptors appear well below
saturation, and the quantal variance is high (Sargent et al., 2005).

Given the computational and experimental support for the idea of receptor subsaturation,
much of this review is concerned with whether AMPARs are uniformly distributed across
the PSD. Importantly, if at a given synapse receptors are not spatially uniform, then the
impact of receptor subsaturation will likely be much higher. Consider first a synapse in
which sites of vesicular fusion are randomly distributed across the presynaptic membrane.
At this synapse, if AMPARs are maximally activated to open following fusion of a single
vesicle, then the EPSC amplitude will depend simply on the number of receptors in the PSD;
response variance event to event will be quite low, and both the release location and receptor
subsynaptic pattern will matter little for response amplitude (Fig. 1a). On the other hand, if
receptors in only a subregion of the synapse are activated to open after release, then the
distribution of receptors matters quite a bit. If receptors are uniformly distributed, then
EPSCs resulting from release events at the center or edge of the synapse will potentially
differ in amplitude, for instance, because the number of receptors experiencing high
glutamate concentrations will differ (Fig. 1b). Conversely, if receptors are not uniformly
distributed (Fig. 1c), then the position of release will have an additional impact on EPSC
amplitude: the EPSC amplitude will be large for events aligned over receptor-dense regions
of the PSD, but smaller for events occurring over receptor-sparse regions. Presumably, if
considered over a large number of responses, the average EPSC amplitude of synapses in
Figs. 1b and 1c will be nearly the same, though each will be smaller than synapse in Fig. 1a
by a factor corresponding to the average fraction of synaptic receptors that are activated;
however, the variance at the synapse in Fig. 1c will be higher.

At some synapses, physiological recordings indicate that the distribution of receptors may in
fact play little functional role. For instance, at the massive and complex cerebellar climbing
fiber synapse onto Purkinje neurons, response variance is very low apparently in part
because of nearly saturated receptors (Foster et al., 2002). Indeed, even at large synapses
where single vesicle responses may be subsaturating, the release of more than one vesicle
following an action potential can serve to activate additional receptors (Meyer et al., 2001;
Tong and Jahr, 1994). Interestingly, other parameters of the synapse, such as the cleft
geometry (Cathala et al., 2005) or the extracellular factors influencing glutamate diffusion
(Nielsen et al., 2004) can additionally influence whether all AMPA receptors are activated
following release from a single vesicle. This hints at the possibility of even greater
complexity.

Perhaps the most important addition to consider is if we adapt our hypothetical synapse to
include the feature that sites of vesicle fusion are not randomly distributed, for instance at
sparse but nearly immobile protein ensembles in the presynaptic membrane (Schoch and
Gundelfinger, 2006; Ziv and Garner, 2004). Presuming receptor non-saturation, EPSC
amplitude will then depend strongly on whether release is biased to occur more frequently
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over dense or sparse regions (Figs. 1d, 1e). Indeed, the average EPSC amplitude (or its
variance) may in fact be either larger or smaller than synapses in Figs. 1b and 1c. Thus, it is
apparent that transsynaptically linking the release machinery to postsynaptic sites of receptor
abundance could be a very effective means of assuring a strong and low-variance synaptic
connection. Indeed, modification of such linkage would seem to be a molecularly
straightforward and potentially rapid means to raise or lower synaptic strength.

Overall, these theoretical and physiological observations make clear that the lateral
distribution of AMPARs within the PSD provides a potent mechanism for modulating
synaptic strength. While this receptor pattern may be just one of many factors that control
synapse response amplitude and variability, detailed knowledge of the lateral distribution of
receptors—and whether it is able to be modified—is thus important for understanding
synapse functional organization. We note that the lateral organization of other components
of the PSD dictate numerous other functional characteristics worthy of review, for instance
controlling adjacency of kinases or phosphatases and their effectors, positioning proteins
within calcium nanodomains, and modulating near-neighbor relationships of oligomerizing
proteins. For reasons of brevity here, we will focus strictly on the lateral distribution of
AMPARs, and we hope that the principles we discuss will generalize to the study of other
synaptic proteins

2.2 Subsynaptic pattern of AMPA receptor distribution
Measuring the pattern of receptors at a synapse has been a difficult task, as it requires spatial
resolution well beyond traditional light microscopy as well as statistically high probability
of identifying the receptors. The most broadly used tool for the task has been EM
immunogold labeling. This approach has suggested that at least under some circumstances,
AMPARs are enriched in the periphery of the PSD. In neocortex, GluA2/3 AMPARs were
found to be localized peripherally (Bernard et al., 1997; Kharazia and Weinberg, 1997).
Similarly, in striatal medium spiny neurons, GluA1 and 2/3 subunits were found to be
enriched away from the center of the synapse (Bernard et al., 1997; Kharazia and Weinberg,
1997). Functionally, this is intriguing, because vesicular fusion events at the center of the
synapse would align with a region of low receptor abundance. In addition, it has been
suggested that receptors at the PSD edge may be more easily released from the synapse.
Such a peripheral pattern may not be universal, however. In spines of hippocampal CA1
neurons, Somogyi et al. measured equally dense GluA2/3 immunoreactivity at the center
and edges of PSDs (Somogyi et al., 1998).

