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Asymmetry Between Pre- and Postsynaptic
Transient Nanodomains Shapes
Neuronal Communication
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Highlights
Nanodomains are regions of transient
aggregation and retention of diffusing re-
ceptors or channels.

The shape of nanodomains changes in a
timescale of hundreds of milliseconds to
tens of minutes depending on their loca-
tion in pre- or postsynaptic compart-
ments, respectively.

Many trajectories from SPT experiments
allow identification of a nanodomain as
a regionwhere their displacement (veloc-
ity field) converges.

The stability of nanodomains determines
the residence times of channels and re-
Synaptic transmission and plasticity are shaped by the dynamic reorganization
of signaling molecules within pre- and postsynaptic compartments. The nano-
scale organization of key effector molecules has been revealed by single-particle
trajectory (SPT) methods. Interestingly, this nanoscale organization is highly het-
erogeneous. For example, presynaptic voltage-gated calcium channels (VGCCs)
and postsynaptic ligand-gated ion channels such as AMPA receptors (AMPARs)
are organized into so-called nanodomains where individual molecules are only
transiently trapped. These pre- and postsynaptic nanodomains are character-
ized by a high density of molecules but differ in their molecular organization
and stability within the synaptic membrane. We review the main properties of
these nanodomains, as well as the methods developed to extract parameters
from SPT experiments. We discuss how such molecular dynamics influences
synaptic transmission. The nanoscale organization of active synapses opens
new insights into the dynamics and turnover of molecules as well as casting
light on their contributions to signal transfer between individual neurons.
ceptors, and contributes to the reliability
of synaptic transmission.

Nanodomains may shape nanocolumn
alignment in the synaptic cleft.
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Dynamic Nanoscale Organization of Chemical Synapses
Neuronal networks are connected via chemical synapses (see Glossary) which constantly
change their properties over time, depending on their individual history of activation. The proba-
bilistic nature of synaptic transmission is an inherent property which seems to influence the com-
putational capacity of neurons in the brain [1,2]. The structural and functional mechanisms that
maintain flexible synaptic connections between neurons are a key element to guarantee the plas-
ticity of neuronal networks. Interestingly, synapses along individual axons are highly diverse [3]
even if they contact the same type of target cells [4,5]. This heterogeneity was proposed to be
crucial for the performance of recurrent networks, for example in the CA3 region of the hippocam-
pus [6]. Specifically, the number and diversity of synapses are important for cognitive processes
such as retrieval of information, episodic memories, and pattern completion [6,7].

With the advent of super-resolution microscopy that enables the localization of individual mole-
cules, it became possible to explore the subsynaptic organization and resolve the dynamic orga-
nization of signaling molecules. In particular, this approach has made it possible to address the
fundamental question of how the molecular organization of synapses can ensure two opposite
properties: plasticity and stability. In most synapses, the pre- and postsynaptic compartments
are composed of an active zone (AZ) and a postsynaptic density (PSD), respectively. On
average, synapses represent patches of 200–500 nm in diameter on the opposing pre- and post-
synaptic membranes. These regions contain a finite number of effector molecules such as ion
channels and receptors that mediate the signal transduction. A growing body of evidence
shows that receptors, voltage-gated ion channels, adhesion molecules, and underlying scaffold
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Glossary
Active zone (AZ): a region within the
presynaptic bouton where SVs are
docked and primed before they are
released.
AMPA receptors (AMPARs):
α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors,
ionotropic transmembrane receptors for
glutamate that are located within the
postsynaptic terminal.
Chemical synapses: local contact
zones between neurons where signaling
molecules are accumulated. Synapses
allow neuronal communication by
transforming electrical information into
neurotransmitter release, which
activates postsynaptic receptors. These
receptors convert the chemical signal
into a local change of membrane
potential.
Diffusion: collective motion of
Brownian particles generated by thermal
noise.
Drift velocity: velocity induced by a
deterministic force at a given location.
Energy barrier: energy that must be
overcome by a trajectory to escape from
a potential well.
Nanocolumn: a multiple alignment of
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proteins are organized into nanodomains, as previously predicted frommodeling studies [8–10]
and that have been confirmed experimentally [11–18]. The number of nanodomains, best inves-
tigated for postsynaptic receptor populations, depends on the developmental stage of a synapse
and its history of activation [18–20].

In parallel to the nanodomain structural feature, individual receptors, adhesion molecules, and
voltage-gated calcium channels can undergo fast displacement to exit or enter a nanodomain.
Such displacements are in the range of few tens of nanometers within a time-window of tens of
milliseconds, and influence short- and long-term plasticity [13,18,21]. Combining imaging and
computational approaches allows quantification of specific parameters of themolecular organiza-
tion and function of synapses.

In this reviewwe focus on the dynamics of nanodomains, plastic structures that play a central role
in sustaining synaptic function. Individual molecular trajectories are used to estimate the proper-
ties of these nanodomains: the confinement time of receptors, energy, size, and stability over time
that ensure synaptic transmission and plasticity. We describe the pipeline from imaging to data
analysis. Note that the molecular organization underlying the presynaptic dynamics of synaptic
vesicles (SVs), which contributes to synaptic plasticity, was the subject of a recent excellent re-
view [22]. Similarly, the physical laws and stochastic nature of synaptic transmission were recently
discussed and reviewed [23–25,48].

