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Abstract

The relationships between neurotransmitter receptors and their membrane environment are complex, mutual
(bidirectional) and physiologically important. Some of these relationships are established with subsets of the
membrane lipid population, in the form of lipid platforms, lateral heterogeneities of the bilayer lipid having a
dynamic chemical composition distinct from that of the bulk membrane. In addition to the equilibrium
between the biosynthetic production, exocytic delivery and recycling of receptors on the one hand, and the
endocytic internalization on the other, lateral diffusion, clustering and anchorage of receptors at the lipid
platforms play key roles in determining the amount of active receptors at the synapse. Mobile receptors traffic
between reservoir non-synaptic membranes and the synapse predominantly by thermally driven Brownian
motion, and become immobilized at the perisynaptic region or the synapse proper by various mechanisms.
These comprise: (a) clustering mediated by homotropic inter-molecular receptor-receptor associations; (b)
heterotropic associations with non-receptor scaffolding proteins or the subjacent cytoskeletal meshwork,
leading to diffusional “trapping”, and (c) protein-lipid interactions, particularly with the neutral lipid
cholesterol. Preceded by a brief introduction on the currently used methods to study protein lateral mobility in
membranes, this review assesses the contribution of some of these mechanisms to the supramolecular
organization and dynamics of the paradigm neurotransmitter receptor of muscle and neuronal cells—the
nicotinic acetylcholine receptor (nAChR). The translational mobility of nAChRs at these two cell surfaces
differs in terms of diffusion coefficients and residence intervals at the synapse, which cover an ample range of
time regimes. Neuronal a7 nAChRs exhibit diffusion coefficients similar to those of other neurotransmitter
receptors and spend part of their lifetime confined to the perisynaptic region of glutamatergic (excitatory) and
GABAergic (inhibitory) synapses; they may also be involved in the regulation of the dynamic equilibrium
between excitation and inhibition in brain.

Abbreviations

aBTX  a-Bungarotoxin

FCS Fluorescence correlation spectroscopy
FRAP  Fluorescence recovery after photobleaching
MSD  Mean-square displacement

nAChR Nicotinic acetylcholine receptor

SPT Single particle tracking

TIRF  Total internal reflection fluorescence
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9.1. Introduction

The motion of proteins in cell-surface membranes plays a fundamental role in the communication dynamics of
the cell with its external and internal milieux. This is dramatically magnified in the synapse, the subcellular
structure specialized in (mostly) chemical and electrical communications between cells. Protein motions depend
on a multiplicity of factors: the physicochemical properties of the host lipid bilayer, protein-protein homotropic
intermolecular associations, heterotropic association with other proteins (e.g. scaffolding, cell-adhesion,
cytoskeletal, or motor proteins) and lipid-protein interactions. Physicochemical properties of the lipid bilayer
vary from cell to cell and between different membrane compartments and contribute to the heterogeneity of
motional regimes experienced by the same protein in different regions of the cell. By far the most important
element that influences diffusional motion in the 2-D plane of the membrane is the degree of association with
partner molecules (obviously linked with the dynamic phenomena of crowding and clustering), scaffolding
proteins or cytoskeletal barriers (e.g. submembrane actin corrals), or tethering to the cytoskeleton [1, 2, 3, 4, 5]
or lipid platforms [6, 7, 8].

In response to acute, mid- (e.g. circadian) and long-term (e.g. denervation supersensitivity) signaling stimuli,
and probably in combination with self-regulatory mechanisms, the number and disposition of cell-surface
neurotransmitter receptors at the plasma membrane play key roles in determining the functional activity of the
synapse, and in particular its strength. This should be envisaged first and foremost in a dynamic perspective: the
adaptive changes in the synapse are constantly operative, synaptic receptors being incorporated through active
transport, recycling mechanisms, or lateral diffusion, or excluded from the synapse by the latter phenomenon or
by various endocytic processes. In the central nervous system (CNS), some of these structural changes may
serve for long-term storage of memory. In this review I discuss the idea that the dynamic cross-talk between
neurotransmitter receptor molecules and the lipid platforms which serve as their habitats at the cell surface (see
recent review in [9]) plays a role in the function of these transient protein-lipid complexes. One can envisage
these biateral reciprocal interactions as an orchestrated dialogue with mutual modulatory effects: lipids being
selected and sorted in from the bulk bilayer by the receptors’ structural features and, reciprocally, lipids tuning
and optimizing receptor function, in a process which probably evolved over the course of millions of years [10,
11]. The nicotinic acetylcholine receptor (nAChR) protein will be used as the paradigm to analyze these
phenomena, and the translational dynamics of this receptor protein compared to those of other neurotransmitter
receptor proteins in the CNS.

