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Abstract: A detailed analysis of synapses as connecting
elements between neurons is of central importance to
understand the brain’s cognitive performance and its con-
straints. Nowadays, state-of-the-art optical methods make
possible to localize individual molecules in a living cell.
In particular, the dynamics of molecular composition can
be evaluated in smallest neuronal compartments, such as
pre- and postsynaptic membrane. The monitoring of the
distribution of receptors, ion channels, and adhesion mol-
ecules over time revealed their continuous stochastic mo-
tion. This is surprising, since the synapses are considered
as accumulation sites anchoring these molecules. The
direct manipulation of the lateral dynamics of glutamate
receptors, in combination with classical electrophysiolog-
ical approaches, demonstrated that such molecular dy-
namics is necessary for the induction of synaptic plasticity
and, in turn, is influenced by synaptic activity. Therefore,
the molecular dynamics requires further studies in the
context of the brain function in health and disease.
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Introduction

A fascinating feature of the brain is the ability to extract
from an ever-changing flow of sensory stimuli an infor-
mation, which is biologically relevant for a given organ-
ism. On one hand, the experience can be stored for future
reference as a memory trace, which can later be modified
by subsequent meaningful events, thus evolve over time.
On the other hand, brain has to retain the ability to trig-
ger quick immediate responses to environmental stimuli.
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Such a wide spectrum of responsiveness in various time
scales is an attribute of neuronal networks, in which the
neuronal excitability and synaptic contacts between indi-
vidual neurons play a crucial role. Neurons, together with
glial cells, are the building blocks of neuronal networks.
Being embedded in the network, each neuron receives sig-
nals from many other neurons via synaptic inputs, which
are located on the soma, but mostly on the extensively
branching processes called dendrites. For instance, a py-
ramidal cell in the CA1 region of the rat hippocampus was
found to have up to 30,000 glutamatergic (excitatory) and
1,700 GABAergic (inhibitory) synaptic contacts distributed
along dendritic branches of total length approx. 12,000 pm
(Megias et al., 2001). Therefore, a meaningful integration
of incoming stimuli represents a daunting challenge, with
the strength of individual synapses and their localization
being essential parameters. Inhibitory synapses are main-
ly located in proximal dendrites that are closer to the soma
and axonal hillock, whereas excitatory synapses are dis-
tributed along both proximal and distal dendrites (Gulyas
et al., 1999; Megias et al., 2001).

Dendritic structures can powerfully influence the
integration of synaptic information via various mecha-
nisms. The electric properties of dendritic membrane and
different expression of voltage-dependent ion channels
along the dendritic arbour can either amplify, or attenu-
ate the somatodendritic representation of individual syn-
apses (Tran-Van-Minh et al., 2015). However, the directed
transfer of information in the neuronal networks is deter-
mined primarily by the strength and the frequency of syn-
aptic activation. Short repetitive activation of a synapse
can lead either to facilitation, or to depression of synaptic
transmission that occur within a few milliseconds to sec-
onds. Depending on the pattern of activity, this can result
in long-term changes in the efficacy of synaptic transmis-
sion that can last for minutes and hours. The mechanisms
that can change the properties of synaptic transmission in
such a short time window are predominantly presynaptic
and involve the accumulation of calcium in presynaptic
terminal, reduction in ready releasable pool and retro-
grade signalling. However, postsynaptic mechanisms,
such as desensitization or saturation of postsynaptic re-
ceptors, can also play a role (Zucker and Regehr, 2002).
Rapid activity-dependent alterations at synaptic level
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are an important variable for storage of activity changes
over time and the short-term memory (Abbott and Regehr,
2004). Synaptic changes that occur over longer time in-
tervals are often dominated by postsynaptic mechanisms,
but can also be mediated by persistent alteration in the
presynaptic neurotransmitter release. The long-term func-
tional changes are often accompanied by structural mod-
ification of synaptic contacts and considered as cellular
correlate of learning and memory formation. Notably, the
transition between short-term and persistent changes in
the synaptic connectivity is gradual.

