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At each of the brain’s vast number of synapses, the presynaptic nerve terminal, synaptic cleft, and postsyn-
aptic specialization form a transcellular unit to enable efficient transmission of information between neurons.
While we know much about the molecular machinery within each compartment, we are only beginning to un-
derstand how these compartments are structurally registered and functionally integrated with one another.
This review will describe the organization of each compartment and then discuss their alignment across pre-
and postsynaptic cells at a nanometer scale. We propose that this architecture may allow for precise synaptic
information exchange and may be modulated to contribute to the remarkable plasticity of brain function.

Synaptic transmission carries activity-encoded information
throughout the nervous system, forming the foundation of adap-
tive behavior and cognition. The diverse roles and regulation of
synaptic transmission have driven neuroscientists to pursue a
detailed understanding of the underlying functional and molecu-
lar elements. This progress is revealing that synapses are in fact
composed of three interdependent molecular assemblies, each
precisely crafted to execute steps in the fast and precise infor-
mation transfer between two cells. At the presynaptic active
zone, depolarization opens Ca?* channels and leads to neuro-
transmitter release through exocytosis of synaptic vesicles at
select sites. Within the small but dense environment of the syn-
aptic cleft, neurotransmitters diffuse from the pre- to the post-
synaptic cell where they activate receptors. In the postsynaptic
density, receptors are positioned to sense the highest concen-
tration of neurotransmitter to enable fast, strong, and tunable re-
sponses. In the brain, most transmission uses glutamate as the
neurotransmitter and AMPA receptor (AMPAR) ion channels to
mediate postsynaptic excitation. In this review, we focus on
new ideas about how these three individually fascinating com-
partments are integrated to form a structural unit that aligns
the functional domains of the two contacting neurons.

How are synapses organized and coordinated across the pre-
and postsynaptic cells on a molecular level? Several barriers
have made progress difficult in answering this question. (1)
Size: from an experimental standpoint, the macromolecular ma-
chines at synapses are a rather awkward size. They are too small
to be visualized by conventional microscopy, yet in several ways,
they are too large for conventional molecular biophysics and
biochemistry that excel in detailing single molecules or small
complexes. Critical advances in our understanding continue to
rely on advancing technology. (2) Variability of structure: synap-
ses come in many types that endow them with diverse functional
properties. Rather than pursuing a simple search for a single
architecture, this variability calls for careful deduction of
shared structural properties. Moreover, different neurotransmit-
ters may utilize quite distinct mechanisms, and the structural
and molecular details of these types of synapses may vary

680 Neuron 96, November 1, 2017 © 2017 Elsevier Inc.

tremendously. Even among glutamatergic synapses, structure
varies widely, although the molecular underpinnings that create
these structures are relatively poorly understood. Thus, to narrow
the scope here in order to extract what principles we can, we
focus as much as possible on the brain synapse type that has
been the subject of the most intense physiological, molecular,
and structural assessment: the hippocampal excitatory synapse.
(3) Plasticity: developmental and activity-dependent plasticity
leads to varied size, structure, and molecular content of even a
narrowly defined synapse population. Thus, examination of syn-
apse supra-molecular organization has not yet been able to take
full advantage of powerful methods (e.g., superresolution micro-
scopy or in situ 3D electron tomography) that have started to drive
understanding of structures with more consistent repeated ele-
ments such as the nuclear pore complex or cytoskeleton. In the
following section, we will discuss the functional properties of syn-
apses to motivate the hypothesis that precise alignment of its
structural elements is an important aspect of synaptic function.

Is There a Need for Precise Alignment of
Neurotransmitter Release and Reception?

Exocytosis of a Single Vesicle Only Activates a Fraction
of Receptors

At most synapse types, the magnitude of the postsynaptic
response is heavily regulated, being modified over the course
of development and as a result of ongoing cell activity. Changing
receptor number at the synapse is a key mechanism to accom-
plish this (Nicoll, 2017), and the number of receptors per synapse
thus varies widely, ranging from zero to several hundred (Nusser
et al., 1998; Takumi et al., 1999). CA3-CA1 synapses contain an
average of near 100 AMPARs (Matsuzaki et al., 2001; Nusser
et al., 1998; Takumi et al., 1999). With 2,000 or more molecules
of glutamate per vesicle (Burger et al., 1989), it seems that all re-
ceptors should be activated with high probability following gluta-
mate release. For most synapses, however, not all AMPARs in a
synapse contribute to quantal transmission, sometimes far from
it (Lisman and Raghavachari, 2006). Single-channel current from
AMPARs during excitatory postsynaptic currents (EPSCs) is
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estimated at ~0.5 to 1 pA (Silver et al., 1996), so a synaptic
response generated by activation of 100 receptors at once
would likely produce an EPSC of 50-100 pA, yet most miniature
synaptic currents are only ~10-20 pA. Indeed, perhaps as few as
10 receptors are activated during generation of a miniature
EPSC (mEPSC) in proximal synapses of CA1 neurons (Nimchin-
sky et al., 2004). Other experimental evidence further indicates
that the glutamate released from a vesicle is not sufficient to
saturate AMPARSs; increasing the glutamate content per vesicle
increases MEPSC amplitude at the calyx of Held (Ishikawa
et al., 2002), and focal application of exogenous glutamate
evokes larger currents than mEPSCs (Liu et al., 1999; McAllister
and Stevens, 2000). These observations together suggest that
not all receptors at a synapse contribute to each EPSC.
Modeling Underscores Potential Roles of Receptor
Alignment with Release Sites

If receptor number does not solely determine the strength of
transmission, what else constrains the response amplitude to a
quantum of glutamate? An important key is the spatiotemporal
concentration profile of glutamate in the cleft after release.
AMPARSs require more than one molecule of glutamate (probably
four) to open to their maximal conductance. They close quickly
when glutamate dissociates and, like most ligand-gated chan-
nels, can enter an array of non-conducting desensitized states
even when not saturated with ligand (Traynelis et al., 2010).
These characteristics mean that AMPARs only open with high
probability before desensitization sets in if glutamate jumps
quickly to near-millimolar concentration. Glutamate is at a high
concentration in vesicles, and its rapid escape into the cleft dur-
ing opening of the exocytic fusion pore sets the stage for such a
stimulus. However, the amount per vesicle is limited, and in the
cleft, this bolus likely disperses rapidly via diffusion. Receptors
thus have only a brief opportunity to interact with glutamate
and potentially to open.