9.2. Experimental Approaches to Investigate the Motion of Proteins
and Lipid in Membranes

Various biophysical techniques have been used to address the subject, but three complementary methods have
predominated: fluorescence recovery after photobleaching (FRAP) [12, 13], fluorescence correlation
spectroscopy (FCS) [14, 15, 16, 17, 18, 19, 20], and single-particle (molecule) tracking (SPT) [4, 21, 22, 23, 24,
25,26, 27]. FRAP consists of bleaching an area of the membrane containing the intrinsically (e.g. an
incorporated fluorescent protein) or extrinsically labeled proteins or lipids in question with a rapid and relatively
intense pulse of light, and then following the time-dependent recovery of the fluorescence signal with a much
lower illumination power. The replenishment of the fluorescence signal arises from the diffusion into the
photobleached area of fluorescence molecules originally located outside this area. The fluorescence recovery
curves are typically characterized by two parameters, a diffusion coefficient (D) and a mobile fraction (My). FCS
is also an ensemble method enabling one to study the dynamics (diffusion coefficient), concentrations and
molecular interactions (molecular aggregation, binding-unbinding, co-diffusion of two molecular entities, etc.)
with high temporal and spatial resolution by following the passage of fluorescently-labeled molecules through
very small volumes of the cell and analyzing the statistics of fluorescence intensity fluctuations as a function of
time (see review in [28]). Recently, the combined application of FCS and superresolution optical microscopy
(see section below) has enabled the observation of some of the above phenomena down to the nanometer scale
(see recent review in [29]).
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SPT can interrogate the motion of membrane proteins in the native membrane milieu of a living cell by
following multiple trajectories of a sufficiently large number of single (e.g. fluorescently labeled) molecules and
extracting the apparent average diffusion coefficient from the mean-square displacement (MSD) of the
molecules. Some shortcomings of these techniques have been pointed out, such as the invasive nature of FRAP,
the essentially “local” interrogation of FCS, and the need to observe isolated particles for relatively long periods
of time of SPT [30]. The limited spatial and/or temporal resolution of these techniques is still subject to
criticism, since they provide a “global” or “macroscopic” diffusion coefficient which reflects the overall
mobility over areas of several square microns [31]. In spite of these criticisms, SPT [1, 24, 25, 26, 32] still
remains the most common approach for analyzing molecular diffusion in membranes, followed by the FRAP
technique (see. e.g. [33, 34, 35, 36]). New analytical tools have appeared in recent years to extend the
applicability of SPT analysis to more “real life” (e.g. crowding, anomalous diffusion), complicated membrane
environments. One such approach is based on Bayesian and Akaike information criteria in information theory
for classifying molecular trajectories [37, 38, 39, 40]. The Bayesian method has also been combined with
superresolution microscopy techniques such as STED to improve the determination of still positions in sub-
diffraction images of GPI-anchored membrane proteins [41]. A recent work [42] reviews the “score” resulting
from a competition in which 14 available SPT analytical methods were analyzed on the same, complex data set,
offering comparisons among SPT methods to address a given biological question.

9.3. The Nicotinic Acetylcholine Receptor (nAChR) and Its Equilibria
at the Synapse

The nAChR is the prototype of the superfamily of pentameric ligand-gated ion channels, a collection of
transmembrane receptor proteins with intrinsic anion-selective channels (the y-amino butyric acid type A
(GABA ), y-amino butyric acid type C (GABA ) and the glycine receptor) and cation-selective channels as is
the case with the 5-HT3 (serotonin) receptor and the nAChR [43, 44]. These transmembrane proteins are
composed of five polypeptide subunits organized pseudo-symmetrically around a central pore. Each subunit
contains an extracellular domain, four hydrophobic transmembrane segments arranged in the form of three
concentric rings around the pore [45] and a short extracellular carboxy-terminal domain [46].