Attempting to reduce the 2-dimensional synaptic face to a 1-dimensional measure (such as
“distance from the center”) may gloss over important complexity in the receptor distribution.
Traditional immunogold EM faces a critical limit in this respect, because the typically sparse
labeling necessitates averaging distribution measurements over multiple synapses. Three
new approaches offer the possibility of a complete 2-dimensional receptor map. Using
immunolabeling of SDS-digested freeze-fracture replicas, the Shigemoto lab has achieved
nearly one-to-one antibody labeling of both NMDA and AMPA receptors in the synapse
(Tanaka et al., 2005). At parallel fiber synapses onto Purkinje neurons, AMPARs were seen
to be highly irregularly distributed within single synapses, frequently forming clusters of
receptors within small regions and leaving relatively large areas of the synapse devoid of
receptors (Masugi-Tokita et al., 2007). Importantly, such clusters could be found either
laterally or centrally at individual parallel fiber synapses, confirming the importance of
understanding 2D rather than just radial positioning. This finding has been confirmed in the
dorsal lateral geniculate nucleus, where AMPARs in both retinogeniculate and
corticogeniculate synapses form very similarly sized clusters (Tarusawa et al., 2009) despite
the synapses themselves being greatly different in area. Interestingly, though, the tendency
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to form clusters is not universal: the receptor pattern at climbing fiber synapses onto
Purkinje neurons showed no evidence of this patterning (Masugi-Tokita et al., 2007).

EM tomography offers a second approach to mapping receptors at single synapses. In virtual
slices of the tomographic image series through PSDs of cultured neurons, Chen et al. (Chen
et al., 2011; Chen et al., 2008b) matched the size of electron-dense features in the synaptic
membrane to the AMPAR crystal structure. Though not an unequivocal identification of the
receptors, it provided a means to examine the distribution of these “AMPAR-like”
structures. In the synapses examined, these structures were more peripherally located than
the structures presumed to be NMDARs, consistent with immunogold reports of centrally
positioned NMDARs (Kharazia and Weinberg, 1997; Perez-Otano et al., 2006; Somogyi et
al., 1998). In addition, the distance between receptors varied over a wide range within a
synapse, consistent with a clustered distribution. Future refinement of EM tomographic
methods (Chen et al., 2008c; Rostaing et al., 2006) should permit unprecedented detail of
the distribution of receptors and associated proteins at single synapses.

A third mapping approach avoids the use of the EM at all, by taking advantage of recent
super-resolution imaging methods. Using Stochastic Optical Reconstruction Microscopy
(STORM; (Huang et al., 2008; Rust et al., 2006) to map the location of individual antibody
molecules with ~10 nm precision, Dani et al. analysed the spatial organization of molecules
at synapses in perfusion-fixed slices of the accessory olfactory bulb (Dani et al., 2010). The
dense labeling achieved in cryostat sections rather than ultrathin EM sections made it
possible to examine the protein distribution within individual synapses. Using three-color
STORM immunocytochemistry, AMPAR and NMDAR radial displacement from the center
of the synapse was mapped in relationship to postsynaptic scaffold markers Homer or
Shank. Surprisingly, at different individual synapses within the accessory olfactory bulb,
either type of receptor could be found enriched either in the central or peripheral regions of
the PSD.

Notably, all three of these methods also offer the hope to map more rigorously the alignment
between presynaptic release sites and postsynaptic receptors. Immunolabeled glutamate
receptors have been observed located across the cleft from presynaptic dense projections
suggestive of release apparatus (Kharazia and Weinberg, 1999). However, systematic
analysis of these sites with respect to gradations of receptor density will likely necessitate
both very fine-scale receptor mapping and, perhaps even more difficult, a means to identify
whether the location of release sites at a single synapse are persistent or transient. As
suggested below, however (see section 3.1.2), the identification of transsynaptic molecular
linkages may provide additional clues as to whether subsynaptic receptor distribution is
related to active zone structure.

The diversity of reported AMPAR distributions suggests that multiple modes of AMPAR
positioning are possible. It is intriguing to think that even at a single synapse the receptor
pattern may be modulated. Though the methods used to date to map receptor distribution at
single synapses (STORM, EM, tomography) rely on tissue fixation and give a static picture,
much evidence indicates that net receptor position at a synapse likely varies over time.
Indeed, at individual synapses imaged over minutes, the PSD undergoes continuous, actin-
driven changes in morphology and internal density (Blanpied et al., 2008) likely to drive
changes in subsynaptic AMPAR placement. On the molecular level, recovery after
photobleaching of GFP-tagged AMPAR subunits demonstrates that receptors exchange in
and out of synapses on the time scale of seconds to minutes (Ashby et al., 2006; Makino and
Malinow, 2009; Sharma et al., 2006). Further, single-molecule tracking of antibody-labeled
receptors has made clear that even within the synapse, the lateral position of at least some
receptors is constantly shifting (Tardin et al., 2003; Triller and Choquet, 2008). Intriguingly,
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the proportion of the synapse covered by mobile receptors is typically rather small, but can
be regulated by synaptic activity (Ehlers et al., 2007; Triller and Choquet, 2008). However,
the proportion of receptors so immobilized is difficult to quantify based on antibody labeling
because antibodies might be presumed to have easier access to extrasynaptic receptors.
Thus, it will be important to develop methods to measure receptor patterning at living
synapses. Because this will likely at first require the use of neurons grown in culture,
additional effort will eventually be required to synthesize information from more intact
preparations.