To determine how glutamate released from a vesicle leads to
opening of receptors during this moment, a number of groups
have assembled mathematical models that incorporate known
features of glutamate release and diffusion with measured cleft
geometry and receptor biophysical parameters (Franks et al.,
2002; Freche et al., 2011; Holmes, 1995; Raghavachari and Lis-
man, 2004; Savichenko and Rusakov, 2013; Tarusawa et al.,
2009; Uteshev and Pennefather, 1996; Wahl et al., 1996; Xie
et al., 1997; Xu-Friedman and Regehr, 2004). A consistent pre-
diction across models is that the glutamate concentration profile
reaches a very high peak (over 1 mM), but only for a brief time
period (~100 ps) and over a small distance (~100 nm). Because
of this, AMPARSs displaced from the site of release are not acti-
vated nearly as efficiently (Freche et al., 2011; Raghavachari
and Lisman, 2004; Savtchenko and Rusakov, 2013; Uteshev
and Pennefather, 1996). The deduced drop-off depends on a
number of factors, but receptors displaced even by just
100 nm are generally predicted to be 30%-80% less likely to
open, and those 200 nm away are only 10%-40% as likely (Ra-
ghavachari and Lisman, 2004; Tarusawa et al., 2009; Uteshev
and Pennefather, 1996; Xu-Friedman and Regehr, 2004). Criti-
cally, the area containing the maximally activated receptors
(<0.01 pm?) is substantially smaller than the area of the majority
of postsynaptic densities (PSDs), which in CA1 are on average

~0.07 pm? (Harris and Weinberg, 2012). Thus, a variety of
models support the expectation from physiological consider-
ations that AMPARs are not maximally activated (Holmes,
1995; Xu-Friedman and Regehr, 2004). The most straightforward
conclusion from this consensus is that the response to a quan-
tum of glutamate will be only weakly sensitive to the total number
of receptors in the PSD but in fact strongly sensitive to the den-
sity of receptors in the region near the site of release.

Incorporating kinetics of NMDA receptors (NMDARSs) to these
models provides similar insights to their activation. As for
AMPARSs, the sharp glutamate transient within the cleft means
that only a subset of NMDARs has a chance to bind the two
glutamate molecules required for opening (Holmes, 1995; San-
tucci and Raghavachari, 2008; Savtchenko and Rusakov,
2013; Xie et al., 1997). This is perhaps counterintuitive, because
NMDAR affinity is considerably higher and the receptors are well
known to be more sensitive to even the low concentrations of
glutamate that escape the cleft (“spillover”) to affect neighboring
synapses (Kullmann and Asztely, 1998). However, because the
period of glutamate exposure is so brief, it is the rate of gluta-
mate binding to the receptor, not its affinity, that is most critical.
An important consequence of this is that the slow glutamate
binding rate of the GIuN2B subunit (Erreger et al., 2005) conveys
a substantial sensitivity to distance from the release site. While
the sensitivity of receptors containing only A-type GIUN2 sub-
units does not change until this distance reaches ~500 nm, the
activation probability of GIuN2B-containing NMDARs drops to
only 35% when spaced 200 nm from the release site (Santucci
and Raghavachari, 2008). Although many receptors in mature
hippocampus are likely to be trihneteromeric (GIuN1/N2A/N2B),
their glutamate-binding rates have not been detailed (Hansen
et al., 2014). This rate is likely dominated by the slower binding
of GIuN2B, suggesting that triheteromeric receptors may also
display significant location sensitivity. Given the broad impor-
tance of both action potential-driven and spontaneous activation
of NMDARSs, this places a high priority on understanding the dis-
tribution of their subtypes within the synapse.

Such models also help identify important positional para-
meters that may contribute to functional variety among synap-
ses, including during activity-dependent plasticity. One very
revealing prediction based on modeling is that adding channels
at the synapse periphery will make relatively little difference to
the response amplitude (Raghavachari and Lisman, 2004,
Savtchenko and Rusakov, 2013). Indeed, this prediction was
recently tested with an elegant optical dimerization strategy (Sin-
nen et al., 2017), which showed that experimental delivery of
substantial numbers of receptors to engineered bait sites in the
PSD increased the response to glutamate uncaged at the syn-
apse, but not to synaptic stimulation. This suggests that to
strengthen a synapse, receptors would need to be added in po-
sitions coordinated with release sites (Lisman and Raghavachari,
2006). Indeed, analysis of pre- and postsynaptic ultrastructure
has been used to argue that transsynaptic “modules” containing
both AMPARs and docked vesicles are added during long-term
potentiation (LTP) (Liu et al., 2017). In addition, though glutamate
from a single vesicle may not activate all receptors, near-simul-
taneous release of more than one vesicle following an action po-
tential, which is prominent at some synapses (Foster et al., 2005;
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Figure 1. The Machines of the Synapse
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Tong and Jahr, 1994), but not others (Christie and Jahr, 2006;
Tang et al., 2016), will substantially alter the glutamate concen-
tration transient and likely increase response amplitude (Freche
et al., 2011; Raghavachari and Lisman, 2004; Xu-Friedman and
Regehr, 2004). This effect may also play a particularly important
role during presynaptic facilitation. Despite these useful insights,
it is important to note that synapses of differing function may
control response amplitude through different mechanisms. For
instance, at two “relay” synapses in the dorsal lateral geniculate
nucleus where plasticity is not prominent in adulthood, modeling
suggests that the number of receptors present establishes
response amplitude (Tarusawa et al., 2009).

Overall, modeling approaches suggest that the location of
vesicular release relative to receptors may be a critical determi-
nant of synaptic strength, and experimental data support this hy-
pothesis. We will now review the structural organization of each
synaptic compartment that may make this possible before we
discuss evidence and propose potential mechanisms for align-
ment among them.

Relevant Structures and Their Patterning in the Three
Synaptic Compartments

Molecular and Functional Organization of
Neurotransmitter Release

Exocytosis of synaptic vesicles does not occur evenly spread
over the surface of a nerve terminal but is restricted to small
membrane domains and a subset of vesicles called readily
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sisting of proteins and lipids that mediates

fusion at the membrane opposed to the

PSD and that contains one or multiple sites
for exocytosis of synaptic vesicles (Figures 1A and 1B). A long-
standing interest in synaptic neuroscience has been to under-
stand the molecular nanoarchitecture and function of the active
zone. First insights came from electron microscopic studies of
small central nervous synapses, where upon fixation, the presyn-
aptic membrane is decorated with proteinaceous material that
forms dense projections in a hexagonal grid (Bloom and Aghaja-
nian, 1966; Pfenninger et al., 1969; but also see Gray, 1975). It
was proposed that this matrix provides several distinct sites
for vesicle docking and fusion. Detailed and compelling work
at the frog neuromuscular junction has built on these studies
and found that the presynaptic plasma membrane is connected
with docked synaptic vesicles through stereotyped, repetitive el-
ements that extend from the plasma membrane as pegs, ribs,
and beams (Harlow et al., 2001). Although the same stereotypy
has not been described at small central synapses, the funda-
mental elements (transmembrane proteins, dense proteina-
ceous bodies that project into the cytoplasm, and filaments
and tethers that connect to vesicles) are also present (Fernan-
dez-Busnadiego et al., 2010; Luci¢ et al., 2005; Nagwaney
et al., 2009; Siksou et al., 2007).

Electron microscopy and high-resolution, live-cell imaging
have recently allowed for the localization of functional vesicle
fusion sites within hippocampal synapses. Analysis of putative
fusion events at synapses that are fixed with high-pressure
freezing within ~10 ms of optogenetic stimulation and analyzed
by electron microscopy have revealed a tendency for release
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toward the center of the active zone (Watanabe et al., 2013).
Superresolution localization of individual exocytotic events
either aggregated from separate events in multiple synapses
(Park et al., 2012) or many events in single synapses (Maschi
and Klyachko, 2017; Tang et al., 2016) have shown that individ-
ual fusion events are not confined to a single spot but may be
spread out over a subarea of the active zone, perhaps with differ-
ences between action-potential-mediated and spontaneous
fusion events.