In the peripheral nervous system, at the neuromuscular junction in adult myotubes, the nAChR macromolecule is
highly concentrated i ina relatively small area of the cell, packed at the remarkably high density of 10,000—

20,000 particles um Receptor density drops abruptly in the rest of the plasma membrane (<100 particles pm =
[47, 48]). Despite this abrupt difference in the density of nAChRs, it has been calculated that the pool of
extrasynaptic receptors represents ~99% of the total amount of receptors present at the cell surface of muscle
fibers [49]. As indicated previously, the functional efficacy of the synapse heavily depends on its strength. This
in turn is directly related to the number of receptors present at the synapse, which depends on the equilibrium
between two sets of factors: (i) lateral diffusion into and out of the synaptic region from non-synaptic
(“extrasynaptic”) areas, and (ii) the trafficking and turnover of receptors at the cell surface, determined by the
rate and extent of biosynthesis and exocytic delivery to the plasmalemma, plus the contribution of receptor
recycling back to the surface, on the one hand, and removal of synaptic receptors by internalization
(endocytosis) or two-dimensional diffusion driving them away from the synaptic region, on the other. The first
of these two phenomena is usually viewed as the equilibrium between a diffuse pool of extrasynaptic receptors
and the clustered receptor pool in the synapse. Recent work in C. elegans neuromuscular synapses has shed light
on mechanisms modulating this equilibrium: the leucine-rich repeats protein RSU-1 (Ras suppressor-1) is
required for the proper distribution of nAChRs on the muscle surface. RSU-1 mutants form ectopic,
“illegitimate” extrasynaptic nAChR clusters at the expense of synaptic clusters [50]. The density of nAChRs is
also regulated by a complex cascade involving nerve-secreted agrin, activating the muscle-specific kinase MuSK
through the protein Lrp4, in association with binding partners dok-7 and Tid1, various kinases and phosphatases
and Rho-family small GTPases (reviewed in [51]). Diffusion into the endplate region is also rare except for
accidental or man-tailored conditions such as in denervation hypersensitivity, in which migration of
extrasynaptic receptors to the motor endplate occurs in a transient fashion. Several pathological conditions of the
neuromuscular junction are associated with an insufficient number of receptor molecules, the disease myasthenia
gravis probably being the most prominent example.
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In the brain, ACh mediates distant signaling through projection neurons and local signaling via interneurons; the
type of message conveyed by ACh depends on a variety of factors, including site of release, the localization of
the target neurons, the target receptor subtypes [52] and the status of the target cells at the time of release.
Moreover, central cholinergic signaling may be confined to the synapse or involve the de-localized diffusion of
the neurotransmitter in the extracellular milieu and binding to non-synaptic sites [53, 54].

In the CNS the dynamics of neurotransmitter receptors at the synapse have been associated with a key
physiological phenomenon: synaptic plasticity. Indeed, the rapid lateral exchange of receptors at the synapse
with those in non-synaptic areas is thought to underlie the plastic behavior of excitatory glutamatergic synapses
(i.e. those operating through AMPA and NMDA receptors, as described below) [55, 56, 57, 58]. It has been
surmised and supported by a variety of solid experimental approaches that receptors’ effective residence time at
excitatory synapses directly affects synaptic efficacy and plasticity, that is, long-term potentiation (LTP), long-
term depression (LTD) and other biologically important processes which are believed to lie at the root of key
cognitive functions such as learning and memory. Furthermore, GABAergic and glycinergic receptors at
inhibitory synapses appear to be dynamically regulated through similar processes. Important cognitive functions
like learning and memory [59, 60, 61] may bear relationship with the ability of a7 nAChRs to reside
intermittently in the neighborhood of glutamatergic and GABAergic synapses, and due to their high Ca*"
permeability, differentially regulate the excitatory/inhibitory balance and LTP in discrete neuronal locations [62,
63, 64, 65].