In summary, immunocytochemical evidence has made clear that AMPARs within a single
synapse can be found in distinctive non-random distributions, and that this pattern can vary
between synapses and between synapse types. Subdomains of high and low receptor density
are very likely to mediate large and small postsynaptic responses to glutamate release
aligned with them, at synapses where postsynaptic receptors are not saturated by quantal
glutamate release. Importantly, however, it is unclear whether the distribution pattern of
receptors at a single synapse is maintained for long periods, or whether it is actively
modified. Dynamic modulation of postsynaptic receptor pattern would offer a potentially
powerful level of regulation over synaptic strength.

3. Possible mechanisms controlling subsynaptic AMPAR distribution
What are the mechanisms that could give rise to a distinctive spatial distribution of
AMPARs within the PSD? In the following sections, we will discuss several possibilities.
As depicted in Fig. 2, we most importantly differentiate between mechanisms that rely on
protein-protein interactions between receptors and PSD scaffolding molecules (section 3.1),
and mechanisms that confine receptor position without direct protein-protein interactions
(section 3.2). These are not mutually exclusive, and we favor the idea that synapse
organization and plasticity likely incorporate both types of mechanism.

3.1 Protein-protein interaction mechanisms
3.1.1 Can AMPARs be positioned by a single scaffold protein—The most
straightforward mechanism is that a single PSD anchoring molecule determines the position
of AMPARs within the PSD directly via protein-protein interactions. A number of candidate
scaffold proteins for this mechanism have been proposed, including the directly AMPAR-
interacting PDZ-containing proteins GRIP/ABP, SAP97 and PICK1 (Dong et al., 1997;
Leonard et al., 1998; Xia et al., 1999). Indeed, mutations that disrupt receptor interaction
with these proteins reduce the synaptic content of AMPARs; however, these effects are
likely explained by defects in synapse delivery, rather than retention (Osten et al., 2000). By
far the best candidate is PSD-95, the prototypical membrane-associated guanylate kinase
(MAGUK) family member. PSD-95 interacts with AMPARs via their auxiliary TARP
subunits (Transmembrane AMPAR Regulatory Proteins (Chen et al., 2000), and although
TARP subunits promote surface expression of AMPARs, TARP interaction with PSD-95 is
further required for the synaptic retention of AMPARs (Bats et al., 2007; Schnell et al.,
2002). Moreover, overexpression of PSD-95 increases, while acute knockdown decreases
synaptic AMPAR content and AMPAR-mediated currents (Ehrlich et al., 2007; El-Husseini
et al., 2000b; Elias et al., 2006; Schluter et al., 2006). These results have been interpreted to
imply that alterations in synaptic AMPAR numbers during synaptic plasticity are determined
by changes in PSD-95 content. The notion of ‘slots’ was suggested to indicate that a PSD
contains a limited capacity for holding receptors, and that if the number of slots is altered
(i.e. by adding or subtracting proteins that make up the slots), then the number of synaptic
receptors is consequently varied (Lisman and Raghavachari, 2006; Malinow and Malenka,
2002; Shi et al., 2001). Indeed, activity-dependent depalmitoylation or ubiquitination reduce
levels of both PSD-95 and AMPARs at the synapse (Colledge et al., 2003a; El-Husseini et
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al., 2002). However, preventing dissociation of PSD-95 from the membrane does not
necessarily block the induction of long-term depression (Xu et al., 2008). Similarly, though
increases in PSD-95 might be expected to precipitate receptor accumulation during LTP,
there is no clear evidence for an increase in synaptic PSD-95 content during LTP induction.
Alternatively, it may not be the absolute number of PSD-95 molecules that is modified
during induction of LTP or LTD, but instead their affinity for receptors or TARPs. In fact,
such affinity can be regulated by post-translational modifications. For instance, activity-
dependent phosphorylation of the TARP stargazin by CaMKIIα controls its interaction with
PSD-95 (Opazo et al., 2010; Sumioka et al., 2010). It is thus clear that PSD-95 has a critical
role in retaining AMPARs within the PSD, though may not be a stand-alone “slot” or the
sole determinant of receptor numbers.

Aside from any effect on receptor number, does PSD-95 position receptors when they are at
the synapse? If this were the case, its lateral distribution would be expected to match the
observed receptor distribution. Several studies have examined the distribution of PSD-95
across the face of the PSD, and asked whether it is uniform or clustered, as with the
distribution of AMPARs. Using immunogold EM, PSD-95 has in general been found fairly
uniformly across the synapse, with of course a steep decrease at the border of the PSD
(Sassoe-Pognetto et al., 2003; Valtschanoff and Weinberg, 2001; Zhang and Diamond,
2009). However, these studies average the sparse immuno-labeling densities over multiple
synapses, and substantial but irregular variations in the distribution can easily be missed.
From analysis of isolated PSDs following biochemical fractionation, MAGUK proteins
PSD-95 and PSD-93 appear to be non-uniform as judged by statistical analysis of
immunogold labeling (DeGiorgis et al., 2008; Swulius et al., 2010), suggesting a clustered
assembly of PSD constituents. So, although low labeling densities can make such analyses
difficult (and the effects of fractionation are yet unknown), it is intriguing to consider that at
least a subpopulation of PSD-95 in the PSD is assembled in clusters that can retain high
concentrations of AMPARs

With EM tomography, some proteins can be identified based upon their structural
characteristics rather than antibody labeling, so the technique may serve as a powerful
means to map protein location in single synapses. As reported by EM tomography, PSD-95
in the PSDs of cultured hippocampal neurons adopts a distinctive, extended structure,
orientated “vertically” in the PSD (Chen et al., 2011; Chen et al., 2008b) with its N-terminal
cysteines palmitoylated and engaged with the membrane (El-Husseini et al., 2000a).
Virtually every AMPAR-like structure in the PSD is closely associated with one of these
vertical filaments likely to be PSD-95. Moreover, RNAi-mediated reduction of PSD-95
protein levels results in a “patchy” loss of the protein from individual synapses, and the
areas of these synapses with sparser PSD-95 have fewer AMPARs (Chen et al., 2011). This
provides strong evidence that the distribution of PSD-95 is central to determining the pattern
of AMPARs. To a first approximation, the vertical filaments themselves appear rather
uniformly spaced (with a low variance of interprotein distance), though this has not been
statistically tested in tomography data. It will be of interest to develop assays that can
measure simultaneously the distribution of scaffold and receptor at high labeling density and
high resolution in living synapses.