Fusion itself, the merging of the vesicular with the target mem-
brane, is executed by SNARE proteins and triggered by Ca*
binding to the vesicular protein synaptotagmin (Figure 2B)
(Jahn and Fasshauer, 2012; Sudhof, 2013). However, these pro-
teins do not account for the localization of fusion, because target
membrane SNARE proteins are not concentrated at the active
zone but widespread across the axonal membrane (Garcia
et al., 1995; Pertsinidis et al., 2013; Vardar et al., 2016; Wilhelm
et al.,, 2014). Over the past two decades, six protein families
have emerged as key organizers of the active zone (Schoch
and Gundelfinger, 2006; Sudhof, 2012). RIM proteins are scaf-
folds that precisely localize at sites of fusion (Kaeser et al.,
2011; Schoch et al.,, 2002; Tang et al., 2016; Wang et al.,
1997). They organize the priming and docking of synaptic vesi-
cles (Calakos et al., 2004; Deng et al., 2011; Han et al., 2015;
Kaeser et al., 2011; Wang et al., 2016) and, together with RIM-
BPs, tether presynaptic Ca?* channels (Acuna et al., 2015; Han
et al.,, 2011; Hibino et al., 2002; Kaeser et al., 2011; Mdiller
et al.,, 2012). RIMs also anchor and activate Munc13s (An-
drews-Zwilling et al., 2006; Betz et al., 2001; Deng et al., 2011),
essential proteins for vesicle priming and tight membrane
attachment of synaptic vesicles (Augustin et al., 1999; Imig
et al., 2014; Varoqueaux et al., 2002). In contrast to RIMs and
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Figure 2. Evidence for Alignment
(A) Clustered distribution of RIM1 within a single
active zone, visualized via STORM, and rotated to
view along the synaptic axis parallel to the presyn-
aptic plasma membrane. Points indicate position of
localized molecules, and color encodes the relative
number of other nearby molecules, with red being
the highest and blue the lowest. Adapted from Tang
et al. (2016).
(B) Clustering of AMPARS visualized by time-lapsed
single-molecule mapping. Receptors (points)
concentrate in small subdomains of a single PSD
(outline). Most receptors are in motion, but the
nanoclusters remain stable for long periods.
Adapted from Nair et al. (2013).
(C) Clustered distribution of PSD-95 within a single
PSD, displayed as in (A). Adapted from MacGillavry
et al., (2013).
(D) Transsynaptic alignment of nanoclustered RIM1
and PSD-95 visualized by 3D direct STORM
(dSTORM). The synapse has been rotated to view
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Munc13s, the other families of active zone proteins are less
well understood. ELKS forms molecular scaffolds to enhance
Ca?* influx and to modulate the readily releasable pool (Held
et al., 2016; Kaeser et al., 2009; Kawabe et al., 2017; Kittel
et al., 2006; Liu et al., 2014; Wang et al., 2016). Bassoon and
Piccolo are highly enriched at the active zone (Dani et al.,
2010; Cases-Langhoff et al., 1996; tom Dieck et al., 1998) and
contribute indirectly to Ca* channel targeting (Davydova et al.,
2014). Liprin-o. proteins serve as active zone scaffolds in the fly
and C. elegans neuromuscular junction (Kaufmann et al., 2002;
Zhen and Jin, 1999), but the localization and function of verte-
brate Liprin-o. proteins are not well understood. In addition,
many other proteins, including cytoskeletal elements, trans-
membrane scaffolds, and ion channels, are present (Boyken
et al., 2013; Muller et al., 2010), but they are not restricted to
the active zone area. Together, a consensus arises that these
proteins generate an intricately organized machine that targets
fusion to specific sites within an active zone. Indeed, recent ad-
vances in imaging have provided evidence for a fine substructure
within the active zone, such as a specific orientation of bassoon
(Dani et al., 2010), and inhomogeneity in their distribution to
generate release hotspots (Tang et al., 2016; Maschi et al., 2017).

None of these active zone proteins have a transmembrane
domain. A central, unresolved question for understanding how
fusion is targeted to particular membrane sites within a nerve ter-
minal is how the active zone material is attached to the target
membrane. The membrane link of the active zone protein com-
plex could be mediated by interactions with transmembrane pro-
teins or with membrane lipids that are specifically targeted to
fusion sites. Interactions of Liprin-o with LAR (leukocyte com-
mon antigen-related receptor) phosphotyrosine phosphatases
(Serra-Pages et al.,, 1998; Um and Ko, 2013) provide for a

Neuron 96, November 1, 2017 683

CellPress




CellPress

candidate mechanism, but the precise localization of vertebrate
Liprin-a. and LAR proteins remains to be addressed. Although no
specific interaction between the active zone and other cell adhe-
sion proteins are known, neurexins and other presynaptic mem-
brane proteins could also provide important links (Stidhof, 2008),
but it remains to be determined whether these transsynaptic or-
ganizers are localized to the active zone. Presynaptic Cay2 Ca%*
channels are localized within the active zone and could function-
ally define sites for exocytosis (Bucurenciu et al., 2008; Egger-
mann et al.,, 2011; Holderith et al., 2012; Miki et al., 2016).
Because they directly interact with several active zone proteins,
including RIM-BPs and RIMs (Hibino et al., 2002; Kaeser et al.,
2011; Kiyonaka et al., 2007), they may contribute to membrane
anchoring of the active zone, roles that are consistent with
studies of the neuromuscular junction of Ca®*-channel-knockout
animals (Chen et al., 2011a). Finally, several active zone proteins,
such as Munc13, RIM, and Bassoon, contain C2 domains and
other lipid binding modules that could explain molecular teth-
ering to membranes. In particular, PIP2 has been suggested to
be enriched at sites of vesicle fusion (Honigmann et al., 2013;
van den Bogaart et al., 2011), and interactions between
Munc13 and PIP2 have been shown to modulate release (Shin
et al., 2010). Future experiments will need to provide under-
standing of the membrane attachment of the active zone,
which will reveal mechanisms for the spatial organization of
fusion sites.

Multiple Exocytotic Sites Reside within an Active Zone

A long-standing interest in presynaptic research has been to
determine whether there are multiple concrete sites at which
vesicles fuse within an active zone, and several approaches
have been used to address this question. Electron microscopic
studies have provided early insight into the number of presynap-
tic release sites. Given that fusion is executed within less than a
millisecond upon presynaptic depolarization by an action poten-
tial (Borst and Sakmann, 1996; Sabatini and Regehr, 1999),
rapidly releasable vesicles must be close to their future sites of
release. Recent advances in tissue fixation and tissue electron
tomography have allowed investigators to precisely determine
the number of tightly docked vesicles at hippocampal synapses,
and this number is estimated to be 10-15 vesicles per active
zone (Imig et al., 2014; Kaeser and Regehr, 2017; Siksou et al.,
2009). However, it is possible that not all docked vesicles are
releasable and that some release sites may not be occupied
by docked vesicles, because docking may be a dynamic, revers-
ible process (Kaeser and Regehr, 2017; Miki et al., 2016; Wang
et al., 2016; Zenisek et al., 2000). Hence, counting docked ves-
icles may not be an accurate measurement of release site
numbers.

