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Synapses maintain synchronous, asynchronous, and spontaneous modes of
neurotransmission through distinct molecular and biochemical pathways. Traditionally
a single synapse was assumed to have a homogeneous organization of molecular
components both at the active zone and post-synaptically. However, recent
advancements in experimental tools and the further elucidation of the physiological
significance of distinct forms of release have challenged this notion. In comparison
to rapid evoked release, the physiological significance of both spontaneous and
asynchronous neurotransmission has only recently been considered in parallel with
synaptic structural organization. Active zone nanostructure aligns with postsynaptic
nanostructure creating a precise trans-synaptic alignment of release sites and receptors
shaping synaptic efficacy, determining neurotransmission reliability, and tuning plasticity.
This review will discuss how studies delineating synaptic nanostructure create a picture
of a molecularly heterogeneous active zone tuned to distinct forms of release that may
dictate diverse synaptic functional outputs.

Keywords: nanocolumn, spontaneous neurotransmission, asynchronous neurotransmission, synchronous
neurotransmission, synaptic transmission and plasticity

INTRODUCTION—CLASSICAL VIEW OF SINGLE ACTIVE ZONE
SYNAPSES

In the 1960s the canonical synaptic transmission pathway was established; neurotransmission
is initiated by an action potential arriving at the presynaptic terminal, presynaptic calcium
influx is triggered, synaptic vesicles fuse with the presynaptic membrane and ultimately release
neurotransmitter (Katz, 1969; Südhof, 2013). This seminal work set the stage for the investigation
of neurotransmission at numerous synapse types across the nervous system in diverse animal
models with electrophysiology. This original view of synaptic transmission holds true today
albeit with knowledge of the specificity, segregation, and molecular mechanisms that mediate and
regulate neurotransmission. Today, three different modes of neurotransmission are categorized
by their time scale relative to a stimulus as well as calcium dependence. Action potential
dependent release is composed of synchronous and asynchronous phases, where synchronous
release strictly adheres to the timing of incoming presynaptic action potentials and asynchronous
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release is only loosely coupled to stimulation temporally.
In contrast, spontaneous release happens independently of
action potentials in a quantal manner, where single synaptic
vesicles fuse and release neurotransmitter in a quasi-random
fashion (Kavalali, 2015). Studies conducted at the Drosophila
neuromuscular junction as well as hippocampal synapses
have demonstrated that a single active zone is capable of
synchronous, asynchronous, and spontaneous release while
some synapses exclusively execute spontaneous or evoked
neurotransmission, creating a dynamic neuronal network
dependent on distinct forms of neurotransmission (Atasoy
et al., 2008; Melom et al., 2013; Peled et al., 2014; Reese and
Kavalali, 2016). Each of the three modes of neurotransmission
rely on distinct molecular frameworks to ultimately accomplish
complex information processing (Kononenko and Haucke, 2015;
Chanaday and Kavalali, 2017).

Recently, our understanding of neurotransmission has
expanded to include both action potential dependent release
and spontaneous release which have distinct physiological roles
governed by a molecularly heterogeneous active zone (Andreae
and Burrone, 2018; Gonzalez-Islas et al., 2018; Kavalali, 2018).
The expansion of our synaptic “world-view” to include the
nuances of different modes of neurotransmission relays the
importance of the molecular pathways and synaptic structures
that support release and presents broader implications for
learning, memory, as well as associated disease processes. With
the continued advancement of tools to probe release segregation,
the notion that neurotransmission occurs via distinct pathways
has been bolstered. How this segregation of release is maintained
by the nano-organization of the synapse to transduce complex
information processing will be the focus of this review.

Synaptic Efficacy
The fundamental reason we study the synapse is to understand
how one neuron influences its targets. Therefore, to elucidate
this process, we must consider how synaptic efficacy is shaped
by multiple molecular pathways and different modes of
neurotransmission. Synaptic efficacy defined as the ability of
a presynaptic input to influence a postsynaptic response is
classically considered within the context of action potential
induced presynaptic calcium signaling and subsequent
neurotransmitter release. The synaptic efficacy of an active
zone or release site is traditionally determined by the release
probability, the probability that upon arrival of an action
potential to the synaptic terminal a synaptic vesicle will fuse and
there will be subsequent neurotransmitter release. The size of
the readily releasable pool, which includes vesicles docked at
the active zone that fuse first in response to stimulation, and the
fusion propensity of each synaptic vesicle dictates this release
probability and ultimately synaptic strength (Rey et al., 2015;
Chanaday and Kavalali, 2018). This view of synaptic strength
and synaptic vesicle organization focused solely on evoked
neurotransmission assumes a rather homogeneous synaptic
vesicle pool and equally homogeneous organization of the active
zone. In addition, it excludes other modes of neurotransmission
and how their distinct functional roles may shape, guide, or
determine synaptic efficacy.