In early studies, it was observed that the direction of
short-term plasticity, such as facilitation or depression,
depends on the postsynaptic cell, which determines the
temporal integration of synaptic activity. This was demon-
strated first in crustacean motor neurons, where synaps-
es originating from the same neural fibre show different
short-term plasticity at different muscle fibres (Atwood
and Bittner, 1971). Later, similar observations were made
in primary neuronal cultures and in mammalian brain
(Bao et al., 2010; Branco et al., 2008; Markram et al., 1998;
Pouille and Scanziani, 2004), where terminals of one py-
ramidal cell contacting different populations of neurons
showed distinct short-term plasticity that varied among
postsynaptic targets. Furthermore, the localization, as
well as the molecular composition, of the synapse are cru-
cial for its function. These two parameters were consid-
ered for a long time as a very stable element of neuronal
networks. However, the kinetic properties of ion channels
and ionotropic receptors, the specificity of adhesion mole-
cules and synaptic modulation by metabotropic receptors
provide a plethora of potential mechanisms to explain the
synaptic plasticity. The observations of persistent syn-
aptic turnover (Attardo et al., 2015; Engert and Bonhoef-
fer, 1999) that depends upon the exchange (recycling) of
membrane-associated receptors (Kerchner and Nicoll,
2008; Kittler and Moss, 2003) gave a decisive impulse to
postulate the importance of the molecular dynamics as a
variable influencing both synaptic plasticity and integri-
ty of neuronal networks. First of all, manipulation with
dynamic processes in the postsynaptic membrane of glu-
tamatergic synapses revealed that local endo/exocytosis
of AMPA receptors, as well as their lateral diffusion and
distribution in the membrane, substantially influence the
synaptic plasticity (Carroll et al., 1999; Heine et al., 2008;
Luscher et al., 1999; Penn et al., 2017). In the following
sections, the surface diffusion of synaptic signalling mole-
cules and its recently shown key role in synaptic plasticity
will be reviewed in detail.
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Methods of measuring the
molecular mobility in the membrane

The activity and distribution of single molecules can be
evaluated using electrophysiological and optical meth-
ods. The knowledge of kinetic parameters is a prerequisite
for electrophysiological approach, while imaging requires
the specific tagging of molecules with optically detecta-
ble particles. The electrophysiologcal methods utilise the
kynetic properties of ion channels and ionotropic recep-
tors and thus are applicable to electrically active proteins,
whereas optical methods can be applied to virtually any
molecule.

Electrophysiologically, mobile receptor populations
can be identified by means of pharmacological isolation.
This method, known as functional tagging, was first em-
ployed for analysis of local exchange of NMDA receptors
(NMDARSs) in glutamatergic synapses (Tovar and Westbro-
ok, 1999). During evoked or spontaneous activity, synap-
tic NMDARs can be irreversibly blocked by MK801. After
washout of unbound MK801, the remaining NMDAR-medi-
ated currents reflect the replacement of blocked receptors
by naive receptors from extrasynaptic locations. It was
found that the recovery of NMDAR-mediated currents can
be measured already within a few minutes after treatment.
Ongoing parallel processes, such as endocytosis and exo-
cytosis, are substantially slower and require more than an
hour. Thus, the lateral exchange of membrane-integrated
NMDARSs is a dominant mechanism for the fast recovery
of NMDA currents. However, the contribution of naive re-
ceptors newly inserted into the membrane cannot be ruled
out completely. Similar strategies have been develeoped
for specific populations of AMPA and GABA, receptors
(Thomas and Smart, 2006).

Optical methods enable the monitoring of both pop-
ulations and single molecules. For optical tagging, mol-
ecules need to be equipped with fluorescent particles,
which absorb light and emit a specific fluorescence. There
is also a possibility to employ other imaging approcahes,
e.g. using small gold particles that utilize the changes in
the absorption or in the local refractive index (Celebrano
et al., 2011; Lasne et al., 2006; Ritchie and Kusumi, 2003).