Electrophysiological measurements have been used to deter-
mine the numbers of release sites based on the statistics of syn-
aptic transmission. These measurements have typically pro-
vided lower numbers, in the range of 1-3 sites (Miki et al.,
2016; Silver et al., 2003; Stevens and Wang, 1995) per active
zone, but numbers >5 have also been reported (Oertner et al.,
2002). Because these estimates are indirect, they may bias the
analysis to sites with a relatively high release probability, such
as those closer to Ca®" channels. Two recent studies have
used microscopy to determine the localization of individual
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vesicle fusion events at hippocampal synapses, with the resolu-
tion limited by the size of a synaptic vesicle (Maschi and
Klyachko, 2017; Tang et al., 2016). One study subsequently
used clustering analysis to determine how many distinct sites
were present in a single active zone (Maschi and Klyachko,
2017). It concluded that if the diameter of a site is limited to
70 nm, an active zone has ~10 exocytotic sites. The other study
has used a different approach. It localized fusion relative to pro-
teins important for secretion and found a good correlation be-
tween fusion site localization and clustering of RIM (Tang et al.,
2016). In independent experiments, it was established that RIM
forms ~2 clusters per active zone, each with a diameter of
80 nm. Hence, functional and ultrastructural measurements
have provided a relatively wide estimate of release site numbers
per active zone, ranging from 1-15 sites.

An intuitive hypothesis is that the localization of Ca%* channel
clusters, which provide Ca?* to trigger release (Eggermann et al.,
2011), marks release sites. If this were true, one could estimate
release site numbers by determining the number and localization
of Ca®* channel clusters. Using freeze fracture followed by im-
munogold labeling, it was found that Ca®* channels might be
non-randomly distributed within active zones of local CA3 pyra-
midal cell axons (Holderith et al., 2012). At cerebellar parallel fi-
ber to interneuron synapses, a good correlation between the
number of Ca?* channel clusters and electrophysiologically
measured release sites (Miki et al., 2017) supported the idea
that Ca®* channel clusters are release sites. However, a large
body of literature paints a more complex picture of the relation-
ship of Ca®* channels and exocytotic sites. Functional measure-
ments, largely relying on measurements of kinetics of Ca®* buff-
ering, have revealed that different synapses use very different
strategies for Ca®*-secretion coupling, with distances between
Ca?* source and sensor that range from 10 nm to >100 nm (Bu-
curenciu et al., 2008; Eggermann et al., 2011; Keller et al., 2015;
Nakamura et al., 2015). Furthermore, redundancy in coupling
mechanisms has made the assessment of direct tethering diffi-
cult because multiple molecular interactions have to be removed
simultaneously to reveal tethering defects (Kaeser et al., 2011;
Acuna et al., 2015; Wang et al., 2016; Lubbert et al., 2017). Simi-
larly, at Schaffer collateral synapses, a variable arrangement be-
tween Ca?* channels and releasable vesicles may account for
release properties, suggesting that direct molecular tethers be-
tween Ca?* channels and vesicles may not be required at all (Sci-
memi and Diamond, 2012), or at least not for all vesicles. Finally,
estimates of the number of channels necessary to trigger a single
release event range from 1 to >10 (Borst and Sakmann, 1996;
Bucurenciu et al., 2008; Fedchyshyn and Wang, 2005; Sheng
et al., 2012; Stanley, 1993; Tarr et al., 2013), and Ca®* channels
appear mobile (Schneider et al., 2015), further complicating the
interpretation of Ca®* channel clusters as a precise assessment
of release site number. Thus, similar to the counting of docked
vesicles, it is unlikely that assessing Ca2* channel clusters is
directly reporting functional release sites.

A parsimonious interpretation of these diverse estimates for
the number of release sites could be that vesicle fusion occurs
within tens of nanometers of active zone protein clusters, for
example of RIM and Munc13, which could generate a membrane
area permissive for fusion. This fusion area may contain several
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distinct sites with variable properties, depending on other factors
such as the concentration of SNARE proteins, distance to Ca®*
channels, and lipid heterogeneity. This interpretation could ac-
count for the tendency toward larger measurements of site
numbers when the number of docked vesicles is determined or
single-vesicle release events are imaged.

Molecular Nano-organization of the Synaptic Cleft

The second structurally organized compartment of synapses is
their cleft. Rather than just a gap, the synaptic cleft is a pro-
tein-rich environment (Figure 1C) whose components can drive
synaptogenesis and modulate synaptic maturation and trans-
mission. The electron-dense material in the cleft was already
distinguished as “a band of extracellular material” in the earliest
electron microscopy (EM) studies (Gray, 1959). Subsequent
work has revealed the existence of bridging fibrils anchored to
intramembrane particles as well as fibril-like structures oriented
parallel to the synaptic membranes (Ichimura and Hashimoto,
1988). These studies paved the way for more recent analyses
that helped to define the cleft of excitatory synapses as a struc-
turally organized compartment. This progress showed that the
cleft is composed of distinct macromolecular complexes that
span the pre- and postsynaptic membranes (Burette et al.,
2012; Lucic et al., 2005; Zuber et al., 2005). The packing of these
complexes results in a protein density in the cleft that is even
higher than in the cytoplasm (Zuber et al., 2005). The density
within the cleft is not uniformly distributed and is increased in a
central layer parallel to the membranes (Burette et al., 2012;
Perez de Arce et al., 2015). In addition, the cleft’s edge exhibits
increased electron density compared to the inner volume
(Burette et al., 2012; Perez de Arce et al., 2015). These patterns
of density suggest the existence of unique subdomains of the
cleft that could perform distinct functions in organizing
synapses.

Macromolecular studies show that the cleft is comprised of
transsynaptic complexes, which are arranged in periodically
organized patterns with a laterally connected, net-like structure
(Luci¢ et al., 2005; Zuber et al., 2005). This patterning is very
similar at the Drosophila neuromuscular junction (Prokop,
1999; Zhan et al., 2016), indicating evolutionary conservation.
Recent electron tomographic studies, using high-pressure
freezing to better preserve cleft architecture, have distinguished
numerous types of macromolecular complexes that are res-
tricted to the cleft (High et al., 2015), providing further support
that the synaptic cleft is a highly organized structure.

Insights into the molecular identify of these complexes has
come from the analysis of synapse-organizing adhesion mole-
cules. This diverse group of pre- and postsynaptic membrane
proteins (Figure 1C) is defined by their localization to synaptic
sites and their ability to modulate and even instruct synapse
development and maturation (de Wit and Ghosh, 2016;
Krueger-Burg et al., 2017; Missler et al., 2012). Early studies
focused on synaptogenic activities of these proteins and deter-
mined that several synaptic adhesion molecules are each suffi-
cient to induce functional presynaptic release sites or postsyn-
aptic specializations in cell culture systems. This led to the
characterization of the postsynaptic neuroligins (Scheiffele
et al., 2000) and the SynCAM (synaptic cell adhesion molecule)
immunoglobulin proteins (also known as cell adhesion molecules