MOLECULAR MECHANISMS OF
DISTINCT FORMS OF RELEASE

Historically the organization of synaptic vesicles within the
presynaptic terminal was defined by their propensity to fuse in
response to stimulation and ultrastructural localization. Thus,
creating a pool organization of synaptic vesicles comprised of
the readily releasable pool, vesicles that fuse first in response
to stimulation, and the reserve pool, the pool that replenishes
the readily releasable pool, which shows limited synaptic vesicle
trafficking during physiological activity (Alabi and Tsien, 2012).
However, this pool organization does not fully account for
the dynamics of release with regard to different modes of
neurotransmission. Understanding the heterogeneity of synaptic
vesicle molecular composition and how this heterogeneity
dictates release and trafficking creates a more accurate
classification system of synaptic vesicle organization in the
presynaptic terminal. The diversity in synaptic vesicle molecular
composition of v-SNAREs (vesicle-soluble N-ethylmaleimide-
sensitive factor (NSF) attachment protein receptor) and calcium
sensors distinguishes synaptic vesicle populations indicating
that unique molecular compositions may designate synaptic
vesicles for different forms of release (Figure 1) (Crawford and
Kavalali, 2015). Furthermore, there is increasing evidence that
different calcium sources mediate distinct modes of release
(Kavalali, 2020).

Synaptic Vesicle Associated SNAREs,
v-SNAREs
The canonical SNARE complex includes synaptic vesicle
associated protein Synaptobrevin 2 (Syb2, also called VAMP2)
that forms a complex with the plasma membrane SNAREs
synaptosomal-associated protein 25 (SNAP25) and syntaxin 1
to drive rapid action potential-evoked synaptic vesicle fusion
(Südhof and Rothman, 2009). Early experiments investigating
the selective loss of canonical SNAREs induced large effects on
evoked release while spontaneous release was maintained. The
genetic deletion of Syb2 in mice caused the loss of calcium
dependent evoked release while residual spontaneous release and
to some extent asynchronous release were still present (Schoch
et al., 2001; Deák et al., 2004). This initial work stimulated further
research into which SNAREs are mediating different modes of
neurotransmission as molecular perturbations selectively effected
spontaneous and evoked release in distinguishable ways.

Fluorescence imaging experiments in conjunction with
electrophysiology have shown that Vps10p-tail-interactor-1a
(vti1a) containing vesicles traffic in the absence of activity and
vesicle-associated membrane protein 7 (VAMP7) containing
vesicles also preferentially traffic in response to resting calcium
signals, thus both v-SNAREs specifically drive spontaneous
release (Hua et al., 2011; Ramirez et al., 2012; Bal et al., 2013;
to see a full list of SNAREs associated with the synaptic vesicle
proteome; see Takamori et al., 2006). Furthermore, despite both
synchronous and asynchronous release being action potential
dependent, vesicle-associated membrane protein 4 (VAMP4)
selectively maintains asynchronous release demonstrated by
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FIGURE 1 | This figure depicts the different modes of neurotransmission and their distinct downstream signaling pathways. Synchronous release transmits precise
timing information across the synapse enabling information transfer with fidelity, whereas asynchronous release is thought to regulate short term plasticity and
oscillatory activity. In contrast, spontaneous release is action potential independent although it may rely on alternative calcium sources, such as endoplasmic
reticulum (ER) mediated calcium via ryanodine receptors (RyR) or store-operated calcium entry via Orai channels activated by the ER calcium sensor STIM.
Spontaneous release is thought to play a role in synapse development as well as homeostatic synaptic scaling shaping synaptic efficacy.

differential trafficking with minimal Syb2 trafficking overlap
(Raingo et al., 2012). In addition to the functional evidence
that these alternative v-SNAREs maintain distinct trafficking
pathways, biochemical evidence is consistent with their distinct
functions. As for instance VAMP4 forms stable SNARE
complexes independent of Syb2 and these complexes do not
interact with synaptotagmin-1 and complexins, two protein
that are essential for rapid synchronous evoked release (Raingo
et al., 2012). The elucidation of specific v-SNAREs that
selectively maintain different modes of release reveals a synaptic
terminal composed of subpopulations of vesicles defined by
their heterogeneous distribution of molecular components
(Ramirez et al., 2012; Revelo et al., 2014; Walter et al., 2014).
Alternative v-SNAREs act as synaptic vesicle molecular tags
for the organization of synaptic vesicles into pools, conferring
distinct release properties, downstream functional roles, and
the selective regulation of neurotransmitter release (Figure 1)
(Mori et al., 2021).