The fisrt proof of the mobility of synaptic receptors
was obtained in FRAP (fluorescence recovery after pho-
tobleach) experiments. The time course of recovery of
fluorescence intensity in the bleached region allows to
directly estimate the mobile fraction of tagged molecules,
and can be used for analysis of diffusion properties. For
example, the local diffusion of acetylcholin receptors in
the postsynaptic membrane of neuromuscular junction
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was monitored in clawed frog tadpoles using fluorescently
tagged a-bungarotoxin (Young and Poo, 1983). The devel-
opment of genetically encoded pH-sensitive fluorophores
(e.g., pHluorin) made possible the direct visualization of
surface molecules in the membrane. The pH-sensitivity of
the fluorophore allows to distinguish the receptors in the
membrane from those located in vesicles, which substan-
tially simplifies the specific analysis of receptors’ mobil-
ity in the membrane. However, expression of transgenic
fluorescently tagged receptors can potentially lead to
their competition with endogenous receptor population.
As a consequence, the tagged receptor-based dynamics in
FRAP experiments often exceeds the actual mobility of en-
dogenous receptors.

In contrast, the direct monitoring of single endoge-
nous molecules is much more informative. The individual
motion of molecules can give an idea about their dwell time
and density distribution in the membrane. This becomes
particularly relevant when the location of individual mol-
ecules is important for their function, which was shown
for the vesicular release of neurotransmitter. Activation
of several, in extreme case a single, calcium channels is
sufficient to trigger the release of one vesicle in a close
(20-50 nm) proximity (Eggermann et al., 2012). Given the
spatial dimension of most synapses, with a diameter of ac-
tive zone in the range of 300-500 nm, molecular motions
can be relevant in influencing the properties of synaptic
transmission. The typical values of diffusion constants
(0.005-0.5 pm?/s) mean a potential displacement for ap-
prox. 10-100 nm in 10 ms. The number of voltage-gated
calcium channels (VGCCs), adhesion molecules and re-
ceptors for cortical synapses (e.g., hippocampal CA3-CA1
synapse) is between 10-150 molecules. The question is
how the density of molecules restricts their mobility.

The visualization of local distribution and motion in
membrane compartments like synapses requires the di-
rect detection of single molecules over time. In this con-
text, the emission properties of the fluorophore, size, the
affinity and valence of binding to the ligand (e.g., prima-
ry antibodies, nanobodies), as well as the tagging densi-
ty are crucial parameters. Beside correlation fluorescent
microscopy, camera-based detection of single molecules
over time (single particle tracking, SPT) is the most widely
applied technique. The local fluorescence maximum (cen-
troid) allows to define the location of the fluorophore with
a precision of 10-40 nm (Figure 1A). Once the localisation
is performed for single images, the positions of individ-
ual fluorophores can be connected over time (at frame
rate) to create their trajectories (motion paths) (Figure 1B).
The frame rate for representation of diffusive motion de-
pends upon the number of emitted photons per time unit,
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which determines the localisation precision for individual
fluorophores. In experiments with living cells, one should
find a compromise between the strength of light illumi-
nation, phototoxicity for the cell and precision of meas-
urements. Therefore, individual trajectories often provide
only a rough estimate of the reality (Figure 1C). The fol-
lowing analysis of these trajectories involves calculation
of the mean square displacement (MSD) and enables to
characterise the type of motion (free diffusion, restricted
diffusion, etc.), explored surface and the diffusion coef-
ficients (Figure 1D, E). Depending upon the used fluoro-
phore, molecules can be monitored for a few seconds
(single fluorescent dyes) or for several minutes (quan-
tum dots). Later, the changes in diffusive behaviour can
be directly correlated with the position in the membrane
(Figure 2). Individual molecular interactions are often very
transient and, due to limited temporal resolution, cannot
be observed directly. Further statistical analysis based on
the displacement of a molecule between two time points
allows to estimate, regardless of individual observation
periods, the dwell time and surface density of molecules
within small membrane compartments (Hoze et al., 2012;
Renner et al., 2017).