Nevertheless, despite the clear participation of PSD-95 in AMPAR positioning, it remains
unlikely that PSD-95 alone directly determine the spatial distribution of receptors within the
PSD. A means of establishing the distribution of PSD-95 at the synapse in absence of other
proteins has not been described, and PSD-95 is certainly assembled into macromolecular
scaffold complexes with other proteins that are reciprocally dependent on PSD-95
expression levels (Okabe, 2007). Indeed, following PSD-95 RNAi, patches of the synapse
with sparse PSD-95 show loss of other proteins as well, including those that typically appear
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in the tomographic images as “horizontal filaments” likely to interact with and cross-link the
vertical filaments (Chen et al., 2011). In addition, PSD-95 does not exhibit free lateral
motion within the PSD (Blanpied et al., 2008) whereas synaptic AMPARs can be quite
mobile, so it seems inevitable that receptors do not remain bound to PSD-95 at all times
within the synapse. For these reasons, we next consider higher-order interactions in the PSD
that might govern receptor distribution.

3.1.2 Hetero-oligomeric scaffold modules—PSD-95 and the other MAGUKs contain
multiple protein interaction domains, each of which can engage in several potential
interactions, suggesting that they may assemble oligomeric complexes (Okabe, 2007; Sheng
and Sala, 2001; Xu, 2011). Such putative assemblies of multiple scaffold proteins, here
referred to as modules, would provide a high local density of AMPAR interaction sites, and
thus facilitate clustering of receptors (Fig. 3A). Some evidence for modular structural
organization within the synapse, beyond biochemical and molecular characterization studies,
has already emerged. The PSD contains a prominent laminar organization parallel to the
plane of the synaptic membrane (i.e. along the axo-dendritic axis). PSD-95 is situated
closest to the synapse (Petersen et al., 2003; Valtschanoff and Weinberg, 2001) in a vertical
orientation (Chen et al., 2008a). In a deeper layer are found Shank and GKAP (Petersen et
al., 2003; Valtschanoff and Weinberg, 2001), potentially oriented in an extended, horizontal
conformation (Chen et al., 2008a). The relative axo-dendritic positions of PSD-95 and
Shank has recently been confirmed by 3D STORM (Dani et al., 2010).

The extreme cytosolic face of the PSD is complex and irregular, much moreso than its
membrane-directed face (Petersen et al., 2003). This topography partly reflects the
association of diverse molecules such as CaMKII (Petersen et al., 2003), but likely also
groups of scaffold molecules (Rostaing et al., 2006). Interestingly, it may be that through
these modules, connections to the actin cytoskeleton (Capani et al., 2001; Fifkova and
Delay, 1982) are established. Indeed, recent tomography confirms that the irregular
cytoplasmic side of the PSD comprises cytoplasmic-facing ‘spikes’ that are frequently in
contact with filamentous actin (RJ Weinberg, personal communication).

Given these apparent links to actin at specific points in the PSD, the cytoskeleton is well
positioned to regulate the assembly or maintenance of PSD modules. Indeed, actin
destabilization with latrunculin causes the rapid loss of a substantial fraction of synaptic
GKAP, Shank and Homer molecules (Kuriu et al., 2006). Interestingly, the remaining
fraction of these molecules (as well as the complete population of synaptic PSD-95
molecules) is unaffected in terms of their molecular exchange rate measured by recovery
after photobleaching. This indicates that different subpopulations of scaffolds exist in the
PSD that are differentially controlled by actin, though whether these molecular subsets are
organized in any spatial manner has not been determined. It is also possible that an actin-
based mechanism would actively mix or segregate synapse components, if actin filament
turnover applies force directly to modules within the PSD. Consistent with this idea, actin
adjacent to the synapse has notably high polymerization-driven dynamics when compared
with other regions of the spine (Frost et al., 2010b). This polymerization apparently
produces considerable force, because individual PSDs undergo rapid, constitutive changes in
morphology as measured by time-lapse imaging of PSD-95-GFP, and these changes are
sensitive to disruption of actin treadmilling (Blanpied et al., 2008). This reinforces the idea
that actin may directly regulate protein modules within the PSD, raising the possibility that
the dynamics of actin filaments, rather than just their presence, may be required to maintain
these domains.