Calcium Sensors
Differences in the molecular machinery to maintain
synchronous, asynchronous, and spontaneous release extend
beyond SNARE machinery and include calcium sensing proteins.
The diversity in calcium sensitivity between synchronous,
asynchronous, and spontaneous release is complex; with
differential degrees of absolute dependence, different sources
of calcium mediating release, as well as differential calcium
dependences between excitatory and inhibitory spontaneous

release (Courtney et al., 2018; Williams and Smith, 2018;
Lin et al., 2020).

Synaptotagmins are a family of calcium sensing proteins
implicated in synaptic vesicle exocytosis. Synaptotagmin-1
(Syt-1) is required for synchronous release mediating the calcium
sensitivity of fast evoked neurotransmitter release. While the loss
of Syt-1 impairs synchronous release, it unclamps spontaneous
release and augments asynchronous release, regulating release
bidirectionally (Maximov and Südhof, 2005; Liu et al., 2009).
Syt-1 is a low affinity calcium isoform making it only a reliable
calcium sensor following voltage gated calcium channel (VGCC)
opening and subsequent nanodomain elevation of calcium.
Whereas Synaptotagmin-7 (Syt-7), the proposed asynchronous
calcium sensor, has a 10-fold higher calcium affinity than Syt-1,
giving it utility on a longer timescale post VGCC opening.
Syt-7 loss of function mutations drastically reduce asynchronous
release and associated synaptic vesicle trafficking providing the
molecular framework for the differential timing of these two types
of action potential dependent release (Geppert et al., 1994; Sugita
et al., 2002; Bacaj et al., 2013; Li et al., 2017).

Although the precise nature of calcium sensitivity of
spontaneous release is still a matter of debate, soluble calcium
sensors of the Doc2-like protein family are thought to regulate
spontaneous release in addition to synaptotagmin (Groffen
et al., 2010; Pang et al., 2011). A quadruple knockdown
strategy to eliminate members of the Doc2 family caused
a reduction in spontaneous neurotransmission while action
potential-evoked neurotransmission remained relatively normal.
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This protein loss also caused a subsequent increase in synaptic
strength, suggesting that spontaneous neurotransmission is able
to communicate independently with the postsynaptic neuron
and trigger downstream signaling cascades that regulate the
synaptic state (Ramirez et al., 2017). This regulation of release via
calcium dynamics shows even more complexity with excitatory
spontaneous signaling preferentially regulated by Doc2α and
inhibitory spontaneous signaling by both Doc2β and Syt-1
(Courtney et al., 2018).

FUNCTIONAL CONSEQUENCES OF
DISTINCT FORMS OF RELEASE

The investigation into molecular components that drive
different modes of release implies there are distinct functional
consequences for synchronous, asynchronous, and spontaneous
release. These studies have addressed why different modes of
release are maintained in separable pathways and how they
contribute to the physiological function of the synapse. In
particular, asynchronous and spontaneous forms of release are
poorly understood in comparison to evoked synchronous release,
however, recent work has identified dedicated functional roles
that are unique and specific to each mode of release.

SPONTANEOUS RELEASE

Spontaneous release events were originally viewed as random
errors at the synaptic terminal deviating from canonical action
potential dependent release, and described as biological noise
(Fatt and Katz, 1950). However recent evidence suggests that
spontaneous release has a specialized role in both regulating
synapse and circuit development in addition to the maintenance
of synapse dynamics in several organisms (Huntwork and
Littleton, 2007; Choi et al., 2014; Andreae and Burrone, 2015;
Banerjee et al., 2021). Furthermore recent findings on the role of
aberrant spontaneous neurotransmission in neurological disease
as well as ketamine’s rapid antidepressant action arising from
spontaneous release modulation reflect the utility of different
modes of release at the synapse (Autry et al., 2011; Alten et al.,
2021). Ultimately revealing spontaneous neurotransmission as
an autonomous mode of release involved in a broad range of
functions (Kavalali and Monteggia, 2020).