9.4. Ontogenetic Changes in nAChR Mobility

The pioneer study of Axelrod et al. [66] using the fluorescence recovery after photobleaching (FRAP) technique
demonstrated that in developing muscle cells the highly clustered nAChRs present in lazrge (20-60 ]jtm) ?atches
are practically immobile, with an apparent lateral diffusion coefficient (D) of <107 um-s (<10 “cm”s )
The translational mobility of diffusely dlstrlbuted nAChRs in other regions of the same plasma membrane is
only shghtly faster (D~0.5%10 2 pmz S ) The relative immobility of synaptic nAChRs at the neuromuscular
junction is probably due to a multiplicity of factors. The muscle endplate and the electromotor synapse of
electric fish are compact “islands” with a huge absolute number of receptor macromolecules densely packed at
an extraordinarily high density. It is thus not surprising that receptors hardly diffuse in the plane of the
membrane... In order to dissect the contribution of intrinsic (e.g. receptor-receptor interactions, clearly apparent
e.g. in early electron micrographs of the Torpedo electroplax postsynaptic membrane [67]) and extrinsic (e.g.
corralling by the submembrane cytoskeletal meshwork) protein clustering factors it is useful to resort to simpler
model systems. Heterologous constitutive expression of receptors in cells is a compromise system offering the
possibility to conduct a variety of studies under physiological conditions. The clonal cell line CHO-K1/AS5 [68]
robustly expresses adult muscle-type nAChR at densities lower than those of the endplate in an adult muscle cell
or the motor plate in the electric fish synapses. Recycling of nAChRs is too slow to contribute to the cell-surface
pool within the experimentally observed period [69]. Furthermore, since one has the possibility to increase the
complexity of the model system one building block at a time, the lack of non-receptor scaffolding proteins like
rapsyn or the clustering factor agrin make the CHO-K1/A5 a useful mammalian expression system to explore
“Intrinsic” factors involved in clustering and 2-D diffusion of the nAChR protein and to interrogate in a
systematic manner for possible involvement of additional components.

The 2-D mobility of the adult muscle-type nAChR at the plasma membrane of CHO-K1/AS cells and its
dependence on membrane cholesterol levels were measured using the FRAP technique in the confocal mode (as
in [70, 71]). A defined 2-D region was selected from the confocal section of the cell membrane, thus restricting
the analysis to a few thousand fluorescent-tagged nAChRs. The region was photobleached by transiently
increasing the laser power of the confocal microscope, and the diffusive exchange of bleached proteins with
nearby unbleached molecules was then followed using low-intensity laser excitation. Recovery into the bleached
region can be described by two parameters, an apparent lateral diffusion coefficient, D, and a mobile fraction, Mf
[1, 72, 73]. D provides a measure of the kinetics of translational mobility, whereas Mf reports on the proportion
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of fluorescent molecules that are able to diffuse back into the bleached area over the time course of the assay
[74]. aBTX-labeled nAChRs exhibited a value of 0. 46 x 10 urn2 s [75], a value similar to that of the mobile
nAChR fraction in developing rat myotubes (0.5 x 10 um2 S ) [66] and that of diffusely distributed nAChR in
adult rat muscle fibers in cell culture (0.25 x 10 R umz S ) [76, 77]. Methyl-B-cyclodextrin-mediated depletion
of cholesterol produces a reduction in the fraction of mobile nAChRs from 55 to 20% [75]. Concomitantly, the
apparent diffusion coefficient dropped to half the control value. Cholesterol enrichment had the opposite effect.

We subsequently employed the SPT technique in the TIRF model to study nAChR translational diffusion in the
same cell model system. Fluorescent-labeled (AlexaFluor4 8o -BTX) nAChR particles 1maged with TIRF are
diffraction-limited, and puncta of about 0.2 um in diameter could be imaged in wide-field microscopy [78, 79].
The density of these puncta is high, yet there is enough contrast and their separation suffices to track the
trajectories with a good signal-to-noise ratio. CHO-K1/A5 cells were labeled with a monovalent ligand
(AlexaFlu0r488a BTX) or a multivalent ligand (anti-nAChR mAb210 monoclonal antibody followed by
AlexaFluor488-conJugated IgG secondary antibody) at 4 °C [80]. The microscopic apparent diffusion coefﬁcrent
% 4 [4] of the receptor 1abeled2w1th a-BTX shifted from a wide distribution spanning from ~6.7 x 1071 umi
(~6.7 102 -1x10%cm?s ) to a much narrower distribution with an upper limit close to 5.0 x 10 ~ um
sﬁ1 upon cholesterol depletion [80]. In the case of antibody-labeled samples, the proportion of slow-moving
particles was significantly higher, with a net displacement of particle motion towards the immobile confined
regime. D, , values as low as ~3.3 x 10 B um~s  (lower limit) to ~6.7 x 10 umz s ! (upper limit) were
observed. Control samples labeled with mAb210 already exhibited a substantial proportion (19.4%) of
immobilized particles. This proportion markedly increased upon cholesterol depletion of the cells, especially
during t the initial 10 min (83.3%). Simonson and coworkers [81] reported a 2-D diffusion coefficient of 0.1
pum 25! for a7-5HT3 chimeric nAChRs heterologously expressed in HEK cells. The quantitative local point-
pattern analysis indicated that nAChR particles were not randomly distributed but organized in clusters, which
differed in size, brightness and density between BTX and antibody-treated samples. Interestingly, the density of
the nAChR clusters also varied as a function of time of exposure to methyl-B-cyclodextrin, reaching a maximum
at ~10 min treatment for BTX- and ~20 min for mAb-labeled samples [80].