Nanodomains Emerge from a Large Volume of RedundantMolecular Trajectories
Revealing the heterogeneity of molecular organization is certainly the most striking achievement
of single-particle trajectory (SPT) analysis (Box 1 for methods). Segmenting trajectories
SVs in the presynaptic terminal with a
cluster of receptors on the postsynaptic
terminal.
Nanodomain: a domain defined as the
accumulation of many independent
trajectories that indicate a region of high
molecular density.
Postsynaptic terminal: the
membrane region opposing the
presynaptic terminal, and which has an
enriched density of receptors that are
sensitive to the presynaptic released
transmitter.
Postsynaptic density (PSD): a region
of high density where receptors are
located on the postsynaptic side of a
synapse.
Potential well: a bounded high-density
region characterized by a deterministic
converging field of forces.
Presynaptic terminal: a region on an
axon or at the end of an axon where SVs
accumulate and where transmitters are
released by the opening of VGCCs or by
spontaneous SV fusion.
Residence time: the mean time that a
trajectory remains inside a nanodomain
before escaping.
Single-particle trajectory (SPT)
analysis: a method in which individual
labeled molecules are followed over time
under the microscope. Crucial

Box 1. How Are Nanodomains Visualized and Quantified?

Nanodomains that modulate VGCC positioning have been studied using calcium imaging, calcium buffers (EGTA vs
BATPA), and computational modeling. In the context of SPT experiments, several methods have been developed to obtain
sufficient numbers of trajectories from individual molecules within a subcellular domain. A key parameter of SPT experi-
ments in addition to the monovalency of the probe is the length of the trajectories, which depends on the properties of
the label employed (individual fluorophores, latex beads, or gold particles) and the optical methods used to follow the
probe over time. Fluorescence-based approaches are often employed for SPT experiments, either using stochastic con-
version of fluorophores (such as mEOS in photoactivation localization microscopy, sptPALM) [40] or stochastic labeling of
membrane-associated molecules (as in UPAINT [39]). Both approaches are based on illumination of a reduced probe vol-
ume to optimize the spatial resolution of total internal reflection fluorescence (TIRF) microscopy or ultrathin light-sheet mi-
croscopy. Moreover, the temporal resolution is limited by the available number of photons from single fluorescent
molecules, which limits the length of the trajectories. The collected data do not allow to individual molecules to be directly
assigned but generally contain a sufficient number of recurrent events to establish trajectories.

New approaches optimizing the use of available photons from fluorescent probes {e.g., Minflux [100] and interferometric
scattering (iSCAT) microscopy of endogenous unlabeled molecular structures [101]} achieve up to 100-fold higher tempo-
ral resolution by retaining nanoscale spatial resolution. These methods promise to bring SPT experiments to a spatial and
temporal resolution where molecular interactions can be observed in real time.

Once trajectories are collected in the first step, in the next step nanodomains are detected as regions of trajectory accu-
mulation. The main characterizations comprise finding the center, computing the field of velocity, and showing that the tra-
jectories converge at one point. The most difficult part is the detection of the exact location of the boundary, especially for
domains of ~80 nm.

The redundancy of trajectories plays a fundamental role in this process byminimizing the effects of noise (instrument noise,
localization error, mobility error, etc.) on the geometric features of the well. Small nanodomain boundaries are approxi-
mated by a circle or an ellipse. The final step is to compute the energy from trajectories entering the nanodomain. The
mean diffusion coefficient is approximated as uniform in such a small domain. Using the diffusion coefficient value and
the size of the nanodomain (or potential well), we can estimate the residence time of a trapped molecule, which provides
information about the stability of the well for retaining molecules.
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parameters are label size and stability, as
well as the density of individual
moleculeswithin the cell membrane. The
precision of tracking depends on
localization accuracy as well as on the
temporal resolution. Most SPT methods
(for example sptPALM) compromise
between temporal and spatial resolution,
leading to a coarse-grained
representation of molecular motion over
time. Trajectories are reconstructed
using a tracking algorithm.
SNARE complex: a molecular
complex that mediates docking,
priming, and fusion of SVs with the
presynaptic membrane.
sptPALM: single-particle tracking
photoactivated localization microscopy,
a fluorescence microscopy imaging
method that allows the detection of
SPTs based on the stochastic emission
of fluorophores coupled to individual
molecules.
Synaptic vesicles (SVs): organelles
that are constantly recycled at synapses
and that contain neurotransmitters for
release during synaptic transmission.
SVs fuse to the plasma membrane
during neurotransmitter release.
UPAINT: Universal point accumulation
for imaging in nanoscale topography, a
fluorescence microscopy imaging
method that utilizes dynamic imaging of
continuously labeled molecules.
Voltage-gated calcium channels
(VGCCs): a class of voltage-sensitive
channels that are permeable to calcium
ions, the key effector ions that trigger SV
fusion and neurotransmitter release.