Development
Early stages of development are characterized by high levels
of spontaneous release and resting synaptic vesicle cycling as
compared to minimal evoked release (Molnár et al., 2002;
Andreae et al., 2012). Previously the importance of spontaneous
activity in synapse formation has been speculative due to the lack
of a proposed function of developmentally elevated spontaneous
release (Andreae and Burrone, 2018). However, key studies at
the Drosophila neuromuscular junction during development have
demonstrated how the frequency of spontaneous release events
are directly correlated with synaptic structure. Experimentally
facilitating miniature postsynaptic currents (mPSCs) leads to the

subsequent increase in presynaptic boutons and the blockade of
mPSCs leads to abnormal neuromuscular junctions characterized
by reduced growth and surface area (Choi et al., 2014). In
addition, spontaneous glutamate release events are thought
to regulate dendritic arbors by acting as cues for dendritic
outgrowth, a process not modulated by evoked release (Andreae
and Burrone, 2015). Spontaneous release maintains these
developmental pathways that are not controlled by evoked release
delineating spontaneous release specific biochemical pathways
(Figure 1; Andreae and Burrone, 2018).

Homeostatic Plasticity
In response to global changes in neuronal activity synaptic
weights are up- or down-scaled to maintain homeostatic set
points of neurotransmission. This homeostatic synaptic scaling
maintains the relative differences in synaptic weights between
synapses on a neuron, vital for information processing, while
still allowing the system to adapt to environmental levels of
activity (Turrigiano and Nelson, 2004; Kavalali and Monteggia,
2020). Global changes in activity elicited by complete suppression
of action potentials (tetrodotoxin treatment) or conversely
disinhibition (bicuculine treatment) can regulate this scaling
phenomenon by up or down regulation of postsynaptic receptor
density. However, synaptic scaling can also be triggered by
alterations in action potential independent neurotransmitter
release or via direct manipulation of neurotransmission without
gross changes in activity levels (Gonzalez-Islas et al., 2018).

Reduction in N-methyl-D-aspartate receptor (NMDAR)
mediated miniature excitatory postsynaptic currents (mEPSCs)
via postsynaptic manipulations triggers Eukaryotic Elongation
Factor 2 Kinase mediated synaptic upscaling via local dendritic
translation (Sutton et al., 2006; Aoto et al., 2008; Reese and
Kavalali, 2015). Not only is this NMDAR synaptic scaling
pathway separable from the canonical NMDAR mediated long
term potentiation (LTP) pathway but it is also implicated
as a substrate for disease intervention in major depressive
disorder (Lin et al., 2018). In parallel the loss of spontaneous
specific release machinery, vti1a and VAMP7, triggers synaptic
scaling of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARs) as reflected by increased mEPSC
amplitudes (Crawford et al., 2017). Furthermore, the blockade
of spontaneous γ-aminobutyric acid (GABA)-ergic signaling
leads to multiplicative downscaling at excitatory synapses via
brain-derived neurotrophic factor transcription and signaling,
demonstrating an exclusive role of spontaneous release in the
relationship between excitatory and inhibitory synapses (Horvath
et al., 2021). These specific pre- and post-synaptic perturbations
ultimately reveal how spontaneous release functions to maintain
basal levels of synaptic efficacy, through separable mechanisms
from evoked release (Figure 1).

ASYNCHRONOUS RELEASE

Plasticity
Due to the slow dynamics of asynchronous release–vesicle
fusion occurring with 10–100 ms delay after an action
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potential –it is speculated to impact synaptic plasticity.
However, neuron and synapse specific diversity in the degree
of asynchronous release make the generalization of the
physiological significance of asynchronous release difficult. Syt-7,
putative asynchronous calcium sensor, is required for short-
term presynaptic facilitation at some synapses (Jackman et al.,
2016). While at fast synapses, with minimal asynchronous release,
Syt-7 is not required for short-term plasticity but the fidelity of
synchronous release allowing for prolonged synaptic signaling
(Luo and Südhof, 2017).

Information Encoding
Fast synchronous release is often thought to be the main mode
of information transfer due to its tight temporal coupling with
presynaptic action potentials. Nevertheless, loss of synchronous
neurotransmission by in vivo knockdown of Syt-1 in the
hippocampus still allowed the acquisition of fear memories,
albeit with impairments, suggesting that asynchronous release
detected after Syt-1 loss-of-function is still sufficient to encode
the majority of the memory. While this result does not negate
the importance of release timing in brain circuits, it indicates that
action potential bursts and subsequent asynchronous release can
be critical drivers for information encoding (Xu et al., 2012).