The scaffolding protein rapsyn affects nAChR distribution at the cell surface [82, 83, 84]. The myristoylated N-
terminus of rapsyn molecules anchors nAChRs to the plasma membrane in a 1:1 stoichiometry, playing a major
role during myoblast differentiation and neuromuscular junction development. In myoblasts the majority of the
receptors were found to be immobile, with 20% of the receptors exhibiting restricted diffusion in small domains
of about 50 nm [85]. Before differentiation, only 2% of the nAChRs showed Brownian diffusion, 24% diffused
in confined regions, and 74% were immobile. Upon differentiation into multinucleated myoblasts, a strong
diminution of the immobile fraction was observed, in conjunction with an increase in the proportion of confined
diffusing receptors from 20 to 34%, and Brownian-diffusing receptors from 2 to 10%. In a myoblast cell line
devoid of rapsyn, the fraction of mobile nAChRs was higher, and was accompanied by a 3-fold decrease in the
immobile population in comparison to rapsyn-expressing cells. About 50% of the mobile receptors were
confined to domains of about 120 nm. Irrespective of the presence of the nAChR-anchoring protein rapsyn,
nAChR was confined to domains: when rapsyn was present, the size of the domains diminished [85]. This study
is in agreement with our findings using direct imaging of nAChR nanoclusters by superresolution microscopy in
cells devoid of rapsyn [79].

9.5. Effect of Cholesterol on nAChR Translational Mobility

Several FRAP studies have shown that cholesterol depletion affects the mobility of various proteins at the
plasma membrane although the nature, extent and sign of the changes remain a contentious subject. In FRAP
experiments performed on cells treated with Mevinolin, a statin that inhibits cholesterol biosynthesis, we found
that nAChR mobility was affected in a manner similar to that reported here using methyl-p-cyclodextrin
mediated acute cholesterol depletion [75]. FCS in the confocal microscopy modality corroborated the results of
FRAP microscopy. Whereas Values of Dof5.3+0.4x10 umz s ' were observed in control cells, D was

reduced to 3 7+ O 3 X 10 um2 S upon cholesterol depletlon [75] Gﬁ—t-he—baﬂs—e{lthese—ebservaﬁeﬂs—we—eaﬁ
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Some authors reported that the mobility of raft- and non-raft resident proteins decreases when cholesterol is
removed from the plasma membrane [74, 86]. Restricted diffusion of membrane proteins upon cholesterol
depletion is believed to result from the formation of solid-like clusters in the membrane [87, 88]. Sun et al.
(2007) postulate that cholesterol affects the mechanical properties of plasma membrane through the underlying
cytoskeleton. Using SPT methods, another group [89] found that cholesterol depletion produces confinement of
the epidermal growth factor receptor and human epidermal growth factor receptor 2 mobility, whereas
cholesterol enrichment extended the boundaries of the mobility-restricted areas. In contrast, other authors
observed an increase in the lateral mobility of the raft-resident proteins CD44 and wild-type GFP-H-Ras after
cholesterol depletion [35, 90]. Removal of cholesterol, particularly with methyl-B-cyclodextrin, not only alters
membrane viscosity but can also hinder membrane protein diffusion [91].

9.6. Cholesterol and Scaffolding Proteins Differentially Affect
Neuronal a3 and a7 nAChR Mobility

Ciliary ganglion neurons were the first test preparation where a7 nAChRs were reported to occur in liquid-
ordered lipid domains (“rafts”) in somatic spines [92]. In their quantum dot SPT study of chick ciliary ganglion
neurons, Berg and coworkers [93] found that a7 and a3 nAChRs had similar mobility, but differed in the nature
of their synaptic restraints. Furthermore, cholesterol depletion by treatment with cholesterol oxidase increased
the mobility of extrasynaptic a3 nAChRs from 0.188 to 0.208 umz s ! without affecting the proportion of
immobile a7 nAChRs.