Trends in Neurosciences
(Figure 1A) in confined and unconfined states has confirmed a continuous change in the steady-
state organization of individual molecules. Interestingly, confined behavior is a property of the me-
dium itself because it is found in independent overlapping trajectories. This finding demonstrated
that the heterogeneous organization of small subcellular compartments can be sampled by the
stochastic motion of molecules. Whether the underlying motion is free diffusion or a more com-
plex motion pattern has remained an important question that can be addressed by combining the
statistical properties of trajectories. One example is the organization of store-operated calcium
channels, where the pore-forming subunit (ORAI) in the plasma membrane interacts with the cal-
cium-sensing protein STIM in the membrane of the endoplasmic reticulum (ER) [26]. To form the
functional complex, STIM and ORAI molecules aggregate in membrane-membrane contacts
which allow channel opening and refilling of intracellular calcium stores. Thus, upon activation,
both STIM and ORAI molecules transiently change their diffusion profiles. In addition to their tran-
sient confinement, individual dynamics crucially impacts on the speed of complex formation and
determines the probability that the STIM and ORAI complexes will meet and interact. More
generally, transmembrane molecules such as receptors, adhesion molecules, voltage-gated
calcium channels (VGCCs), and SNARE complex proteins at both sides of the synapse
[12,16,27], and postsynaptic AMPA receptors (AMPARs) [17], GABA receptors (GABAARs)
[28], neuroligin [15], α-neurexin [13,14], VGCCs [29], syntaxin 1A, glycine receptors [30], and
NMDA receptors (NMDARs) [18] can form transient nanodomains; this is the central focus of
this review.

What Is a Nanodomain?
A nanodomain is defined empirically as a region of few tens to hundreds of nanometers in size
where the trajectories of individual molecules are confined and accumulated (Figure 1A and
Box 1; see also https://youtu.be/1rdeSzkWBEQ). In synapses, the concept of nanodomain orga-
nization was initially introduced to characterize the coupling between calcium channels and SVs
during synaptogenesis [31]. The exact physical properties how molecules and particular VGCCs
organize into nanodomains are not fully understood. Several mechanisms have been suggested,
including long-range effects of scaffold proteins, interactions with cytoskeletal elements, interac-
tions with the extracellular matrix, membrane–membrane contacts, and long-range membrane
curvature-induced confinement [32,33]. However, can individual molecular interactions resolve
the nature of confinement? Most confined proteins could be forced to stay together by a plurality
of contributing elements, and it remains difficult to resolve their contributions: local molecular in-
teractions are effective within a range less than tens of nanometer, and thus cannot explain long-
range interactions over hundreds of nanometers. Other contributing mechanisms could involve
charged unstructured proteins, membrane curvature, scaffolding organizations, and probably
more. Developing a sensitive measure of the strength of a confinement could help in translating
these structural features into a physiological context. One approach to quantify the strength of
nanodomains has been developed by estimating the field of forces that are hidden in the
Brownian behavior of many trajectories. A confined motion can be characterized by a combina-
tion of several parameters: local diffusion coefficient, length of confinement, and the residence
time of a trajectory inside a nanodomain. Note that a reduction of the diffusion coefficient in a
nanodomain can be obtained theoretically by increasing the density of impenetrable obstacles
[34,35], but cannot be produced by long-range deterministic forces because diffusion is gener-
ated by random collision not by deterministic forces.

To identify a nanodomain, a large number of redundant trajectories passing through the same po-
sition many times is needed (Figure 1A). In early SPT experiments, single trajectories were ana-
lyzed so as to observe individual molecules for as long as possible to generate individual
molecule-based information only from non-overlapping trajectories [36–38], from which it was
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not possible to extract biophysical parameters about themembrane. The collected statistics were
correlated to markers for pre- and postsynaptic structures along the trajectories, pooling all infor-
mation within time-intervals or within a single parameter such as the diffusion coefficient. It was
already recognized that the heterogeneity within individual trajectories is probably a function of
the location of synaptic molecules. By recording many short trajectories for many molecules
using methods such as sptPALM or UPAINT [39,40], many redundant trajectories were recon-
structed (Box 1). These data havemade it possible to begin to retrieve the organization of the local
environment (cytoplasm, membrane) that is explored by individual molecules.

High-density regions are identified by plotting the density of points irrespectively of the arrow of
time [12,13] (Figure 1). In addition to technical issues such as localization accuracy and
fluorophore blinking [41], these high-density regions cannot be obtained by simply
increasing the density of obstacles, but are further characterized by a converging field of velocity
(Figure 1B) [13,27,42,43]. This specific structure suggests that there is a local membrane organi-
zation that attracts trajectories at hundreds of nanometers distance and confines them. Indeed,
nanodomains are located at strategic positions and correlate with synaptic structures such as
the presynaptic AZ and postsynaptic dendritic spines. In the case of inhibitory or excitatory syn-
apses, scaffolding proteins partially contribute to this process [12,27,42], suggesting that several
redundant mechanisms contribute to synaptic organization.

A crystal-like organization, as revealed for scaffold proteins in inhibitory synapses [30], could only
create nanodomains a few nanometers in size [44]. Thus, to confine molecules at the 100 nano-
meter scale, a further level of organization is necessary to create long-range forces.