Oscillatory Activity
Understanding the degree of asynchronous release in different
neuronal subtypes provides insight into the molecular
diversity and input specificity of inhibitory interneurons in
the hippocampal circuit. Cholecystokinin (CCK)–expressing
GABAergic interneurons (innervate pyramidal cells at soma and
proximal dendrites) are characterized by high asynchronous
activity as compared to other interneuron subtypes. Therefore
their prolonged asynchronous GABA release generates long
lasting inhibition that modulates circuit activity (Hefft and Jonas,
2005). Based on CCK–expressing GABAergic interneurons’ role
in maintaining low frequency oscillations of the hippocampus,
their prominent asynchronous release is suspected to play a key
role in generating hippocampal theta rhythms (Klausberger and
Somogyi, 2008; Rozov et al., 2019). Delineating the physiological
function of asynchronous release demonstrates its unique and
specific role creating the context to further study the molecular
underpinnings of each mode of release (Figure 1).

NANOSTRUCTURE

The molecular diversity of synaptic vesicles as well as distinct
functional roles of each mode of release challenge the
notion of a molecularly homogeneous organization within the
synaptic terminal. The proposed structure of the synapse now
incorporates the nano-organization of proteins throughout the
synapse, including protein density gradients in the active zone,
synaptic cleft, receptor localization, and postsynaptic density
creating a physical trans-synaptic alignment of proteins termed
a nano-column (Tang et al., 2016). Synaptic nanocolumns are
suspected to have a role in facilitating release differentially

providing the framework at which the synapse is able to maintain
different modes of release via parallel pathways.

DISTINCT POSTSYNAPTIC TARGETS

Excitatory Synapses
The application of use dependent drugs and optical imaging
have demonstrated that different modes of neurotransmission
target distinct postsynaptic receptors (Atasoy et al., 2008; Melom
et al., 2013; Peled et al., 2014). Initial studies at excitatory
synapses took advantage of use dependent receptor blockers
to probe postsynaptic receptor segregation. The application of
use dependent NMDAR blocker, MK-801, demonstrated a near
complete segregation of NMDAR response to spontaneous and
evoked glutamate release (Atasoy et al., 2008; Reese and Kavalali,
2016). The use of philanthotoxin, use dependent blocker of
GluR2 lacking AMPARs, extended this notion to evoked and
spontaneous glutamate release dependent activation of distinct
sets of AMPARs (Sara et al., 2011; Peled et al., 2014). These results
demonstrate the independence of evoked and spontaneous
release probabilities as well as spatial segregation of the two
forms of release.

Inhibitory Synapses
Despite accumulating evidence of nano-organization at
excitatory synapses, segregation of distinct forms of release at the
inhibitory synapse is relatively under-investigated. The distinct
functional roles of evoked and spontaneous release at excitatory
synapses provides rationale for robust segregation, however, the
degree of segregation and functional outcomes of evoked and
spontaneous inhibitory signaling are unknown. A recent study
has uncovered partial segregation of evoked and spontaneous
release at an inhibitory synapse. The utilization of picrotoxin,
a use dependent GABAAR channel blocker, demonstrated that
approximately 40% of GABAARs are exclusively activated by
evoked release (Horvath et al., 2020).

Historically the main role of inhibitory signaling has been
cast as modulating excitatory neurotransmission and regulating
a neuron’s propensity to fire action potentials. However,
only recently has the biochemical signaling of inhibitory
neurotransmission been addressed due to the few known
targets of chloride. The discovery that with-no-lysine kinases
(WNKs) function as chloride sensors and second messenger
cascades downstream of GABAergic chloride current provide
insight into the dynamic nature of the inhibitory synapse
(Piala et al., 2014; Heubl et al., 2017; Chen et al., 2019).
Further adding to the complexity of the inhibitory synapse,
GABAergic signaling is excitatory during early development,
influencing synapse plasticity and growth to generate functional
circuits (Ben-Ari, 2002). Understanding if there are common
principles governing nanostructure and the segregation of
release at inhibitory synapses as seen at excitatory synapses
is crucial, however, it remains unclear if a partial segregation
mediates differential signaling of inhibitory spontaneous and
evoked neurotransmission and how this segregation is achieved
(Horvath et al., 2020).
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Neurotransmitter Receptor Dynamics
The nanocolumn organization discussed above allows for
concentrated increases in neurotransmitter at designated regions
along the active zone, aligned with specific receptor sub-
populations. The significance of transient localized increases
in neurotransmitter is bolstered by studies investigating the
segregation of release via receptor activation, neurotransmitter
receptor dynamics, and synaptic plasticity.