The location of PSD-95 at the plasma membrane facilitates its binding to a complement of
adhesion molecules such as neuroligins, LRRTMs, and SALMs (de Wit et al., 2009; Han
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and Kim, 2008; Irie et al., 1997). While these proteins have a clearly demonstrated role in
synaptogenesis (Linhoff et al., 2009; Scheiffele et al., 2000) or development of proper
balance of excitatory and inhibitory synaptic inputs (Chih et al., 2005), the adhesion
complexes continue to be expressed beyond development and may play additional roles. For
example, it has been shown that the neuroligin-PSD-95 complex promotes synaptic efficacy
by a transsynaptic mechanism, apparently via neurexin (Futai et al., 2007). As a result, an
important role for adhesion complexes at mature synapses could be to regulate subsynaptic
receptor positioning by participating in the creation or alignment of modules within the
synapse. Of particular interest is whether or how scaffold-adhesion complexes at a single
synapse coordinate postsynaptic receptor positioning with presynaptic sites of glutamate
release, but there is little evidence to date on this question. Recently, it was reported that
AMPARs, specifically the N-termini of GluA2 subunits, enhance the synaptogenic effect of
neuroligin (Ripley et al., 2011). This suggests that AMPARs themselves also have the
ability to influence transsynaptic organization. Extrapolating even further, it is intriguing to
speculate that such molecular bridges emanating from the receptors themselves would be
ideally suited to coordinate the alignment of receptors with release sites (Fig. 1d,e).

Changes to the content or organization of oligomeric scaffold modules at the synapse could
alter synaptic transmission by changing either receptor number or distribution. Indeed the
induction of depression or potentiation is associated with scaffold modifications. NMDA-
induced LTD triggers the loss of PSD-95 (Colledge et al., 2003b), an effect which depends
on calcineurin activation (Horne and Dell’Acqua, 2007), proteolytic attack of the N-terminal
region of PSD-95 (Xu et al., 2008) and its first two PDZ domains (Sturgill et al., 2009). The
C-terminal tandem SH3-GK domains of PSD-95 are also important for LTD induction
(Bhattacharyya et al., 2009; Xu et al., 2008). These domains can form an intramolecular
complex (McGee et al., 2001; Tavares et al., 2001) that occludes binding of the SH3 domain
to other ligands, and regulating this interaction may switch PSD-95 molecules from a self-
clustered to an open conformation enabling recruitment of other ligands (Feng and Zhang,
2009). Such a switching mechanism could reorganize receptor-module complexes (Fig. 3B),
potentially triggering changes in properties of receptors, receptor distribution or stability in
the PSD, or the recruitment of other effectors such as AKAPs or calcineurin (Bhattacharyya
et al., 2009; Xu et al., 2008). Intriguingly, phosphorylation of PSD-95 by CaMKII during
induction of LTP also destabilizes it in the PSD, and in addition facilitates the activity-
dependent loss of Shank2 (Steiner et al., 2008). Loss of Shank presumably alters
cytoskeletal mechanisms within the spine that control LTP-associated spine growth
(Qualmann et al., 2004). The counter-intuitive loss of scaffolds is only transient, however, as
each is regained during the more stable phase of spine enlargement and functional
strengthening. This suggests that some forms of protein reorganization require disruption or
removal of existing complexes before establishment of the new order. In sum, subsynaptic
reorganization of scaffold modules may regulate synaptic strength through diverse
mechanisms involving control of receptor number and distribution, the efficiency and
specificity of downstream signaling cascades, or control by the actin cytoskeleton.

3.2 Molecular confinement
3.2.1 Corrals—Aside from protein binding interactions, additional mechanisms may
contribute to receptor positioning. For example, the clustering of membrane proteins can
arise from formation of specialized domains within the plasma membrane by “fences” or
“corrals” (Kusumi et al., 2005). These form the barriers to free diffusion that lead to
accumulation and/or maintenance of receptor clusters (Saxton, 1995; Triller and Choquet,
2008). Several computational models have been developed to test whether a synaptic corral
could explain observed characteristics of AMPAR dynamics, including the time receptors
remain at the synapse and the size of the domain in which receptors are free to diffuse before
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encountering a barrier. Holcman and Triller (2006) modeled the PSD by reducing its evident
complexity to two compartments: an internal disk with bound or free receptors, and a
surrounding annulus where receptor movement is limited by obstacles. By positing a
boundary surrounding the PSD with a small opening permitting infrequent receptor escape,
their model could reproduce fluorescence recovery after photobleaching (FRAP) data
measured for AMPA receptors. An extension of this framework modeled the variability in
synaptic AMPA receptor number (Bressloff and Earnshaw, 2009) by considering the
inclusion of a stochastic gate that allows receptor escape when opened. However, the major
shortcoming of such models to date is that the interior of the PSD is treated as a
homogenous compartment, contrary to observed motion of receptors within single PSDs
(Triller and Choquet, 2008). Because they eliminate internal structure, these existing models
cannot be used to test potential explanations of lateral organization. Consequently, models
that incorporate realistic geometry of the synapse will be required.

The simplest potential molecular substrate of a synaptic corral is a fence formed by
perisynaptic actin. However, both EM and live-cell imaging demonstrate that actin directly
at the PSD itself is sparse (Fifkova and Delay, 1982; Frost et al., 2010b), perhaps even less
dense than elsewhere in the spine, and no evidence suggests an enrichment of filaments
perisynaptically. Furthermore, when F-actin is pharmacologically disrupted for tens of
minutes to hours some synaptic AMPARs are lost (Allison et al., 1998; Gu et al., 2010; Rust
et al., 2010; Zhou et al., 2001), but the majority of synaptic AMPA receptors are retained.
Thus, actin is not likely to act as a corral to retain synaptic AMPA receptors (though even
sparse filaments may play a more general role in molecular crowding (see section 3.2.2).
Moreover, a perisynaptic fence could only regulate total synaptic AMPAR content, and not
subsynaptic receptor positioning. Thus it cannot account for the fact that single receptors are
sometimes confined to areas smaller than the synapse itself (Ehlers et al., 2007; Heine et al.,
2008). To date, there is no direct ultrastructural evidence for a corral at the synapse edge.
Instead, there is a longstanding appreciation for a mesh or lattice-like organization of the
PSD interior (Adam and Matus, 1996; Carlin et al., 1980); (Chen et al., 2011). This raises
the possibility that a more relevant mechanism for AMPAR corralling could occur at the
level of subsynaptic partitioning. In this case, certain synapse proteins could form small
corrals to retain populations of AMPARs at particular synapse locations by retaining them
within the interstices of this lattice. In some ways, this is the opposite of the scaffold module
mechanism presented above which would predict receptors to be localized to the nodes of
the lattice. Future experiments will be required to discriminate these possibilities.