Cellular membrane as a dynamic
compartment

In conjunction with the insulating properties of cellular
membrane, the specific distribution of ion channels is
critical for electrical activity of neurons. Apart from that,
the thermal energy stored in biological membranes causes
the permanent Brownian molecular motion of both lipids
and the membrane-embedded proteins. The maintenance
of local differences in density of ion channels, for instance
in the synaptic membrane or in axon hillock, depends on
their anchoring and the existing diffusion barriers in the
membrane. Therefore, the diffusive behaviour of individ-
ual molecules in the cellular membrane is very irregular
and influenced by direct and indirect interactions with
neighbouring molecules. Here, the lateral interactions
within the membrane, as well as vertical interactions with
membrane-associated structures on the inner and outer
leaflet of the membrane, play a dominant role. The liberty
of lateral mobility within cellular membrane is determined
by the density of integral protein complexes and the local
lipid composition of the membrane. An impressive exam-
ple of inhomogeneous membrane organisation is the ax-
onal initial segment (AIS). With its very high density of ion
channels, AIS acts as initiation area of the action poten-
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Analysis of the surface diffusion of membrane associated molecules
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Fig. 1: Analysis of molecular mobility in the cellular membrane with Single Particle Tracking (SPT). A) Shown are the steps needed to localize
the fluorophore in the plane of the picture. B) Time series for three fluorophores allow to create localisation maps, as well as trajectories of
individual molecules over time. Those trajectories can be used for further analysis of the diffusive behaviour of the molecule and the
explored surface. C) Simulation of a higher acquisition rate illustrates the improved representation of the explored surface over time.
Following parameters were used: 1 s total acquisition time at acquisition rates of 25, 100, and 200 frames per second, the diffusion
coefficient was set to 0.2 pm?/s. D) The quantification of diffusion coefficient and diffusion behaviour can be based on the calculation of the
mean square displacement (MSD) over time interval. The deviation from free Brownian diffusion can be clearly visualised by the plot of the
MSD versus time. Free Brownian diffusion (red), diffusion plus direct motion (green), confined diffusion (blue) and immobile particle (black)
are depicted, with examples of trajectories along neurites represented in the corresponding colours.

tial, as well as diffusion barrier between somatodendritic
and axonal compartments (Nakada et al., 2003; Winckler
et al., 1999). Being present in all tubular processes of a
neuron, cytoskeleton is built by actin rings that are bound
via link protein adducin to spectrin filaments laid along
the axon (Xu et al., 2013). In AIS, cytoskeleton serves as
an anchor for scaffold proteins such as Ankyrin-G and

thereby acts as an aggregation point for ion channels. In
addition to the complexity of membrane composition, the
tubular geometry of the membrane in neurites has im-
pact on the diffusive motion of molecules (Domanov et
al., 2011). The thinner neuronal processes are, the more
restricted is the diffusion of membrane-associated mol-
ecules, which is particularly pronounced in thin post-
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Single Particel Tracking in cultured brain slices
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C)
Trajectories of individual
GPI-GFP molecules

Fig. 2: Single Particle Tracking (SPT) in cultured brain slices. A) A schematic representation of surface molecule GPI-GFP, labelled with an
anti-GFP antibody-coupled quantum dot (QD). QDs have several advantages that make them particularly interesting for SPT in cultured brain
slices, namely their bright fluorescence, blinking emission and the broad excitation spectrum. These properties allow to detect QDs in the
optically heterogeneous environment of a brain slice, to identify single QDs by their blinking emission and to reduce the impact of auto
fluorescence in the preparation due to the large Stokes shift between excitation and emission of QDs. B) Position of single QDs (magenta) in
the background image of a dendrite transfected with GPI-GFP. The tracking of individual QDs over time allows the reconstruction of the
membrane outline through pooling the individual positions over time (here: 1000 frames within 30 s). C) Reconstruction of trajectories is
often complicated due to the blinking of the QDs and the crossover of neighbouring particles in the plane of view. For further information,

see (Biermann et al., 2014).

synaptic spine necks. Further factors contributing to the
non-uniform distribution of membrane proteins include
local endo/exocytosis and formation of transmembrane
protein clusters, interaction with extracellular matrix and
electrostatic interactions (Trimble and Grinstein, 2015).
The mobility of transmembrane proteins can be also in-
fluenced by the structure of the membrane itself and pres-
ence of membrane-associated structures on the surface.

Dynamics of postsynaptic signal-
ling proteins

The dynamic distribution of receptors in the postsynaptic
membrane was found equally important for the efficacy
of information transfer in inhibitory and excitatory syn-
apses. The mobility of receptors in glutamatergic synapses
was studied most extensively, thus will be described fur-
ther in detail.