To understand the implications of synaptic nanocolumns,
it is first important to establish the essential role of the
site of neurotransmitter release and receptor localization in
determining the efficacy of neurotransmission. The traditional
picture of the synapse assumes a homogeneous structure whereby
synaptic strength is governed by the number of receptors in
the postsynaptic density and neurotransmitter is released at
any place within the active zone (Lisman et al., 2007). Under
previous assumptions neurotransmitter release activated the
same subset of receptors regardless of its mode or timing,
however, the dynamics of glutamate diffusion and AMPAR
activation challenge this notion. The probability of AMPAR
activation declines with distance from glutamate release due
to both the low affinity of AMPARs for glutamate and the
rapid diffusion of neurotransmitters following release (Franks
et al., 2003; Raghavachari and Lisman, 2004). Modeling has
predicted that the necessary concentration of glutamate to
activate AMPARs following synaptic vesicle fusion is extremely
brief and localized whereby presynaptic release most likely
creates a “hotspot” of neurotransmitter activating only a subset
of receptors (Biederer et al., 2017). Thus, now the prevailing
view is both the location and timing of glutamate release is
important for determining how information is transmitted at
excitatory synapses.

Plasticity
Synaptic plasticity involves both pre- and post-synaptic
mechanisms that employ numerous molecules and signaling
cascades. However, if we focus on receptor mediated postsynaptic
potentiation we see how nano-organization at the synapse
can be vital, where not just the number of postsynaptic
receptors, but also receptor location is a critical determinant
of synaptic strength and efficacy. For instance, during LTP
induction, it has been reported that preventing AMPAR
surface diffusion markedly impairs potentiation in vitro in
addition to inhibiting behavioral aspects of contextual learning
(Penn et al., 2017). Modeling predicts that increasing receptor
density is more efficient than merely increasing synaptic area
as the same degree of AMPAR current potentiation can be
achieved by reducing inter-receptor distances by 30–35% or by
increasing AMPAR number by 100–200% (Franks et al., 2003;
Savtchenko and Rusakov, 2014).

However, not until the advent of super resolution microscopy
has the nanoscale organization of a synapse been explicitly
linked to synaptic strength. With super resolution microscopy
these earlier proposals were validated with the visualization of
intra-synapse AMPAR clusters. Chemical LTP induction lead
to nano-domain alignment alterations of increased postsynaptic

density protein 95 (PSD-95) density followed by trans-synaptic
re-alignment within nanoclusters (Tang et al., 2016). In addition,
structural plasticity, changes in spine and bouton size in
response to activity paradigms, is related to synaptic molecular
architecture. In that synaptic reorganization is modular, whereby
increases in spine size are accompanied by the addition of
individual nano-modules (Hruska et al., 2018; Figure 2). These
studies collectively posit that purely re-distribution of receptors
can alter synaptic strength and this reorganization can be a more
resource effective means for postsynaptic potentiation.

MOLECULAR COMPONENTS THAT
MEDIATE NANO-ORGANIZATION

As discussed above, all different modes of release have distinct
functional roles, specific synaptic vesicle fusion machinery,
and target distinct postsynaptic receptors, but how this
organization is maintained structurally in a single active zone
synapse remains poorly understood. The advancement of super
resolution light microscopy techniques in conjunction with
cryogenic electron microscopy (EM) approaches have uncovered
prominent nano-organization at single synapses supported
by molecular nano-scaffolds that link pre- and post-synaptic
compartments providing a platform that privileges different
regions of the synapse for evoked release.

Early optical studies hinted at synaptic nano-organization
while examining clustering dynamics of receptor subpopulations.
Relative to the extrasynaptic space, AMPARs are organized
in nanodomains where the number of clusters increases with
synapse size (MacGillavry et al., 2013; Biederer et al., 2017). These
clusters are mobile and dynamic as AMPARs can diffuse in and
out although they demonstrate an overall stability creating a
dynamic environment of AMPAR localization (Nair et al., 2013).
Therefore, it has become evident that the distribution of receptors
in the excitatory postsynaptic density is not homogeneous
whereby AMPARs and NMDARs are both arranged in clusters
(Goncalves et al., 2020). Moreover, these receptor clusters are
found in areas enriched in postsynaptic proteins providing a
proteomic network supporting nanoscale receptor organization
(MacGillavry et al., 2013). A principal protein of interest is PSD-
95 due to both its role in anchoring AMPARs via TARP binding
and its co-enrichment with AMPAR clusters at the postsynaptic
density (PSD) (Chen et al., 2011; MacGillavry et al., 2013; Nair
et al., 2013; Tang et al., 2016). Consequently, PSD-95 is thought
to be the master organizer of excitatory postsynaptic organization
facilitating the heterogeneous enrichment of receptors and other
scaffolding proteins such as GKAP, Shank, and Homer, creating a
range of protein expression within the postsynaptic neuron (Tang
et al., 2016; Biederer et al., 2017).