How Are Nanodomains Characterized?
It is not enough to characterize nanodomains as a high density of points. A crucial property for
their functional relevance is the force that maintains this structure over time. A drift velocity
TrendsTrends inin NeurosciencesNeurosciences

Figure 1. Voltage-Gated Calcium Channel (CaV) Nanodomains Revealed by Single-Particle Trajectories. (A) Examples of CaV trajectories along axons of
hippocampal neurons: the two insets show (i) multiple clustered trajectories, (ii) the density of points, (iii) diffusion coefficients (Diff. Coeff.), and (iv) the drift field,
indicated by converging arrows. (B) Rows: three nanodomains (high-density regions); left/right: trajectories and vector fields. Figure adapted, with permission, from [13].
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analysis revealed a converging arrow with a center where the domain is generally approximated
as an ellipse (Figure 1B). However, onemajor difficulty is to determine the exact boundary [45] and
the nature of the motion at the boundary, which could be divided into regions where trajectories
are reflected [46].

Once the geometric parameters and the effective diffusion coefficient of a nanodomain have been
estimated, it is possible to compute its associated energy in kT (Figure 1C), similar to that of a
chemical interaction. This energy characterizes the strength of the well in retaining particles and
allows evaluation of how long individual molecules stay within such a nanodomain [34]. Indeed,
a classical measure of the stability of a nanodomain is the mean residence or dwell time of a par-
ticle inside the domain. This concept was introduced more than 80 years ago and has been de-
veloped over decades in the physics literature [44,47]. The escape time from a field of force
specifically depends on the energy (potential barrier, the difference of the energy between the
boundary and the center of the well), the diffusion coefficient, and the geometry of the domain
such as its size. This concept is at the base of chemical physics and has been extended to sub-
cellular nanodomains: for example, the time to escape from a nanodomain with a constant flat
potential well is given in Equation 1.

τ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πγ
D

π j Ω j
ω⊥ j ∂Ω j e

EjkT
s

½1�

where E is the energy barrier, k is the Boltzmann constant, T the temperature, γ the viscosity, D
the diffusion coefficient, ∣Ω∣ (resp. ∣∂Ω∣) is the surface (resp. the boundary length) of the
nanodomain, and ω⊥ is a constant that represents the frequency of the potential barrier perpen-
dicular to the boundary [46].

It is also possible that the residence times of individual diffusing molecules are correlated
with one another. In that case, the mean escape time is not sufficient to characterize the
strength of a given nanodomain because the residence time could now depend on their
concentration, as predicted theoretically in [48]. Because the residence time depends on
the number, the binding rate, and the time to escape the nanodomain, it could be tempting
to determine the residence time by using only the statistics of many single trajectories with-
out any physical models. A problem that arises at this point is that the length of trajectories
is in most cases largely insufficient because of photobleaching of the fluorophore, which can
lead to underestimation of trajectory length. Hence, the statistics of many short trajectories
should be combined in a model to define the location of the boundary of the nanodomain
and to evaluate the physical quantities. In summary, a nanodomain is a complex structure
that attracts trajectories within hundreds of nanometers. Their analysis reveals the residence
time and the strength by which molecules are retained. The energy of a nanodomain mea-
sures its stability over time.