Starting from the release of the glutamate into synap-
tic cleft, the diffusion of glutamate in extracellular space

determines its signalling action as neurotransmitter. The
release of one vesicle of glutamate is effective for signal-
ling function within approx. 100 ps primarily due to low
affinity of AMPA receptors (AMPARs) to glutamate. De-
pending on the composition, the EC,, value of AMPARs
for glutamate is between 0.5-2.0 mM. This means that
AMPARSs within a radius of approx. 100 nm can be activat-
ed upon release of single vesicle, which contains 2,000—
5,000 glutamate molecules (Diamond and Jahr, 1997). In
turn, the spatial arrangement, density and composition
of postsynaptic AMPARs define the amplitude of postsyn-
aptic current response. Since we focus here on the lateral
mobility of molecules in the membrane, several questions
may arise. How many receptors will be activated upon re-
lease of one vesicle with neurotransmitter? How stable is
anchoring of receptors in the membrane? How the local
density of receptors in the synapse can be modulated?
Synaptic structures seen in electron microscopic
images suggest that stochastic motion of postsynaptic
signalling proteins should be massively arrested due to
their interconnections with membrane-associated scaf-
fold proteins and the cytoskeleton. However, the intensive
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studies of the transport and the lateral diffusion of AM-
PARs revealed the fluctuation of receptors and associated
signalling molecules as a central mechanism of synaptic
plasticity. The analysis of lateral diffusion of receptors and
lipids shows that diffusive behaviour of membrane-inte-
grated molecules changes between free and restricted
motion. For the receptors, such “stop and go” pattern
potentially reflects their association/dissociation with
intracellular scaffold proteins. AMPARs are accumulated
in the synapse primarily through binding to PSD-95. In
inhibitory GABAergic and glycinergic synapses, gephyrin
plays similar role as central scaffold protein. Previous-
ly, the C-terminal binding motifs of individual AMPAR
subunits to PSD-95 (C-terminal PDZ binding motif) were
proposed as a basis of their direct interaction (Shi et al.,
2001). However, these interactions of the receptor subu-
nits with PSD-95 are too weak and could not fully explain
stabilization of AMPARs upon induction of long-term syn-
aptic plasticity (Kim et al., 2005). Instead, it appeared that
synaptic anchoring of receptors can be mediated by other
binding partners. Indeed, the discovery of receptor-asso-
ciated proteins like TARPs (transmembrane AMPA recep-
tor regulatory proteins), CKAMP44 (cysteine-knot AM-
PAR modulating protein 44), Shisa and Cornichon shed
new light on the molecular organisation of postsynaptic
membrane. These molecules are necessary for the intra-
cellular transport of AMPARs to membrane and mediate
their anchoring to scaffold proteins. Owing to the half-life
of individual receptors or receptor-associated molecules,
their stabilization in the synapse can last only for a short
time. Thus, the transient interaction of receptors and as-
sociated proteins is an essential part of synaptic function
and plasticity. Furthermore, the observation of individual
receptors in the active synapse enables to better under-
stand the temporal encoding of plasticity as a sequence of
molecular interactions. In various studies of the function
of TARPs, such flexible interactions were demonstrated in
different time intervals.

Stargazin (TARPy-2), which was originally described
as auxiliary y subunit of VGCCs (mice with stargazin muta-
tion have characteristic stargazing posture), is important
for the trafficking, synaptic surface expression and kinetic
properties of AMPARs predominantly in the cerebellum.
Moreover, TARPy-2 mediates the association of AMPARs
with PSD-95 (Chen et al., 2000). The monitoring of indi-
vidual receptors and TARPy-2 per se showed that the as-
sociation of TARPy-2 with PSD-95 is essential for the sta-
bility and accumulation of AMPARs. This approach also
demonstrated that the majority of receptors both within
and outside the synapse is associated with TARPy-2 (Bats
et al., 2007). Changes in synaptic activity can lead to phos-
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phorylation of C-terminus of TARPY-2, thereby affecting
the binding affinity to PSD-95 (Opazo et al., 2010). Hence,
the synaptic accumulation of AMPARs can be modulated
within a time interval of seconds to a few minutes. The
loss (mobilisation) or gain (immobilisation) of binding
to intracellular scaffold proteins is in steady competition
with available thermal energy of the membrane.