A recent study demonstrated that presynaptic loci with a
high density of proteins vital for vesicle priming and fusion
(such as RIM1/2, Munc13, and bassoon) were associated with
parallel postsynaptic gradients of PSD-95 and AMPARs (Tang
et al., 2016). Here, presynaptic RIM1/2 clusters show the largest
degree of correspondence with postsynaptic PSD-95 whereas
presynaptic Munc13 and Bassoon show weaker association
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FIGURE 2 | This figure depicts the nanostructure that is proposed to privilege different modes of release at the synapse, with evoked release supported by specific
structural elements (i.e., neurexin and LRRTM2). When viewing the synapse from above one proposal states that evoked release is clustered in confined areas, while
asynchronous release is clustered toward the center and spontaneous release is distributed over a larger area of the synapse. Potential plasticity processes may alter
nanostructure with increased spine size and a parallel increase in nano-modules as well as increased postsynaptic scaffold and receptor density within nanocolumns.

with their postsynaptic scaffold counterparts. These findings
establish a trans-synaptic nanocolumn model via co-alignment
and enrichment of both pre- and post-synaptic proteomes.
This nanocolumn organization facilities concentrated increases
in neurotransmitter at designated points along the active zone
aligned with specific receptor subpopulations providing the
substrate for the functionality of different types of release.

CORRESPONDENCE BETWEEN
NANOSTRUCTURE AND FUNCTION

The organization of the synapse in nanocolumns deconstructs
the classical homogeneous view of single active zone synapses

and proposes a heterogeneous molecular platform that favors
different modes of release at different regions governing
distinct downstream biochemical signaling pathways.
A substructure within the active zone that is privileged for
evoked release was defined by the co-enrichment of pre-
and post-synaptic proteins defined by high local RIM1,
PSD-95, and GluA2 density. The mapping of evoked and
spontaneous synaptic vesicle fusion in relation to the molecular
layout of these key proteins demonstrated evoked fusion
is privileged at areas of dense postsynaptic ensembles
and spontaneous release happens within a greater area
of the active zone (Figure 2). Active zone regions with
the highest likelihood of release are aligned to the densest
AMPAR areas, optimizing the potency of neurotransmission
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(Tang et al., 2016). This work demonstrated AMPARs are
enriched within 80 nm nanodomains aligned with presynaptic
RIM nanodomains, however, how AMPAR clusters opposed
to release sites are maintained across the synapse was
originally unclear.

The extracellular cleavage of leucine rich repeat
transmembrane 2 (LRRTM2), a cell adhesion molecule that
binds postsynaptic PSD-95 and presynaptic neurexin, has
recently been demonstrated to be vital in regulating this pre-
and post-synaptic alignment. The acute proteolytic cleavage
LRRTM2, disrupting extracellular neurexin binding, led to the
rapid repositioning of AMPARs away from RIM nanodomains,
specifically reducing the amplitude of evoked PSCs while
spontaneous release was unaffected. The enrichment of LRRTM2
in the nanocolumn upholds release and receptor nanoclustering
by facilitating the alignment of AMPARs for evoked release
(Ramsey et al., 2021). Ultimately demonstrating LRRTM2 as a
structural link mediating the trans-synaptic alignment necessary
for evoked neurotransmitter release (Figure 2). The bias of
these defined nanocolumns toward one mode of release bolsters
the premise that different modes of release activate different
postsynaptic receptors and provides a substrate for plasticity.
However, multiple questions still remain. First of all, synaptic
nanostructure has been shown to facilitate evoked release,
however, it is unknown if there are molecular platforms in
place to support spontaneous release. Furthermore, are there
other trans-synaptic molecules enriched in nanocolumns? If
so, what is their role in development? In addition, are there
other mechanisms besides direct interactions supporting pre-
and post-synaptic domains, i.e., steric hinderance (Biederer
et al., 2017) that impact nano-organization? Lastly how does
this synaptic nanostructure relate to synaptic vesicle pools?
As discussed above synaptic vesicle pools are defined by their
molecular identity but how do nanodomains traffic and facilitate
release at distinct fusions sites of molecularly diverse synaptic
vesicles?