Once a nanodomain has been identified, one can also extract its stability over time using a time-
lapse analysis (Figure 2A,B) based on overlapping a sliding window of tens of seconds. Only a
fraction of trajectories inside the time-window will be used for the statistical analysis and will profit
from the recurrent blinking behavior of fluorophores. Provided that there are enough trajectories,
the change in the quantities (such as the energy and the morphology of the well) over time reveals
how dynamic the nanodomains are (Figure 2C). Using this approach, we have found that
nanodomains differ in their stability over time and are able to move and deform [13,27]. For exam-
ple, VGCC (for short CaV2.1Δ47 and long CaV2.1+47 splice variants) wells remain stable with a
mean time of 30 s (Figure 2D).
Trends in Neurosciences, Month 2020, Vol. xx, No. xx 5
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Figure 2. Nanodomains Correlated with Synaptic Calcium Transients. (A) Axonal branches transfected with GCamp::synaptophysin and CaV2.1Δ47::mEOS2. (B)
Individual presynaptic calcium responses to a brief 4-aminopyridine (4AP)-like stimulus with 50 ms interstimulus interval for selected synaptic boutons in panel A. (C)
Localization map of CaV trajectories (CaV2.1Δ47::mEOS2 molecules) within the indicated region from panel A. (D) Shown are color-coded individual reconnected
trajectories of CaV2.1Δ47::mEOS2 molecules. (E) Magnified synaptic regions corresponding to the selected synapses. The circle represents wells identified for the three
examples and vector fields where arrow lengths are proportional to the velocity. 3D representation of parabolic potential wells and their associated energies in kT.
Figure adapted, with permission, from [13].
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What Are the Roles of Nanodomains?
The most obvious function of nanodomains is to retain diffusing molecules, for example
channels or receptors, at a specific location. They probably maintain a steady-state number
of channels or receptors. Another role of nanodomains could be to anchor a fraction of mole-
cules close to their optimal location to achieve a physiological function, as suggested for
AMPARs trapped in endocytotic pits, which can be liberated during synaptic plasticity to
enter the postsynaptic density [49]. Similar ideas were proposed for clusters of voltage-
gated potassium channels (KV2.1 and KV2.2) which contain hundreds of non-conducting
channels provided that they are in contact with the ER membrane via VAMP-associated
proteins (VAPs). The formation of a KV2.1 cluster is phosphorylation-dependent and conditions
such as hypoxia/ischemia lead to liberation of conducting channels from the cluster [50,51].
Hence, transient trapping depends not only on the number of binding partners (e.g., scaffolding
molecules) but also on the mechanism of molecular exchange. These confining mechanisms
define the average dwell time within nanodomains that can be extracted without precise spec-
ification of the interacting partners based on data obtained from super-resolution experiments
(sptPALM or UPAINT). Finally, nanodomains induced by VGCC accumulation at synapses
(Figure 3A) are associated with local calcium transients (Figure 3B–D) and thus could
regulate their amplitude by forcing cooperativity (coactivation of individual channels) within
the presynaptic terminal [52] or by induction of cooperative gating by calcium-induced
channel linking via calmodulin [53].
6 Trends in Neurosciences, Month 2020, Vol. xx, No. xx
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Figure 3. Transient Nanodomains. (A) Dynamics of wells over time (CaV2.1 splice variants and CaV2.2) within the presynaptic membrane. Regions of high density can
change shape, drift, and new regions can appear and disappear. (B) Changes in the energy and size (for the two main axes a and b of the ellipse) of potential wells
associated with the nanodomains shown in panel A. (C) As in A with a final overlap of the wells for CaV2.1Δ47 (green) and CaV2.1+47 (red). (D) Time distribution of well
duration (τw) as a measure of their stability. Figure adapted, with permission, from [13].
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HowDoes Nanoscale Confinement of Receptors and Channels Contribute to Synaptic Function?
Are the dynamics of individual molecules relevant for synaptic function? VGCC clustering near
SVs was reported to be associated with high release probability, reliable synaptic transmission,
and differentiation of temporal information [24,52,54–59]. By contrast, a uniform distribution of
VGCCs at a variable distance from SVs is associated with a lower release probability, as well as
stochastic and asynchronous release, that define the temporal integration properties of synapses
[1,52,58]. Thus VGCC nanodomains (revealed by a high density of trajectories in Figure 3A–D) at
synapses could be crucial in maintaining a necessary VGCC density in close proximity to SVs but
also to ensure that the calcium influx accumulates and compensates for kinetic properties
(steady-state inactivation) of VGCCs. This suggests that there could be a variety of VGCC
nanodomains: some allowing VGCCs to move uniformly in the domain whereas other very
steep domains (measured by their local energy; Figure 3E) restrict their motion and increase
the reliability of transmitter release. To conclude, by changing the size of a VGCC nanodomain,
a synapse could modulate the release probability. Thus, it seems obvious that VGCC
nanodomains influence the local transient concentration of VGCCs and local calcium transients,
and contribute to the heterogeneity of synaptic transmission [60].

Beyond Nanodomains
It is often difficult to obtain an exact characterization of a region explored by SPTs that does not
attract SPTs by exerting a deterministic force. Molecules are generally reported to show free
Brownian motion. However, there are some exceptions: a persistent drift was reported in a sub-
population of spine necks within postsynaptic spines of glutamatergic synapses which could alter-
nate after a fewminutes [27]. In addition, an alternating flowwas found in tubules of the ER network
[61]. For all other cases (in the absence of flow or converging forces), it remains an open question
how the dynamics of trajectories is linked to the structural and molecular organization of the mem-
brane. In particular, the organization of a membrane containing impenetrable obstacles cannot
generate confined nanodomains but changes the effective diffusion coefficient. The density of ob-
stacles can be estimated from changes in the diffusion coefficient based on many trajectories [34].

Nanodomains in Pre- versus Postsynaptic Terminals
Within synapses, the nanoscale organization of molecules can be directly linked to their function in
neuronal activity. However, presynaptic VGCCs and postsynaptic AMPARs show substantial dif-
ferences in their nanodomain dynamics and the dwell time of individual molecules, as we shall il-
lustrate by two examples.

Nanodomains in the Presynaptic Terminal
There are one or more AZs within the presynaptic membrane of most cortical synapses, and each
AZ has several individual release sites that define the number of releasable SVs [62]. The number of
release sites ranges from 4 to 15 [22] and the timecourse of SV turnover depends on the action of a
complex molecular machinery that sets the temporal boundaries for SV delivery and recycling
[25,63–65]. SV fusion depends on the association with the SNARE complex. The plasma mem-
brane-associated SNARE protein syntaxin 1A has been identified to organize in nanodomains
which can be altered in their organization and composition by activity [29,66]. The mechanism of
formation depends on association of syntaxin 1A with plasma membrane lipids based on hydro-
phobic and ionic interactions between syntaxin transmembrane domains and lipids [67]. These
mechanisms are suitable to prepare for rapid SV release and reassembly during high-frequency
synaptic transmission, and thus contribute to dynamic reorganization during synaptic activity [25].