3.2.2 Macromolecular crowding as means to control receptor positioning—The
densely packed nature of the synapse suggests that PSD-resident proteins could influence
the positioning of AMPARs by acting as a series of barriers to lateral diffusion within the
synapse (Fig. 3C). To directly address this possibility, Santamaria et al. (2010) utilized
computational modeling to simulate PSDs crowded with proteins either able to or unable to
bind receptors. Remarkably, even in PSDs devoid of receptor-binding proteins, synaptic
receptors were still retained for minutes to hours, simply through the extreme reduction of
diffusion by molecular crowding. Consistent with a crowding mechanism, the mobility not
just of receptors is reduced inside synapses compared to the extrasynaptic membrane. Even
glycophosphatidylinositol-anchored probes (present only in the extracellular leaflet of the
plasma membrane and unlikely to bind any synaptic proteins) as well as the endogenous
membrane lipid GM1, show reduced diffusion and confinement within the synapse (Renner
et al., 2009). Intriguingly, simulations of Santamaria et al. (2010) that included specific
binding partners for AMPARs promoted a counterintuitive enhancement of receptor
exchange, presumably because the affinity of AMPARs for their known binding partners is
rather low, while the efficacy of elastic collisions to confine AMPARs in crowded portions
of the synapse can be very high. Thus, during times when receptor exchange rates are
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modulated, e.g. during expression of LTP or LTD, specific AMPAR interactions may most
likely be subject to regulation, whereas at the steady state, non-specific interactions within
the crowded PSD may provide an effective mechanism to trap receptors in subregions of the
synapse (Fig. 3d).

Many different classes of molecules could participate in crowding: transmembrane proteins
(e.g. receptors, ion channels), molecules in the cleft (e.g. adhesion molecules or even
presynaptic transmembrane proteins), and intracellular proteins near the postsynaptic
membrane (e.g. PSD scaffolds). NMDA receptors bind directly to PSD-95 (Niethammer et
al., 1996) and would be optimally positioned to contribute to local receptor crowding, but
their limited numbers and apparently central location suggest that they may not be important
determinants of AMPAR movements. Still, NMDARs may act collectively with other
neurotransmitter receptors and voltage-gated channels to limit the passage of AMPARs in
certain synaptic regions. Because AMPARs have a very bulky extracellular domain
(Sobolevsky et al., 2009) that must navigate through a potentially tortuous environment in
the synaptic cleft, it might be expected that even non-specific extracellular interactions will
substantially obstruct diffusion. For example, consider an intriguing candidate from the
extracellular space. It was recently shown that the extracellular matrix (ECM) regulates
AMPAR diffusion and that degrading the ECM increased the lateral diffusion of
extrasynaptic receptors and accelerated their exchange into and out of synapses
(Frischknecht et al., 2009). Interestingly, in spite of this increase in receptor exchange, the
fraction of receptors immobilized at synapses did not change, nor did the diffusion
properties of the synaptic receptors themselves. Thus, while the ECM is important for
regulating exchange of receptors, it is unlikely to play a substantial role in subsynaptic
clustering. More broadly, the synaptic cleft is certainly rich with proteins, but appears not as
densely packed as the PSD (RJ Weinberg, personal communication) so the overall
contribution to crowding by cleft proteins may not be more important than transmembrane
or postsynaptic molecules.

Some adhesion molecules have clear means to be positioned at locations within the synapse
near AMPARs and thus influence their subsynaptic positioning. For example, N-cadherin
interacts directly with an extracellular domain of the AMPAR GluA2 subunit (Saglietti et
al., 2007), making it a transmembrane barrier to AMPAR lateral diffusion that can also bind
directly to the receptors themselves. Similarly, the transmembrane protein neuroligin
directly binds to PSD-95, and may be positioned in close proximity to AMPARs. Finally,
while some components of the PSD scaffold can bind AMPARs directly or via AMPAR
auxiliary subunits, many PSD scaffold components do not. Given the dense packing of these
proteins, they are likely to substantially crowd the intracellular portions of synaptic
AMPARs. Thus, it will be important for future experiments to develop new approaches to
separately test mechanisms of macromolecular crowding stemming from the extracellular,
transmembrane, and intracellular portions of AMPARs and whether the local crowding
within synapses can be dynamically regulated (Fig. 3d).