Recent development of a system that allowed for stimulation
followed by the immediate high-pressure freezing of the
sample, “zap-and-freeze,” allowed for the spatial and temporal
analysis of both synchronous and asynchronous release at
the active zone. Series of electron micrographs of synaptic
ultrastructure revealed a distinct spatial organization of
vesicle fusion following stimulation, with synchronous release
happening throughout the active zone and asynchronous
release, vesicles that fuse 11 ms after stimulation, concentrated
at the center (Figure 2; Kusick et al., 2020). The functional
significance of this segregation of action potential induced
release was investigated in regard to subtypes of glutamate
receptors that have a heterogeneous organization on
the post synapse.

Excitatory synapses typically express three subtypes of
glutamate receptors; NMDARs, AMPARs, and metabotropic
glutamate receptors that display a centralized, peripheral, and
dispersed organization within the PSD, respectively (Goncalves
et al., 2020). The location of NMDARs is of particular
interest due to the necessity of not only glutamate binding
but postsynaptic depolarization, to relieve magnesium pore

blockade, for receptor activation (Seeburg et al., 1995). The
ultrastructural analysis of synaptic fusion pits and postsynaptic
receptors delineated AMPARs cluster at the periphery and
NMDARs at the center of the PSD. Further computer modeling
revealed the spatial organization of fusion sites with specific
receptors, where asynchronous release is privileged adjacent
to where NMDARs are localized (Li et al., 2021). The
temporal difference of synchronous and asynchronous release
is suspected to facilitate NMDAR activation. Thus, providing
new evidence deviating from the canonical view of NMDAR
activation via spike timing dependent plasticity but NMDAR
activation in the same active zone by the same spike due
to the trans-synaptic alignment of release sites and receptors
(Li et al., 2021).

These studies outline a synaptic organization of nanocolumn
clusters supporting evoked release where asynchronous
release is preferentially localized to the center of the synapse
and spontaneous release happening throughout the synapse
(Figure 2). Modular nanocolumn synaptic organization implies
a design principle that may ultimately mediate the segregation
of release, shape synaptic efficacy, determine neurotransmission
reliability, and tune plasticity.

FUTURE DIRECTIONS: TECHNOLOGY
AND TOOLS

The largest challenge with understanding the ultrastructure
of the synapse in relation to neurotransmission is synaptic
structures are too small for traditional light microscopy
methods while physiological processes are fast and dynamic
(Biederer et al., 2017). Use-dependent pharmacology to
investigate the segregation of release primarily at excitatory
hippocampal synapses have set the stage for advanced
techniques to uncover synaptic nanostructure. However,
these fundamental techniques should not be overlooked but
employed to study inhibitory synapses as well as other synapse
types to form a complete picture of synaptic organization
throughout the brain.

The advent of super resolution microscopy has allowed
us to overcome the diffraction limit of light and probe
the nanoscale organization of the synapse with fluorescence
microscopy. In addition, cryogenic electron microscopy (cryo-
EM) techniques allow for the visualization of molecules providing
great insight into the morphology of cells and confirmations
of proteins. However, at this point cryo-EM does not endow
the molecular specificity that fluorescence microscopy offers,
and super resolution microscopy does not provide high
resolution characterization of synaptic ultra-structure. Whilst
super resolution microscopy and cryo-EM are great imaging
tools, they do not provide the temporal resolution needed to
see physiological synaptic processes in real time. Therefore,
electrophysiology still has paramount importance and utility
today due to its unparalleled temporal resolution, making it a
technique that should be employed in addition to imaging to
understand fundamental organizing principles of the synapse.
An approach that has recently linked synapse nanostructure
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to function is cryo-EM visualization of synaptic vesicle fusion
coined “zap and freeze” (Kusick et al., 2020). One of the largest
draw backs of EM is it cannot be conducted on live tissue.
Nevertheless, this method has been used to characterize synaptic
ultrastructure directly following stimulation by reconstructing a
series of events from snapshots (Kusick et al., 2020). However,
it remains a challenge to visualize spontaneous release using
these approaches as these fusion events are not under the
experimenter’s control.

In order to fully elucidate the function of synaptic nanoscale
organization, methods that provide molecular information as
well as the monitoring of synaptic vesicle release and retrieval
must be used in parallel. Nanometer level resolution has changed
the field of neuroscience giving us the tools to further study
how synaptic nanostructure underlies function, however, novel
tools and further insight are necessary to causally link these
nano-structural elements to synaptic signaling.
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