To trigger the release of SVs, the distance between release sites and VGCCs is the predominant
variable for the last and fastest step of evoked SV release (0.5–1 ms) [63]. Other parameters such
8 Trends in Neurosciences, Month 2020, Vol. xx, No. xx
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as the calcium sensitivity of the vesicular calcium sensor, the intracellular calcium buffering capac-
ity, and VGCC kinetic properties modulate the coupling between SV and VGCCs, which has been
explored for several synapses [56–58,68–72]. The organization of VGCCs with respect to the re-
lease sites is classically investigated by manipulations of available free calcium ions using calcium
chelators with different binding properties [73], thus allowing synapses to be classified as being
tightly (b20 nm) or loosely (N20 nm) coupled. This means that, for action potential-evoked SV re-
lease, only the position of available VGCCs is crucial. The spatial relationship between SVs and
calcium channels at the moment of release (which occurs on a timescale of b1 ms) can be con-
sidered to be static. However, ~60% of VGCCs localized within the presynaptic membrane have
been reported to bemobile [14], and each SV fusion event imposes an addition of membranema-
terial, inducing local reorganization within the AZ. Nevertheless, how do synapses maintain a spe-
cific coupling distance between VGCCs and SVs? Constant reorganization of VGCCs as a result
of their local dynamics and the position and size of the nanodomains that retain VGCCs are cer-
tainly crucial [13,14], but the exact relationship between VGCC nanodomains and SVs remains
unclear. How stable are VGCCs in the synaptic membrane during synaptic activity?Within hippo-
campal synapses, we estimated that ~9 VGCCs could be transiently confined in 1–2
nanodomains and dwell there for a time interval of ~100 ms [13], much longer than triggering
SV release from an invading action potential. How can these nanodomains of VGCCs influence
SV release? Two models are currently favored. First, the perimeter model implies tight coupling
between VGCC clusters that are surrounded by SVs [57]. Second, the exclusion zonemodel pro-
poses a defined distance of N20 nm between VGCC clusters and SVs [74]. Measurements of the
mean number of release sites suggest that 4–10 are present in the AZ of a hippocampal synapse
positioned at amean distance of ~90 nm [22]. This further suggests that each VGCC nanodomain
may be coupled to several release sites. The mean dwell time of ~100 ms within a nanodomain,
as well as the estimated number of ~9 VGCCs per nanodomain, indicate that a substantial frac-
tion of VGCCs are located outside nanodomains [13]. Hence, nanodomains primarily maintain a
critical number of VGCCs to reliably trigger SV release, whereas VGCCs outside nanodomains
might instead participate in spontaneous SV release by stochastic opening of the channel or by
SV recycling [75–78]. The possibility that VGCCs can enter and leave nanodomains may serve
two functions. First, it can equilibrate the fraction of inactivated VGCCs within the nanodomain.
Second, it allows the distance between VGCCs and SVs to be modulated to trigger their evoked,
spontaneous, or asynchronous release. However, how can such a specific coupling distance be-
tween individual VGCCs and SVs bemaintained within nanodomains? Reported interactions with
scaffold proteins, SNARE proteins, and auxiliary calcium channel subunits ([79,80] for recent
reviews) can potentially affect VGCC–SV coupling. However, individual binding sites could define
the coupling distance or dwell time of VGCCs within nanodomains. We studied the impact of
molecular interactions of VGCCs and scaffold proteins by investigating the organization and
functional impact of C-terminal splice variants of the pore-forming VGCC α1 subunit of CaV2.1
(P/Q-type) channels [13]. This allowed us to probe whether gain or loss of channel–scaffold
interaction impacts on the SV release properties of the synapse. Surprisingly, the full-length
VGCC C-terminus (expressing additional interaction sites) seems not to tighten the connection
between SVs and VGCCs (CaV2.1) but instead induces an exclusion zone. By contrast,
splicing-dependent loss of the distal C-terminus allows the channel to approach closer to SVs
closer, as evidenced by a significantly higher release probability at synapses dominated by the
short C-terminal splice variant [13].