A particularly interesting scenario, which couples the
association/dissociation between AMPARs and TARPy-2 to
both the dynamics of AMPARs and their functional state,
was recently proposed. Here, the association of receptor
with TARPy-2 defines the sensitivity of the postsynaptic
site to glutamate. Activation of the receptor upon bind-
ing to glutamate always leads to structural change in the
extracellular domain of the receptor, which results in the
opening of the channel. However, this glutamate-depend-
ent conformational change is very short and followed by
another change in conformation, which leads to desensi-
tization of the receptor. In this state, AMPARs dissociate
from TARPY-2 and lose the TARPy-2-mediated anchoring to
scaffold protein PSD-95. The unbinding of glutamate sets
the receptor back to closed but activatable state, and the
receptor can again associate with TARPy-2.

It is conceivable that short-term loss of binding to
PSD-95 can potentially be beneficial for the replacement
of desensitized AMPARSs by naive receptors. The packing
density of neighbouring integral proteins, also referred to
as “molecular crowding”, restricts the fast diffusion of de-
sensitized receptors away from the synapse. Thus, the pre-
synaptic release of glutamate initiates the displacement of
postsynaptic receptors within a few nanometres (Constals
et al., 2015).

These two examples show that indirect interactions of
receptor with scaffold protein enable a substantially finer
control of the receptor distribution. The proteomic anal-
ysis of AMPAR complexes revealed further binding part-
ners that can be associated in different combinations with
AMPARSs (Schwenk et al., 2012; Schwenk et al., 2009). The
non-uniform distribution of AMPAR subunits and associ-
ated proteins in different brain regions reflects a very com-
plex molecular configuration of glutamatergic synapses,
with the lateral mobility of AMPARs being functionally
relevant for both short- and long-term synaptic changes.

Surface diffusion of AMPARs as a
variable of synaptic plasticity

The exemplified mechanisms of dynamic redistribution
of AMPARSs lead to a question how stochastic changes in
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the receptor population can affect the synaptic plastici-
ty. Postsynaptic variables of short-term plasticity include
the kinetic properties of AMPARs that can be influenced
by association with accessory proteins. In synapses with
high release probability, a subpopulation of AMPARs is
likely desensitized due to recent presynaptic stimulations
and therefore contributes to the attenuation of the post-
synaptic response. An artificial immobilisation of AM-
PARs during a repetitive synaptic activation leads towards
even more pronounced synaptic depression (Heine et al.,
2008). This demonstrates that lateral exchange of recep-
tors, which implies the replacement of desensitized recep-
tors by naive ones that can be activated, partially compen-
sates the depression (Figure 3A, B). The described above
dissociation of receptors and TARPy-2 can explain how
the lateral exchange of receptors can be driven by rapid
changes in binding affinities to intracellular scaffold. No-
tably, association with other accessory proteins can result
to different effects on the kinetic properties of AMPARs,
particularly desensitisation (von Engelhardt et al., 2010).
The dynamics of components of postsynaptic membrane
should be therefore always considered together with the
molecular composition, which varies strongly between
different brain regions (Schwenk et al., 2014).

Long-term potentiation of synaptic transmission
(LTP), postulated as one of the mechanisms of memory
formation, can be triggered by changing the probability of
vesicular release of neurotransmitter and/or by changes in
the number, conductance and kinetic properties of recep-
tors. The change in the number of AMPARSs was described
to be caused primarily by recruitment of receptors into the
postsynaptic density. First, local exocytosis of intracellu-
lar AMPARs to postsynaptic membrane was proposed as
a molecular mechanism. It is however plausible that a
faster increase in the number of receptors can be achieved
by recruitment of perisynaptic/extrasynaptic receptors
that are already present in the membrane. Extrasynaptic
AMPARs were functionally detected using iontophoretic
or photolytic application of glutamate (Liu et al., 1999).
Furthermore, tagging of individual receptors revealed that
extrasynaptic population of AMPARSs is very mobile (Heine
etal., 2008; Liu et al., 1999). Using a combination of the di-
rect manipulation of receptor recycling (endo/exocytosis)
and restriction of lateral mobility by biotin-avidin-medi-
ated cross-linking of receptors, the temporal order of re-
ceptors’ recruitment to synapse has been demonstrated.
Remarkably, persistent immobilisation of AMPARs in the
cellular membrane leads to a complete blockade of LTP
induction. The impairment of AMPAR exocytosis induced
by perfusion of postsynaptic neurons with tetanus toxin
has no effect on the transient post-tetanic potentiation,
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but completely prevents the induction of LTP (Figure 3C,
D). Further variation of these two experiments in different
experimental systems (in vivo, acute and cultured slices)
confirms that lateral mobility of AMPARs is required for
LTP induction. Moreover, restriction of lateral mobility of
AMPARs in vivo can block the hippocampus-dependent
fear conditioning at initial phase (Penn et al., 2017). Ap-
parently, rapid redistribution of receptors is a necessary
process to respond to acute changes in synaptic activity,
and to maintain thereby a “mobile memory” of activity.
The composition of receptor complex comprising vari-
ous interaction partners can strongly affect such “mobile
memory”.