Finally, an interesting and largely unexplored potential avenue for generating subsynaptic
protein domains is via membrane lipids. Membrane specializations such as membrane rafts
are critical for the organization and compartmentalization of receptors and downstream
signaling cascades in many systems. Excitatory synapses also contain markers of membrane
rafts (Delint-Ramirez et al., 2010; Swanwick et al., 2009), and biochemical studies have
found that many PSD components, including glutamate receptors, reside in synaptic
membrane rafts (Hering et al., 2003; Hou et al., 2008), and PSD-95 (Delint-Ramirez et al.,
2010; Suzuki et al., 2008) by virtue of its N-terminal palmitoylation. Further, Renner et al.
(2009) found that cholesterol depletion reduced the degree of slowing of GABAA receptors
and even of the lipid GM1 within inhibitory synapses. This suggests that synaptic receptor-
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scaffold complexes may be sequestered by a mechanism shared with rafts (Allen et al.,
2007; Delint-Ramirez et al., 2010). The role of lipids may be regulated, as an important role
was recently identified for the lipid-based second messenger PIP3 in regulating synaptic
AMPARs (Arendt et al., 2010). PIP3-containing regions of the plasma membrane have the
potential to recruit pleckstrin-homology domain containing proteins, which in turn, dock
membrane-associated signaling complexes, including some which regulate the actin
cytoskeleton. At hippocampal synapses, depletion of PIP3 resulted in reduced accumulation
of synaptic PSD-95, decreased stability of synaptic AMPARs, and reduced synapse strength.
While the role of PIP3 was investigated only in total receptor retention, it is conceivable that
PIP3 or other lipid specializations help define subsynaptic areas to cluster receptors in the
PSD subregions. The small size of rafts in other cells (10-200 nm; (Pike, 2006) is consistent
with this notion. Future experiments to unravel the spatial and temporal regulation of
membrane lipids at synapses will be essential to elucidate their potential roles in facilitating
the organization of PSD scaffold modules or the assembly of subsynaptic domains of
macromolecular crowding. As discussed below, single-molecule tracking appears to be ideal
for these tasks.

4. Future directions: Understanding the role of PSD interior organization in
disease

Overall, accumulating evidence clearly suggests that even subtle disruptions of receptor
positioning may lead to functional disturbance. Consistent with this possibility, mutations in
several components of the PSD scaffold (Bayes et al., 2011), spine actin cytoskeleton
(Hayashi-Takagi et al., 2010; Woolfrey et al., 2009), and synaptic adhesion (Betancur et al.,
2009) that would be expected to influence PSD lateral organization have been linked to
human disease. While these diseases may sometimes involve synapse loss or altered
connectivity, the convergence upon proteins responsible for synaptic regulation suggests that
mechanisms of synaptic AMPARs positioning are altered in the pathology. In this way,
many diseases may initially involve dysregulation of synaptic transmission resulting from
defects in synaptic organization. In the case of the PSD, Shank3 genetic mutations and
deletions are linked to autism spectrum and other neurodevelopmental disorders (Bonaglia et
al., 2001; Durand et al., 2007) as well as schizophrenia (Gauthier et al., 2010). Mutations in
GKAP family member SAPAP3 have been linked to pathological grooming and obsessive-
compulsive disorders (OCD) in human patients (Bienvenu et al., 2009) and leads to both a
synaptic and OCD-like behavioral phenotype when deleted in mice (Welch et al., 2007).

The complex roles of actin governing synaptic transmission and plasticity are particularly
important to decipher. If actin participates in mechanisms regulating lateral PSD
organization and receptor distribution, as outlined above (Fig. 2), then cytoskeletal
dysfunction may represent an important route to synaptic pathophysiology. In fact,
dysregulation of the spine cytoskeleton has emerged as a strong candidate mechanism in
many diseases (Penzes et al., 2011) in part because disruptions to spine structure are readily
observed in diseases as diverse as addiction (Shen et al., 2009), schizophrenia (Glantz and
Lewis, 2000), and Alzheimer’s disease (Walsh and Selkoe, 2004). However, the dramatic
spine morphology changes in these diseases may be only the most obvious of multiple
consequences of cytoskeletal dysregulation near the synapse. Because the PSD itself may be
an important location for regulating actin (Frost et al., 2010a), more subtle changes to
subsynaptic structure seem likely to occur even if overall spine morphology or number is not
grossly disrupted. In one intriguing example, the activity of the Rho-GEF Kalirin-7, which
activates the potent cytoskeletal modulators Rac1 and Rap1, is regulated by its binding to
PSD-95. This binding is altered by disease-associated mutations of the schizophrenia
susceptibility gene DISC1 (Hayashi-Takagi et al., 2010), raising the possibility of highly
localized disruption of actin at the PSD potentially capable of generating such synapse-
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specific changes in actin regulation. It will be important to expand our analysis of synaptic
dysfunction in disease models beyond simply measurements of spine density and
morphology.

The subsynaptic dimensions over which these various mechanisms organize receptors are
extremely small, and the events of interest are in many cases transient. What technical
advances might facilitate understanding these processes? Identifying defects of subsynaptic
structure associated with disease processes and understanding their functional impact will
come from convergence of many fields of work, but will likely rely on aggressive
development in three areas: EM tomography, super-resolution microscopy, and biophysical
modeling.

EM tomography offers clear visualization of subcellular structures due to virtual sectioning
at 2nm resolution (Chen et al., 2008c). It is ideal for discriminating PSD internal
organization, where protein density is so high that it obstructs traditional EM resolution even
within ultrathin EM sections. However, the incompatibility of EM with live-cell analysis
means that an exciting wave of developments in fluorescence imaging with sub-diffraction
resolution (Lippincott-Schwartz and Manley, 2009) will be critical for measuring mobility
of receptors and other PSD constituents within the synapse. For live-cell approaches,
stimulated-emission-depletion (STED) (Hell and Wichmann, 1994; Klar and Hell, 1999) and
structured-illumination microscopy (SIM) (Gustafsson, 2005), though technically
demanding, appear poised to at least double the lateral and axial resolution of confocal
microscopy. STED has recently been used to reveal unprecedented morphological detail of
spine head and neck dynamics (Ding et al., 2009; Nagerl et al., 2008), as well as to resolve
real-time movements of presynaptic vesicles (Kamin et al., 2010; Wilhelm et al., 2010).