[CADMs] and nectin-like proteins) (Biederer et al., 2002) as syn-
apse-organizing adhesion molecules that induce presynaptic
sites. Similarly, the presynaptic ligands of neuroligins termed
neurexins were identified as inducers of postsynaptic assem-
blies (Graf et al., 2004). However, the loss of all three neuroligins
in vivo causes no decrease in excitatory synapse number in mul-
tiple brain regions, except for small subsets of synapses, and
instead affects synaptic function (Varoqueaux et al., 2006; Zhang
et al., 2015), arguing that neuroligins are not required synapto-
genic factors across neuron types. Neuroligins may control syn-
apse number in a competitive manner, as cortical and hippo-
campal neurons with lowered neuroligin-1 expression that are
surrounded by wild-type neurons have a reduced potential to
form dendritic spines (Chih et al., 2005; Kwon and Sabatini,
2011; Shipman and Nicoll, 2012). However, another study of
recently developed conditional knockout mice found no evi-
dence that differential neuroligin levels between neurons alter
spine numbers (Chanda et al., 2017). In addition to these syn-
apse- and neuron-type-specific effects on synapse number,
neuroligins modulate activity-dependent postsynaptic matura-
tion and plasticity (Chubykin et al., 2007; Jedlicka et al., 2015;
Shipman and Nicoll, 2012; Soler-Llavina et al., 2011) and neuro-
ligin-1 in addition acts across the cleft to promote presynaptic
maturation with effects on active zone stability and synaptic
vesicle pool size (Wittenmayer et al., 2009). The analysis of neu-
roligins therefore supports that their endogenous functions are
highly diverse depending on synapse type and include the mod-
ulation of synaptic properties.

A similar conclusion also holds true for neurexin on the presyn-
aptic side. Here, loss of neurexins in mice reduces excitatory
synapse strength at select synapses such as climbing fiber in-
puts to Purkinje cells (Chen et al., 2017) without affecting excit-
atory synapse number as measured in the cortex, though inhib-
itory synapse number is reduced (Dudanova et al., 2007). In
terms of physiological maturation, neurexins are critical synaptic
organizers as first shown in vivo by the result that a-neurexin loss
impairs evoked neurotransmission (Missler et al., 2003). Addi-
tional evidence for instructive roles of transsynaptic organizers
in synapse development comes from studies of another class
of postsynaptic neurexin ligands called LRRTM proteins (de
Wit and Ghosh, 2016), LAR phosphotyrosine phosphatases
that signal on the presynaptic side (Takahashi and Craig,
2013), and SynCAM 1, which is preferentially postsynaptic and
required and sufficient to control the number of excitatory synap-
ses in vivo (Park et al., 2016; Korber and Stein, 2016; Robbins
et al., 2010). The subsynaptic functions of these and other adhe-
sion molecules could include localization or retention of pre- and
postsynaptic nanodomains at developing and mature synapses,
altering the geometry of the cleft and hence the diffusion of neu-
rotransmitters, or modulating presynaptic Ca®* channel function
(Freche et al., 2011; Glebov et al., 2016; Tong et al., 2017; Wahl
et al., 1996). Adhesion molecules also provide candidate mech-
anisms for the transsynaptic alignment of nanocolumns, as dis-
cussed later.

Nanodomains of Receptors within the PSD

Similar to the active zone and synaptic cleft, the PSD is not a ho-
mogeneous collection of proteins but a machine with a striking
architecture patterned in three dimensions (Figure 1D). In the
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“lateral” dimension parallel to the synaptic membranes, each of
the glutamate receptor subtypes has a distinctive subsynaptic
distribution. Indeed, receptor activation will be controlled by
this positioning (MacGillavry et al., 2011). AMPARSs are enriched
a few-fold in the PSD overall compared to extrasynaptic mem-
brane, but within synapses, their distribution is typified by subre-
gions of much higher density termed receptor nanoclusters or
nanodomains (MacGillavry et al., 2013; Nair et al., 2013; Taru-
sawa et al., 2009). Generally, hippocampal synapses contain
one to three such nanodomains, roughly 80-100 nm in diameter
(Figure 2). Larger synapses containing more nanodomains, and
spines may contain more than twice this when bearing multiple
PSDs (MacGillavry et al., 2013; Nair et al., 2013; Tang et al.,
2016). Estimates of receptor number per nanodomain in these
synapses range up to 25 (out of a typical average of ~100/syn-
apse), roughly 20 nm center-to-center spacing, though synap-
ses in other brain regions may have substantially higher densities
(Masugi-Tokita et al., 2007).

Whereas AMPARs and AMPAR nanoclusters are found
broadly throughout the PSD, the distribution of NMDARs is
weighted toward the center of the PSD (Kharazia and Weinberg,
1997; Pérez-Otafio et al., 2006; Racca et al., 2000). NMDARs
grouped in a nanodomain near the center of the PSD have
been observed by EM tomography (Chen et al., 2008), potentially
with reduced AMPAR density in this area. Using stochastic opti-
cal reconstruction microscopy (STORM) immunocytochemistry
to survey large numbers of synapses efficiently also revealed a
clustered distribution of NMDARs within single synapses of ol-
factory bulb (Dani et al., 2010), although the position of clusters
within the synapse was quite variable. AMPAR and scaffold clus-
ters (see below) tend to be more peripheral but can occur any-
where in the synapse (Dani et al., 2010; Tang et al., 2016), sug-
gesting that the synaptic center per se is not endowed with
unique molecular properties. At the other extreme, group | me-
tabotropic receptors are strongly enriched at the edge of the
PSD (Lujan et al., 1996).

Lateral Patterning of Cytosolic PSD Components

What underlies the clustered distribution of synaptic receptors?
The clearest candidates are the membrane-associated guany-
late kinase (MAGUK) scaffold proteins typified by PSD-95 in
mature synapses. These bind AMPAR auxiliary proteins, of
which the transmembrane AMPA receptor regulatory proteins
(TARPs) like stargazin are the best studied, and synaptic reten-
tion of AMPARSs is disrupted by interference with TARP-MAGUK
PDZ interactions (Bats et al., 2007; Sainlos et al., 2011; Schnell
et al., 2002). Multiple reports indicate that PSD-95 is clustered
in isolated PSDs (DeGiorgis et al., 2008; Swulius et al., 2010)
and enriched in synaptic nanodomains in cultured neurons (Mac-
Gillavry et al., 2013; Tang et al., 2016), brain slices (Fukata et al.,
2013), and in vivo (Broadhead et al., 2016; Tang et al., 2016). The
contrast of PSD-95 density inside compared to outside its nano-
domain is not as stark as for receptors (Nair et al., 2013), but
there is a similar range of one to three ~80-nm nanodomains
per synapse. Many studies have provided evidence supporting
that the PSD-95 pattern determines the AMPAR distribution
(Chen et al.,, 2011b; Ehrlich et al., 2007; El-Husseini et al.,
2000; Elias et al., 2006; Nair et al., 2013; Schluter et al., 2006),
including that EM tomography reveals consistent pairing of
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AMPARs with PSD-95 (Chen et al., 2008) and that receptors
co-enrich in the PSD-95 nanodomain visualized with STORM
(MacGillavry et al., 2013; Nair et al., 2013; Tang et al., 2016).
Nevertheless, AMPARs may bind other proteins that may guide
their position or facilitate clustering. Indeed, the AMPAR N termi-
nus protrudes 13 nm into the synaptic cleft (Greger et al., 2017),
exposing it to a broad variety of partners. N-terminal interactions
are critical for AMPAR anchoring (Diaz-Alonso et al., 2017; Wat-
son et al., 2017).