To conclude, the dynamic organization of the AZ allows VGCCs to move between nanodomains.
Their contribution to evoked SV release depends on their individual interactions with, for example,
scaffold proteins, and hence tunes the probability of SV fusion within a timescale of milliseconds
to seconds which has a profound impact on short-term plasticity [13].
Trends in Neurosciences, Month 2020, Vol. xx, No. xx 9
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Nanodomains in the Postsynaptic Terminal
The presence and function of postsynaptic nanodomains of AMPARs has been reviewed exten-
sively in excellent recent reviews [79,81]. We only briefly recapitulate the description of
nanodomains in the postsynapse to compare them with presynaptic organization. Nanodomains
in postsynaptic terminalswere initially described theoretically as trapping potential well regions
[46], and later on were confirmed experimentally using SPTs in excitatory [18,27] and inhibitory
[42] synapses. The size of these nanodomains was first thought to be about 200–300 nm, a re-
gion where AMPARs remain for seconds to minutes [27]. Probing AMPAR nanodomains with
several imaging techniques revealed smaller (80–100 nm) but stable (minutes to hours)
nanodomains containing about 20 receptors [12]. These smaller nanodomains were detected
using the density of points, but not the displacement of trajectories, where temporal causality is
crucial to estimate the drift and the energy of the nanodomain. The number of these nanodomains
ranges from 1–3 per postsynaptic density and can be changed during synaptic plasticity [19]. The
link between these subdomain clusters and potential well-based nanodomains remains to be
established. Similar arrangements were found in GABAergic synapses [17]. Postsynaptic
nanodomains are localized within the center of the postsynaptic density and are partially depen-
dent on the interaction with underlying scaffold elements. Deleting scaffold components such as
PSD95, or scaffold interaction sites located either directly on the AMPAR or on their auxiliary sub-
units, only partially resolved the clustered organization of AMPARs [82–84], indicating multiple re-
dundant bounds with scaffolds and other proteins within the PSD, relatively similar to the
organization of the presynapse. The molecular composition of AMPARs within nanodomains is
heterogeneous and most likely synapse-specific, particularly in respect to subunit composition
and auxiliary subunits as TARPs, Shisa proteins, and cornichons [85–89] which impact on recep-
tor traffic, PSD interactions, and kinetic properties. Thus, the nanoscale clustering of AMPAR is
activity-dependent [90–92] and confirms modeling data on subsynaptic receptor organization
and their impact on the synapse performance over time [46,93]. With respect to NMDARs, they
also show stochastic motion that is regulated by neuronal activity [20], but the nanodomain orga-
nization characterized by electrophysiology, spectrometry, and freeze-fracture immunolabeling
showed that the number of NMDARs is independent of PSD size, with a diameter of ~176 nm
for the central NMDAR cluster, and it was estimated that there are ~20–30 NMDAR-type struc-
tures per PSD. NMDAR nanodomains depend not only on the composition of the receptor com-
plex but also on the developmental state of the synapse [18]. Although the three scaffolds PSD95,
PSD93, and SAP 102 are involved in maintaining AMPARs and NMDARs trapped at the PSD, the
nature of the nanodomains, their residence time, and a possible potential well-related PSD inter-
action can also be expected for NMDARs, but has not been yet investigated [94].

The Mean Lifetime of Nanodomains in Pre- and Postsynaptic Terminals Differs
Substantially
Although there is large variability in the composition of individual synapses, for an active cortical
synapse one might probably find 10–50 VGCCs on the presynaptic side, whereas there are
10–400 AMPARs on the postsynaptic side. In respect to the localization of their nanodomains,
nanodomains of VGCCs have also been frequently found outside presynaptic compartments
along the axon, whereas dendritic AMPAR-containing nanodomains are almost exclusively local-
ized at synapses and dendritic spines [27]. At postsynaptic terminals, drift-based nanodomains
have a radius 200–400 nm, whereas nanodomains in the presynapse are much smaller
(~80 nm). The energy of the wells, which characterizes their strength to retain receptors, is
3–6 kT and occasionally N8 kT for AMPARs, whereas it is 3–4 kT for VGCCs. The residence
time for AMPARs is a few to several minutes, whereas it is only ~120 ms for VGCCs (~4–5-fold
longer than free diffusion). This comparison clearly shows that the postsynaptic population of
AMPARs is much more stable than that of presynaptic VGCCs. In addition, AMPAR nanodomains
10 Trends in Neurosciences, Month 2020, Vol. xx, No. xx
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Table 1. Summary of Nanodomain Properties of Various Receptors and Channels

Channel/receptor Subcellular location Diffusion coefficient
(μm2/s)

Nanodomain
diameter (nm)

Nanodomain
(kT)

Mean time of molecules
in the nanodomain

Stability of the
nanodomain

VGCC (CaV2.1)
[13]

Presynaptic/axonal Dwell = 0.086 ~80 3–4 ~0.12 s (fourfold longer
than free diffusion)

~30 s

Sodium channel (Nav1.6)
[95]

Somatic/dendritic Dwell b0.06 ~230 1.6 ± 0.7 N30 minutes N30 minutes

AMPAR
[27]

Postsynaptic/dendritic Dspine = 0.049
Dshaft = 0.13
Dwell = 0.076

200–400 3–6; some
N8

Tens of seconds A few minutes to
tens of minutes

NMDAR [18] Postsynaptic DGluN2A = 0.001
DGluN2B = 0.03a

10–100b N.d.c N.d. N.d.

GlyR [42] Postsynaptic/dendritic Dwell = ~ 0.01
Ddendrite = 0.06

200–300 3–4; some
N6

1 s to tens of seconds N.d.

aThese data are from quantum dot labeled receptors and correspond to the colocalization with postsynaptic marker proteins.
bThese data are based on localization microscopy data after fixation and do not take into account molecular fluctuations over time.
cN.d., not determined.
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persist within the PSD for tens of minutes compared to 30 s for presynaptic VGCC nanodomains.
To conclude, postsynaptic receptors are retained much longer in nanodomains, whereas presyn-
aptic nanodomains of VGCCs are smaller and less stable (Figure 4 and Table 1).