Surface diffusion of presynaptic
signalling proteins

Using localisation microscopy methods, it was shown that
presynaptic signalling molecules, such as VGCCs, SNARE
proteins and adhesion molecules, diffuse in the mem-
brane (Bademosi et al., 2017; Fu and Huang, 2010; Neu-
pert et al., 2015; Schneider et al., 2015). However, little is
known about the impact of such dynamics on the release
of synaptic vesicles. Given the low density of VGCCs in the
presynaptic membrane, one can speculate that a dynamic
localisation is particularly relevant. As demonstrated in
several studies, the vesicle and VGCC must be in a very
close proximity (< 100 nm) for the release of fusion-ready
vesicle to occur (Eggermann et al., 2012). In conjunction
with rather low affinity of vesicular calcium sensors to
free intracellular calcium, short opening time of VGCCs
defined by action potential’s duration and the control of
intracellular calcium by calcium-binding proteins, deter-
mine the spatial dimension (Eggermann et al., 2012). In
this scenario, mobile VGCCs provide the possibility to tem-
porarily reach the required proximity to the vesicle. The
above mentioned influence of the post-synapse on the
release probability points to different complexes of adhe-
sion molecules that participate in the local organisation
of presynaptic membrane (Missler et al., 2003; Sylwestrak
and Ghosh, 2012). Another factor that tunes the probabil-
ity of “transient coupling” between the VGCC and vesicle
implies direct and indirect interaction of channels with
scaffold proteins. Direct protein-protein interactions of the
C-terminus of VGCC with Rab interacting molecule (RIM)
and RIM binding protein have massive impact on the ac-
cumulation and positioning of VGCCs (Acuna et al., 2016;
Kaeser et al., 2011). In turn, interaction of these proteins
with other scaffold proteins in the cytomatrix of presyn-
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Contribution of mobile AMPARs to short-term plasticity
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Fig. 3: Schematic representation of the impact of mobile AMPARs on synaptic activity and plasticity. A) The kinetic states of AMPAR that are
relevant for the impact of AMPARs’ diffusion on short-term plasticity. Here, the recovery from desensitisation is the time-limiting factor that
underlies an increasing population of desensitized receptors over time in case of high-frequency synaptic activation (>10 Hz). The individual
indicated kinetic states are: closed receptors (C), open receptors (0) and desensitized receptors (D). In case of mobile AMPARs in the
membrane, an accumulation of desensitized AMPARs can be partially compensated by lateral diffusion. B) An artificial cross-link of surface
AMPARs induces a stronger depression of high-frequency stimulated synapses as indicated in the sketch, whereas responses to lower
frequencies < 5Hz are not affected by AMPARs’ immobilisation (see also Heine et al. 2008). C) lllustration of the contribution of AMPARS to
the long-term synaptic potentiation. The postsynaptic blockade of AMPAR exocytosis by tetanus toxin prevents the induction of LTP (within
first 30 min after tetanisation), whereas the post-tetanic potentiation or short-term potentiation (STP) remain unaltered. D) Global immobili-
sation of surface AMPARs before and after tetanisation completely prevents plastic changes of the synapse, modified after Penn et al. 2017.
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apse (e.g., Bassoon, Munc13, ELKS) are also involved into
recruitment and positioning of channels (Biederer et al.,
2017).