Mechanisms producing nanoclustering of MAGUKs are un-
clear, although may involve their palmitoylation (Fukata et al.,
2013), which is required for receptor binding (Jeyifous et al.,
2016) and executed by activity-regulated palmitoyl transferases
(Fukata et al., 2004, 2013; Noritake et al., 2009). However, the
overall PSD-95 pattern of a synapse likely involves extensive in-
teractions as part of the high degree of PSD organization in the
“vertical” dimension perpendicular to the membrane. Through
C-terminal domains, PSD-95 links to PSD components such as
GKAP and Shank that reside further from the membrane (Dani
et al., 2010; Valtschanoff and Weinberg, 2001), creating a lami-
nated structure (Burette et al., 2012; Harris and Weinberg,
2012) with interlinking proteins at each layer. These multiple in-
teractions suggest that the MAGUK distribution may dictate
patterning of other proteins aside from glutamate receptors.
Indeed, Shank3, GKAP2, and even the ‘“deepest” scaffold
tested, Homer 1a, are also enriched within PSD-95 nanodo-
mains. The variety of transmembrane proteins that bind PSD-
95, including adhesion molecules and ion channels, suggests
that this highly interlinked matrix establishes position of recep-
tors along with many other synaptic elements.

Because NMDARs are thought to be among the first residents
of synapses, an attractive possibility is that during synapse for-
mation, an NMDAR bound with MAGUKSs in a “supercomplex”
(Frank and Grant, 2017) seeds formation of further structures.
In EM tomography, NMDARs and AMPARs are segregated to
separate zones of the synapse, suggesting functional differentia-
tion of MAGUK nanodomains, and mechanisms that span
multiple domains need to be engaged if the NMDA-MAGUK com-
plex provides for a seed. While segregation of AMPA and
NMDARs has not been reported using other methods,
STORM immunocytochemistry suggests that GluN2B-contain-
ing NMDARs enrich more avidly within PSD-95 nanodomains
than the overall NMDAR population (MacGillavry et al., 2013),
potentially due to direct GIuN2B C-terminal PDZ binding. Inter-
estingly, the number of PSD-95 molecules per nanodomain and
the number of such nanodomains per synapse each vary consid-
erably among hippocampal cell types and even along the extent
of the dendrites (Broadhead et al., 2016). Together, this suggests
that scaffold nanodomains may serve as “building blocks” of
synapses but that the blocks are variable in size and molecular
content, presumably contributing to functional diversity.

The use of single-particle tracking methods has made clear
that AMPARs are typically highly mobile in the extrasynaptic
membrane. Even many synaptically localized AMPARs are able
to diffuse within the PSD, at least in cell culture and cultured brain
slices, and the rate of exchange in and out of the PSD border is
potentially critical for mechanisms establishing basal synaptic
strength. By allowing escape and replenishment of recently
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activated receptors and thus desensitized receptors, mobility of
synaptic receptors may regulate the time over which a synapse
recovers from desensitization following action-potential-medi-
ated glutamate release (Choquet and Triller, 2013; Heine et al.,
2008). However, many receptors remain nearly immobilized
within the PSD for prolonged periods (Adesnik et al., 2005),
diverging little from restricted zones (Ehlers et al., 2007; Kerr
and Blanpied, 2012). Single-molecule tracking reveals that re-
ceptors between nanodomains are mobile, whereas receptors
in the nanodomains are nearly immobilized (Nair et al., 2013).
This immobilization is presumably due to binding to scaffold mol-
ecules in the nanodomain (Opazo et al., 2012), but other mech-
anisms may contribute as well. The PSD is extremely dense
with protein, and modeling suggests that the even higher density
within nanodomains likely provides obstacles to mobility of bulky
receptors, even if they are not bound to receptors (Santamaria
et al., 2010). Indeed, synaptic diffusion rates of both lipids (Ren-
ner et al., 2009) and transmembrane proteins (Li and Blanpied,
2016) are size dependent, and even proteins without domains
that bind PSD-95 diffuse more slowly within portions of the
PSD where the scaffold is denser (Li and Blanpied, 2016). This
effect, termed macromolecular crowding, may be particularly
important in controlling receptor exit rate during episodes of
plasticity (Li et al., 2016), and in concert with binding, it may
contribute to the pattern of receptors.

Together, we have presynaptic and postsynaptic machines
that are functionally differentiated over small spatial dimensions
of 80 nm or less and separated by a cleft with similarly striking
organizational features (Figures 1 and 2A-2C).

Transsynaptic Nanoalignment

Are Release Sites and Receptors Aligned in
Nanocolumns?

The results reviewed above indicate that the structure of each
synaptic compartment is sub-organized in domains at the scale
of tens of nanometers. Synaptic function is similarly organized in
domains in the range of tens of nanometers, with the efficiency of
receptor activation dropping with distance from an exocytotic
event. Hence, the hypothesis has arisen that these subdomains
are aligned with one another (Lisman and Raghavachari, 2006). A
recent study found evidence in direct support of transsynaptic
alignment of release machinery with receptors (Tang et al,
2016). The key finding of this study was that newly identified
nanoclusters of RIM were aligned with nanoclusters of PSD-95
as measured using 3D-STORM imaging (Figure 2D). The RIM
cluster diameter was ~80 nm, similar to the size of AMPAR nano-
clusters, perhaps suggesting that there are mechanisms for
matching pre- and postsynaptic cluster size. RIM nanoclusters
aligned across the synaptic cleft with AMPAR nanoclusters
both in cultured neurons and fixed brain. This physical alignment
brings to mind a nanoscale column or “nanocolumn” spanning
the two cells (Figure 2E). As discussed below, whether the nano-
column comprises a discrete molecular structure or represents a
transcellular functional organization remains to be determined.
The potential relevance of these transcellularly aligned scaffolds
was assessed by determining whether release of neurotrans-
mitter preferentially occurs within these nanocolumns. Critically,
the RIM localization density predicted the location of fusion

events evoked by action potentials, consistent with the idea
that transmission is biased to occur with highest probability
within the nanocolumn.

The physiological and modeling results discussed above sug-
gest this arrangement contributes to basal synaptic strength.
Further, increasing or decreasing alignment may alter response
amplitude, as could addition or dispersal of individual nanocol-
umns. This could potentially proceed without posttranslational
modifications of receptors or involvement of trafficking to or
from the plasma membrane, providing a notable complement
to the well-studied forms of LTP and long-term depression.
The apparently wider area of the bouton from which sponta-
neous release occurs compared to release following action po-
tentials (Tang et al., 2016) has a number of implications. These
peripheral sites of release may activate fewer receptors, so it
will be important to compare spontaneous and evoked response
amplitudes at single, identified synapses. They may also activate
functionally distinct subsets of receptors, supporting the notion
that spontaneous and evoked neurotransmission may occur
via separate domains (Kavalali, 2015; Melom et al., 2013; Sara
et al., 2011).