Nanocolumn Organization Guarantees the Alignment of Pre- and Postsynaptic
Nanodomains That Is Necessary for Optimal Synaptic Transmission
The nanocolumn concept [10,11] originates from the alignment of pre- and postsynaptic scaf-
fold proteins, and proposes that VGCCs and receptors add to this structure to achieve an optimal
configuration for SV release sites in the presynaptic terminal and the distribution of the receptors
on the postsynaptic site. Indeed, the theory of diffusion in the synaptic cleft [48] reveals that these
two distributions should be concentrated at one point and as aligned as far as possible. This was
first anticipated numerically [8,9] for static receptor configurations and then for multiple columns
[10] where, in addition, the concept was extended to trafficking receptors, showing that scaffold
molecules should be concentrated at hotspots.

Comparing structures of scaffold proteins in the AZ and the PSD favored the idea of nanocolumns
[11], and adhesion molecules are probably the core element of these proposed structures.
However, several questions remain open: for example, how do such structures influence the
probabilistic nature of synaptic transmission, and how stable is a nanocolumn? Proteolytic cleav-
age of adhesion molecules is an instructive mechanism to ensure a flexible subsynaptic rear-
rangement of trans-synaptic organization [15,96]. The mechanism of activity-dependent
proteolytic cleavage of adhesion contacts and the flexible population of VGCCs and receptors
in nanodomains question the exact role and reliability of nanocolumn alignment, and support
the idea that synapse nanostructure is highly activity-dependent. Glial protrusions penetrating
into the cleft could interfere with synaptic alignment and probably disturb this alignment [97],
which could provide an additional example of fast changes in synaptic alignment. Another aspect
Figure 4. Schematic Representation of Pre- versus Postsynaptic Dynamic Organization. The presynaptic termina
contains multiple small CaV nanodomains (colored wells) with a lifetime of 30 s and a mean size of 80 nm. They can retain
receptors for 120 ms. Few channels (3–10) can be retained in the same nanodomain. This calcium nanodomain can
overlap with one or two docked vesicles (green) at most. Some of these nanodomains are apposed on the postsynaptic
side to a cluster of AMPARs, forming a larger nanodomain with a size of a few hundreds of nanometers that is stable ove
minutes. This large nanodomain can retain receptors for seconds before they escape to the rest of the membrane. CaV
and AMPAR nanodomains may form a nanocolumn alignment.
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Outstanding Questions
What combination of individual
interaction partners/scaffolds is crucial
to allow flexible transient confinement
of molecules such as receptors and
ion channels at synapses?

What defines the residence time of
molecules in pre- or postsynaptic
nanodomains?

Are nanodomains organized similarly in
inhibitory and excitatory synapses, and
is the phase-separation framework
well suited to describing them?

How are VGCC nanodomains re-
organized following vesicle fusion?

How do multiple nanodomains (such
as nanodomains associated with
VGCCs, adhesion molecules, and
SVs) overlap and interact?

How does nanodomain organization
affect synaptic transmission, and can
pre- and postsynaptic nanodomains
autoregulate themselves?

How do nanodomains finely tune
network rhythm, synchrony, or asyn-
chronous release?
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is alternative splicing, as exemplified here by VGCCs, but which is best known for adhesion mol-
ecules that impact on the nanoscale organization of synapses and their plasticity [98].

Multiple columns may function to isolate postsynaptic receptors from desensitization and allow
different active units to be present in a single synapse [10]. However, the mechanism of
nanocolumn alignment remains unclear. How many nanocolumns are needed, and where are
they placed? Are nanocolumns present during synaptogenesis? What happens during synaptic
plasticity? How stable are nanocolumns? Further investigations of the local arrangement of
trans-synaptic interacting molecules during synaptic activity will help to clarify such questions,
and may probably hint at strategies to interfere with synapse function by rearranging the molec-
ular composition of a synapse rather than by blocking receptors or ion channels.

Concluding Remarks
Membrane nanodomains are not simply ensembles of proteins that aggregate. They are regions
of high density that allow the circulation and retention of molecules. Nanodomains bring order to
surface trafficking, driven by diffusion, a process that does not require ATP expenditure. Thus, the
price to pay to use diffusion as the main driving force of motion with low targeting efficiency is
compensated by the presence of nanodomains that retain receptors and channels in the right
place (Figure 4).

A key characteristic of nanodomains is a structure that has low energy to keep receptors and
channels in place. This low energy allows molecules to be bound for transient periods ranging
from tens of milliseconds to tens of seconds. Such timescales are much longer than would be
produced purely by diffusion, but are short enough to allow significant redistribution within the
synapse. These molecular rearrangements maintain and adapt synaptic function in minimum
time to modulate neuronal activity patterns and short-term plasticity.

Finally, we have defined nanodomains as regions where for example VGCCs and AMPARs can
transiently enter and exit attracted by a field of force, not simply as aggregates. Thus, it is not
clear whether these domains could be interpreted as phase separation [99]. In most cases
these nanodomains are transients and should be able to change according to the demand for
synaptic plasticity. Future work should reveal how synaptic nanodomains are generated and
transformed or differ between populations of synapses, and this may call for refinement of the
concept of transient phase separation.
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