Estimation of the local density of pre- (RIM) and post-
synaptic (PSD-95) scaffold proteins using localisation mi-
croscopy methods (STORM/PALM) supports the existence
of so called nanocolumns, which optimise the interplay
between the vesicle release and the density of postsynap-
tic receptors (Tang et al., 2016). Such nanocolumns can
serve as both transmembranal obstacles and intracellu-
lar dock station for diffusive VGCC, thereby defining their
activity range. On the other hand, the mobility of VGCCs
(Schneider et al., 2015) makes possible that individual
channels and ready releasable vesicles meet each other.
The time span of such proximal interaction should have
direct influence on the number of vesicles to be released.
The monitoring of the vesicle fusion over time shows that
localisation of release sites always changes between two
time points, thus supporting the idea of transient coupling
of the channel and vesicle (Maschi and Klyachko, 2017;
Tang et al., 2016).

An additional factor that defines the transient charac-
ter of coupling between channel and vesicle is the small
number of VGCCs in the presynaptic membrane. At resting
membrane potential, around 50% of VGCCs are inactivat-
ed, i.e. functionally unavailable, and cannot contribute to
neurotransmitter release and synaptic transmission. In
this context, a continues shuffling of calcium channels in
the presynaptic membrane is likely to increase the chance
of coupling between active channel and a vesicle and can,
at least partially, compensate this effect.

Overview

Growing body of evidence accumulated in last decades
shows an astonishing structural complexity of both pre-
and postsynaptic molecular machinery in central synaps-
es of mammalian brain. With the development of new im-
aging techniques and molecular tools, it becomes clearer
that chemical synapse is not static, but a very dynamic
system. The stochastic dynamics of membrane-integrat-
ed proteins is particularly meaningful for interactions
of various proteins with very variable binding affinities.
Thus, high flexibility is possible even in small spatial
domains. The dynamic organisation of the synapse over
time plays an important role in the formation and matu-
ration of synapses, as well as for the induction of synap-
tic plasticity. In relation to recent studies of the function
of mobile AMPARs, one can state that activity-triggered

Martin Heine and Arthur Bikbaev: Molecular dynamics of neuronal information transfer —— A81

changes in surface dynamics of receptors and ion chan-
nels can be considered as a “molecular memory” of recent
synaptic activity. Albeit, it is kept for only short period of
time, spatial rearrangement of membrane-associated mol-
ecules provides a structural basis for storage of temporal
features of previous input patterns. In any given moment,
configuration of numerous molecular partners in crowd-
ed microenvironment of synapses powerfully affects the
synaptic responses to the subsequent stimuli, thereby
representing the initial stage of information processing
and serving as a link from short-term modification of syn-
aptic transmission to long-term memories in neuronal
networks. Further investigation of molecular dynamics
in synapses will help to better understand the plasticity
of neuronal networks. Potentially, studies taking into ac-
count the brain region-specific expression of molecules
can help in developing novel strategies to treat neuronal
disorders. Recently, such an approach has been proposed
for accessory AMPAR protein TARPy-8 (Maher et al., 2017).
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Glossary

AMPAR o-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptor

Cornichon CNIHs are small, three-transmembrane-domain
proteins that bind directly to AMPAR

CKAMP44 cysteine-knot AMPAR modulating protein 44

ELKS protein rich in the amino acids E, L, Kand S

GPI-GFP glycosylphosphatidylinositol linked to green

fluorescent protein, used as reporter of lipid
dynamics in the outer leaflet of the membrane
LTP Long-term potentiation

Munc13 priming factor for vesicular fusion

NMDAR N-methyl-D-aspartate receptor

PDZ PSD-95/discs large/zonula occludens-1

PSD-95 postsynaptic density protein 95, which has
three PDZ-domains and a MAGUK-domain
(membrane-associated guanylate kinase)

RIM RAB interacting molecule

RIM binding protein RAB interacting molecule binding protein
SNARE soluble N-ethylmaleimide-sensitive-factor
attachment receptor
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Shisa single-transmembrane protein characterized
by an N-terminal cysteine-rich domain and a
proline-rich C-terminal region
transmembrane AMPA receptor regulatory
protein, type | TARPs comprise the subunits
Y2, Y3, Y4, and y8, type Il TARPs comprise the

subunits y5 and y7

TARP
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