These findings raise several important questions. First, a sys-
tematic analysis of presynaptic release machinery will be
required to better define the molecular architecture of a fusion
site at a nanoscale so that the alignment of these sites with post-
synaptic receptors can be understood. This will be challenging,
as many proteins are present in the synaptic vesicle fusion ma-
chinery (Boyken et al., 2013; Mdiller et al., 2010; Wilhelm et al.,
2014) and there was variability in clustering between RIM,
Munc13, and Bassoon (Tang et al., 2016), three central release
components. This contrasts with the ease of interpreting clusters
of AMPARSs, which per se represent the essential machinery for
postsynaptic signal transduction. Second, it remains unclear to
what extent the numbers of presynaptic release sites are in
accordance with transsynaptic units in the cleft and receptor
clusters in the PSD. As described above, presynaptically, esti-
mates of release site numbers range from ~1 to 15 depending
on the method employed (Imig et al., 2014; Maschi and Klyachko,
2017; Miki et al., 2016; Oertner et al., 2002; Tang et al., 2016).
Postsynaptically, the view has emerged that an average hippo-
campal excitatory synapse contains ~2-3 AMPAR clusters.
The origin of this mismatch is not yet clear, but could be ac-
counted for by a model in which multiple vesicle fusion sites
with variable release properties surround a cluster of RIMs as
opposed to postsynaptic AMPARSs. Third, validation of transsy-
naptic nanoalignment using other methods will be important.
Localization microscopy has been central to the recent surge
of observations regarding synaptic nanostructure discussed
above, since it routinely achieves nominal resolution in the tens
of nanometers (Liu et al., 2015). Nevertheless, the statistical
methods used to analyze molecule clustering are diverse, com-
plex, and not yet standardized (Nicovich et al., 2017). Thus, vali-
dation through other methods offering similar or better resolution,
such as correlated light and EM (Shu et al., 2011), will be critical.

Finally, a fourth key question is what mechanisms account for
this transsynaptic nanoassembly. Although our answers are
speculative at this point, we will elaborate on several possibilities
in the following section.
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Figure 3. Alternative Mechanisms of Alignment

Three possible mechanisms for transsynaptic alignment into nanocolumns are direct interactions between transsynaptic adhesion proteins (A), interactions
between cleft proteins and presynaptic Ca®* channels or postsynaptic receptors (B), or diffusible signals for antero- or retrograde signaling (C). Each mechanism
is discussed in the text, and they may account on their own or in any combination for the nanocolumn structure.

Candidate Mechanisms of Transsynaptic Alignment
Transsynaptic Adhesion. Direct transsynaptic interactions pro-
vide a potential physical correlate of the column concept
(Figure 3A). Candidate adhesive nanocolumn organizers can
be expected to fulfill at least one of three properties. First, they
should engage in interactions that bridge pre- and postsynaptic
membranes. Second, an organizer of subsynaptic alignment
should exhibit a patterned localization within the synaptic cleft
resembling the intrasynaptic nanodomains. Third, altering their
expression or disrupting their extracellular assembly should
affect the column structure. Although no protein family fully ful-
fills these expectations, work from many laboratories has identi-
fied promising candidates.

Of particular relevance for identifying transsynaptic mecha-
nisms underlying nanocolumn alignment are those adhesion
molecules that exhibit a non-homogeneous subsynaptic distri-
bution. Information on this is limited due in part to the lack of reli-
able antibodies or other reagents to determine localization, but
the first observations are already intriguing. Whereas neuroli-
gin-1 appears distributed rather broadly over the PSD as deter-
mined by single-particle tracking of exogenously expressed pro-
tein, the synaptogenic protein LRRTM2 is localized in compact
and stable synaptic clusters (Chamma et al., 2016). The interac-
tion of each of these proteins with presynaptic neurexins and
postsynaptic PSD-95 (Mondin et al., 2011) suggests that either
could provide a spatially instructive signal for organizing proteins
in each cell. Another possibility is EphB2, the postsynaptic re-
ceptor of presynaptic membrane-anchored ephrins, which is
also present enriched toward the center of the PSD (Perez de
Arce et al., 2015). A further candidate molecular linkage from
active zone to cleft is provided by Liprin-a, which binds to
RIM (Schoch et al., 2002) as well as transmembrane protein
tyrosine phosphatases of the LAR family (Serra-Pages et al.,
1998). LAR proteins interact with a variety of postsynaptic mem-
brane proteins that control excitatory synapse development,
including NGL/LRRC (Netrin-G ligand/leucine-rich-repeat-con-

688 Neuron 96, November 1, 2017

taining), Slitrks (Slit- and Trk-like), and SALM (synaptic adhe-
sion-like molecule) proteins (Beaubien et al., 2016; Choi et al.,
2016; Li et al., 2015; Woo et al., 2009; Yim et al., 2013)
and thus may bridge the cleft. Nevertheless, the existence
of a LAR-Liprin-RIM complex at the active zone remains
tentative, and the subcellular distribution of the Liprin and
LAR proteins and postsynaptic LAR partners are incompletely
documented.

Because the functional domains within pre- and postsynaptic
sites are much larger than individual molecules, assembly of
these structures may be facilitated through more complex inter-
actions within the cleft. The assembly of transsynaptic nanocol-
umns could include the lateral oligomerization of cleft compo-
nents (Dean et al., 2003; Fogel et al., 2011; Um et al., 2014) or
bridging molecules (Singh et al., 2016; Yuzaki, 2017) or be regu-
lated by steric hindrance to block interactions, such as shown for
neuroligins (Gangwar et al., 2017; Kim et al., 2017; Elegheert
et al., 2017). In addition to these direct interactions, molecular
crowding within the tightly packed environment of synaptic spe-
cializations needs to be considered as a factor in placing nano-
columns (Li et al., 2016). Further, while it is attractive to search
for alignment-promoting components within the nanocolumn,
transsynaptic proteins occupying other zones of the cleft may
still help establish alignment. For instance, a protein that marks
the postsynaptic edge, such as SynCAM 1 (Perez de Arce
et al., 2015), or the classical synaptic adhesion molecule N-cad-
herin that is initially expressed throughout the cleft but later
forms discrete clusters including at the edge (Elste and Benson,
2006; Uchida et al., 1996; Yamagata et al., 1995), may partici-
pate in a form of “center-surround inhibition” by reserving
some subregions for purposes other than alignment, perhaps
even by sequestering factors that detract from alignment. Finally,
many proteins in the cleft are targets of extracellular proteases
that influence synapse function (Shinoe and Goda, 2015), sug-
gesting a means of activity-dependent regulation over these
various mechanisms.