Photoactivated localization microscopy (PALM) (Betzig et al., 2006; Hess et al., 2006)
offers important advantages for live-cell visualization. PALM makes use of genetically
expressed fluorophores that can be individually photoactivated and localized with nm-scale
precision, similar in principle to STORM, but compatible with the study of structural and
molecular dynamics in live cells (Manley et al., 2008; Shroff et al., 2008). Importantly,
though live-cell PALM is currently limited to rather thin structures such as cultured neurons,
its power lies in the essentially unique ability to localize and track intracellular proteins
(Frost et al., 2010b; Izeddin et al., 2011) instead of only those membrane proteins accessible
to an extracellular antibody. Aside from its high resolution, the utility of PALM to measure
diffusion and trajectories of individual molecules gives access to otherwise inaccessible
information of direct, biochemical interpretability (Frost et al., 2010b), and a superior ability
to resolve behavior of small kinetic or spatial subpopulations (Saxton and Jacobson, 1997).
These advantages make PALM a uniquely powerful approach to study the dynamics of
synaptic molecules.

Using this experimental information to assess the roles of protein lateral organization within
the PSD will require structurally accurate computational models of synapse function. To
understand the PSD interior, the best models will expand on current, state-of-the-art models
(Bressloff and Earnshaw, 2009; 2006; Santamaria et al., 2010) that simplify PSD complexity
for the sake of computational ease. A next generation of models will include accurate
geometric representation of synapse and spine structure determined from EM, will take
advantage of growing structural and biochemical information on PSD constituents, and will
incorporate realistic estimates of protein mobility from live-cell and single-molecule
dynamic assays (Alber et al., 2007). Such models can be used to predict physiological
properties of synapses to be tested experimentally, helping us characterize important
features of synaptic interior organization that control synapse function. These features will
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be important clues to guide our searches in human tissue and within model systems for
aberrations of subsynaptic structure associated with disease.
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Figure 1.
(A) Side-view of a synapse where a single release event activates all postsynaptic AMPARs
(green), which are shown as randomly positioned. Vertical arrows indicate opened channels.
Release from sites anywhere in the presynaptic active zone will elicit EPSCs (below) with
little variance. (B) A synapse for which a single release event activates only a subset of
randomly positioned receptors. A release event in the center of the synapse (in red) is likely
to activate more receptors and trigger a more robust postsynaptic current than a release site
located more peripherally (blue). (C) In contrast, if postsynaptic AMPARs distribution is not
random, the local density of receptors at the release sites, not simply their number, will
determine the amplitude of the EPSC elicited by a release event. Glutamate release aligned
with a receptor-sparse region (red), will trigger a smaller EPSC than release aligned with
denser region of the synapse (blue). Modulating the alignment of presynaptic release
machinery with postsynaptic AMPARs, potentially via transsynaptic mechanisms involving
the receptors themselves, is thus a potential mechanism to decrease (D) or increase (E)
synaptic strength.
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Figure 2.
A scheme outlining different mechanisms that can control glutamate receptor positioning, as
discussed in this review.
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Figure 3. Two classes of mechanisms that may control AMPAR positioning in the synapse
(A) Side view of a synapse, showing hetero-oligomeric scaffold modules controlling the
position of AMPARs by direct protein-protein interactions. In the binding model, AMPAR/
TARP complexes are stably anchored by interacting with MAGUK proteins such as
PSD-95. The multimeric MAGUK proteins and other scaffold molecules can engage in
multiple interactions with each other, and can assemble into hetero-oligomeric scaffold
modules. PSD-95 forms complexes with GKAP and Shank molecules that interact with the
actin cytoskeleton via cortactin and other intermediates. Intramolecular interactions between
the SH3 and GK domains of MAGUKs potentially control oligomerization of numerous
components of scaffold modules, as well as signaling molecules (not shown). Drawings are
not to scale. (B) Top view of a synapse, showing hetero-oligomeric scaffold modules
organizing the lateral distribution of AMPARs in the synapse. Modification of the binding
competency of scaffolding molecules can change their oligomerization capability (light vs.
dark blue small circles) and regulate interactions with AMPARs over time. (C) Side view of
a synapse, showing different sources of macromolecular crowding. Scaffolding molecules
close to the membrane can reduce AMPAR mobility, even if binding to receptors is rare.
Postsynaptic transmembrane proteins such as neuroligin and cadherins may serve as
obstacles to receptor motion, or alternatively may form structures more reminiscent of
fences that subdivide the PSD. Transmembrane or extracellular proteins contribute to
macromolecular crowding in the synaptic cleft, where the bulky extracellular domain of the
AMPAR may increase obstruction of receptor motion. (D) Macromolecular crowding by
various proteins (small circles) as in C can retain receptors within the synapse and within
synapse subdomains over time. Note that the same distribution of receptors as in B could be
produced by a differential distribution of obstructions. Both mechanisms shown in B and D,
macromolecular crowding and binding to hetero-oligomeric scaffold modules, likely operate
in tandem to determine receptor lateral distribution.
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