Neuron

Extracellular Interactions with Receptors or Ca®* Channels.
Could postsynaptic receptors or Ca?* channels themselves
guide cleft or active zone organization (Figure 3B)? Several lines
of evidence are consistent with this possibility. The extracellular
domains of glutamate receptors can engage in interactions
within the cleft, including with known adhesion molecules.
Some of these interactions are on the postsynaptic membrane
(i.e., in cis, rather than in trans across the cleft). Notably, GIuN1
binds in cis to neuroligin-1 (Budreck et al., 2013) and also binds
to the EphB2 receptor in an interaction stimulated by ephrinBs
(Dalva et al., 2000; Grunwald et al., 2001). Similarly, GIuUA2 may
modulate the synaptic stabilization effects of neuroligin (Ripley
etal., 2011). Receptors are also directly involved in transsynaptic
interactions. In the cerebellum, the unique postsynaptic receptor
GluD2 interacts with presynaptic neurexin via hexamers of the
C1qg-family member cerebellin (Elegheert et al., 2016). Presynap-
tic neurexin-3 also modulates the recruitment of postsynaptic
AMPARs (Aoto et al., 2013). This may involve the postsynaptic
LRRTM family. Several lines of evidence support that LRRTM
proteins recruit or maintain AMPARs at synapses. First, knock-
down of LRRTM 1 and 2 decrease synaptic AMPAR currents
(de Wit et al., 2009; Soler-Llavina et al., 2011). Second, LRRTMs
are found in a physical complex with AMPARs (Schwenk et al.,
2012). Third, LRRTM1, 2, and 4 promote the synaptic surface
expression of GluA1-containing AMPARSs, including after synap-
tic potentiation (de Wit et al., 2009; Siddiqui et al., 2013; Soler-
Llavina et al., 2013). These findings, along with the clustered sub-
synaptic distribution of LRRTM2 (Chamma et al., 2016), make
LRRTMs attractive candidate molecules to organize nanocol-
umns. Another potentially important trans interaction with the
AMPAR N-terminal domain involves the neuronal pentraxins
(O’Brien et al., 1999). This small family includes two secreted
proteins and one transmembrane protein called the neuronal
pentraxin receptor (NPR) expressed in the presynaptic mem-
brane. NPR induces formation of postsynaptic specializations,
and interestingly, the effect is modulated by the competitive AM-
PAR antagonist NBQX (Lee et al., 2017). It has also been re-
ported that N-cadherin binds GIUA2 both in cis and in trans (Sa-
glietti et al., 2007), which in turn was hypothesized to modulate
retrograde control over presynaptic function (Vitureira et al.,
2011). Together, these diverse interactions with AMPARs sug-
gest that the receptors themselves may be spatially instructive
for positioning release sites, raising interesting questions about
whether broad aspects of subsynaptic organization respond
dynamically to receptor mobility and plasticity.

The possibility that presynaptic Ca%* channels instruct post-
synaptic organization is also intriguing, but unlike most recep-
tors, presynaptic Ca®* channels have only a small extracellular
domain and thus are less likely to guide cleft interactions. Never-
theless, the GPI-linked extracellular protein 23, which associ-
ates with Ca®* channels, may broaden these interactions. 223
contributes to the presynaptic abundance and positioning of
voltage-gated Ca®* channels (Hoppa et al., 2012) and to the
size of Bassoon and RIM clusters (Schneider et al., 2015). This
may be mediated by roles of 25 as a subunit of Ca2* channels
or through its roles in synaptic morphogenesis that are indepen-
dent of the a1 subunits (Kurshan et al., 2009). Potential transsy-
naptic links are suggested by interactions of o235 with the LRR

domain of ELFN1 in the cleft of rod photoreceptor synapses
(Wang et al., 2017). A recent study also observed loss of both
Ca?* channels and AMPARs/PSD-95 co-localization upon 25
loss in auditory ribbon synapses, implicating a role in organizing
this synapse (Fell et al., 2016). Intriguingly, the C. elegans 023
protein participates in retrograde signaling via neurexin interac-
tions (Tong et al., 2017). Overall, diverse protein interactions
with glutamate receptors and Ca2* channels in the synaptic cleft
may cooperate to establish subsynaptic functional alignment
along with or independent of transsynaptic adhesion.

Secreted Factors. In addition to cell-cell contact signals,
secreted factors are candidates to modulate transsynaptic align-
ment (Figure 3C). Among the retrograde synaptic signals that are
secreted by postsynaptic neurons and that may support align-
ment are Wnt7a, which promotes synaptic vesicle recycling (Ah-
mad-Annuar et al., 2006), and the growth factor BDNF, which
acts on presynaptic Trk receptors to potentiate transmission
(Li et al., 1998). In addition, endocannabinoids act on the neu-
rexin-neuroligin axis, although their interplay is complex. Here,
the loss of B-neurexins in mice enhances tonic endocannabinoid
signaling and decreases spontaneous release at excitatory syn-
apses (Anderson et al., 2015) while loss of neuroligin-3 impairs
tonic endocannabinoid signaling and increases release at inhib-
itory synapses (Foldy et al., 2013). Interestingly, endocannabi-
noids also require RIM1¢ for their presynaptic role in regulating
release (Chevaleyre et al., 2007), indicating a link of these
secreted factors to the presynaptic RIM components of nanocol-
umns. A final speculative mechanism includes glutamate itself.
AMPAR mobility is regulated by agonist (Borgdorff and Choquet,
2002; Petzoldt et al., 2014), potentially via desensitization-driven
disassembly from TARPs (Constals et al., 2015; Tomita et al.,
2004). Preferential loss of desensitized receptors could in
some fashion enrich synaptic regions prone to higher glutamate
concentrations with receptors.

Consideration of Synapse Development. Investigation of align-
ment mechanisms in established synapses must consider
whether nanoalignment arises during or after synaptogenesis.
One possibility is that instructive signals, such as those poten-
tially provided by transsynaptic adhesion during synapse
formation, simultaneously establish a nanocolumn alignment.
Alternatively, pre- and postsynaptic machines created during
synaptogenesis may not initially be spatially related, and subse-
quent remodeling, perhaps by separate transsynaptic com-
plexes not involved in synapse formation or by secreted factors,
could later establish the nanocolumns of a mature synapse.
Such remodeling might occur in an activity-dependent manner
or could involve a probing of synaptic status by spontaneous
vesicle release, in agreement with the physiological functions
of miniature events (Kavalali, 2015).

Understanding the temporal steps of nanocolumn alignment is
related to the question of directionality. One side may be spatially
instructive, which is supported by the well-documented exam-
ples of retrograde functional effects (Arons et al., 2012; Cheadle
and Biederer, 2012; Futai et al., 2007; Peixoto et al., 2012; Rega-
lado et al., 2006). Yet, like for synaptogenesis, determining the
“prime mover” may be difficult. It also needs to be considered
that this tripartite machine develops an intrinsic alignment due
to reciprocal, cooperative mechanisms between its elements.
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Conclusions and Outlook

The observation of cleft-spanning, nanometer-scale alignment
of synaptic functional domains has highlighted a design principle
that could enable efficient transmission and provide for novel
regulatory mechanisms of synaptic strength. It will be exciting
to determine when this structure appears at developing synap-
ses and under what situations its presence matters the most.
Is the nanocolumn a unifying feature of all excitatory synapses,
or does it define the subset of hippocampal excitatory synapses
in which it was first described? Do excitatory synapses other
than in CA1 or synapses using other neurotransmitters display
a similar alignment? What are the mechanisms and regulation
of alignment? Does cleft structure adapt to or instruct alignment
of pre- and postsynaptic machines?

Taking a step back, much of what we know and what we have
presented here is derived from just a few synapse types that
have been heavily studied, often due to ease of experimental ac-
cess or because they represent informative extremes. Analyses
in the future will have to consider more systematically the diver-
sity of synapse types and functions to determine whether and
how synapse classification can help clarify physiological and
mechanistic rules. This will rely on current and future technical
development. Current lists of synapse components are long,
likely because they accumulate data from an enormously diverse
population of synapses, and it may not be helpful to consider all
the molecules to be in operation at all synapses at all times. Cell-
type-specific and proximity labeling strategies should help to
determine molecular catalogs of different synapse types and
guide the identification and quantification of synapse-specific
alignment components. Similarly, the rules that govern synapse
architecture are diverse to say the least. The superresolution im-
aging methods required to survey defined synapse populations
at near-molecular resolution are developing rapidly. Their use
to examine subsynaptic alignment of functional domains offers
the chance to learn how experience and pathology modify the
synaptic nanostructure-function relationship.
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