In contrast, cholesterol depletion affected both synaptic and extrasynaptic a7 nAChRs, and the proportion of
receptors visiting synaptic territory increased. Cholesterol depletion also raised the proportion of mobile a3
nAChRs from 34 to 54%, without affecting that of a7 nAChRs. Disruption of PDZ-containing scaffolds or of
actin filaments in chick ciliary ganglion neurons increased the mobility of a7 nAChRs but not that of a3, as
expected from the wealth of evidence on the role of the actin and PDZ-scaffolds in maintaining synapse, and in
particular dendritic spine, architecture [94]. It has been previously reported that in one cell, a single species of
protein can have one subset undergoing Brownian diffusion and other subsets undergoing confined or anomalous
diffusion [95]. Muscle-type nAChR mobility also displays a strong dependence on cytoskeletal integrity [96, 97,
98] in developing myotubes and in the adult neuromuscular junction.

9.7. Diffusional Modulation and Confinement of nAChR Assemblies
by Cytoskeletal Components and Scaffolding Proteins

There is evidence of interactions between lipids, lipid domains and the cytoskeleton (Lenne et al. 2006;
Maxfield 2002; Niggli 2001) [99]. According to Kwik et al. (2003) cholesterol depletion produces general
effects on the architecture and function of the membrane, making the sub-membrane cytoskeleton and in
particular the cortical actin network more stable. Such a reorganization of the actin meshwork would be
associated with reduced receptor mobility. Using FCS and STED it was recently shown that membrane-bound
actin networks influence lipid phase separation; a model combining the coupling of membrane composition,
membrane curvature, and the actin pinning sites was postulated from this study [99]. More recently, confocal
FRAP distinguished two protein populations of membrane proteins, including some classical “synaptic” proteins
in PC12 cells, having diffusion coefficients D of 0.22 and 0.01 umz s_l, respectively [100]. When FCS in the
superresolution mode (STED-FCS) was applied, the spatio-temporal resolution afforded the determination of D
on fast diffusing molecules (slowly diffusing or immobile molecules do not traverse the observation spot and do
not cause intensity fluctuations, thus precluding their detection). D was found to be 0.1-0.6 um2 s ! for the
highly mobile protein fractions, which varied inversely proportional to their density. Interestingly, cholesterol
level was found to be the most important factor in determining protein mobility and stabilizing protein
assemblies (clusters) [100].
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Cytoskeletal interactions have been shown to modulate the diffusion and confinement of membrane proteins [3,
5, 101, 102]. Proteins tethered to highly dynamic actin strands may undergo clustering in response to actin aster
formation. Another process involving the actin meshwork and affecting receptor mobility is the formation of
fences or pickets, as originally postulated by Kusumi and coworkers [3, 5, 101, 103, 104]. The “picket fence” or
“hop diffusion” model postulated that the cortical actin cytoskeletal meshwork underneath the plasma membrane
hinders the diffusion of membrane proteins (and lipids) in the plane of the membrane and confines their
movement within those boundaries. Occasionally, proteins or lipids confined within these “transient confinement
zones” hop these barriers, jumping to a new confined compartment or diffusing more freely in unconfined areas.
In the case of the muscle-type nAChR, cholesterol depletion affected the long-range relationship of nAChR
nano-clusters of ~55 nm diameter, changing from a random to a non-random distribution (within a radius of 0.5—
1.5 pm) upon depletion [79]. Interactions of these nano-clusters with the cytoskeleton were invoked as a possible
explanation for these changes since nAChR mobility at the plasma membrane appears to be sensitive to the
integrity of the cytoskeleton [76, 96, 97, 98]. Furthermore, interaction between nAChR molecules and the
cytoskeleton is of physiological and developmental importance: it is a requisite step in the formation and
stability of the neuromuscular junction (Hoch 1999). In subsequent work from our laboratory the effects of
cytoskeleton disruption on nAChR dynamics [75] were experimentally explored. Even though cholesterol
depletion-induced loss of nAChR mobility was partially restored in cells incubated with Latrunculin A [75], the
percentage of mobile nAChRs in these cells did not reach control levels. From this we concluded that although
the cortical actin meshwork is likely involved in receptor mobility at the cell surface in cholesterol-depleted
cells, it is not necessarily the only factor influencing nAChR translational diffusion. Other cortical cytoskeletal
proteins and/or actin-binding proteins may be involved, and direct interactions of cholesterol with the nAChR
may also be implicated. Furthermore, inhibition of actin polymerization by cytochalasin D, which binds to the
barbed end of the actin filament and blocks monomer addition, resulted in inhibition of nAChR internalization
[69]. However, direct effects of cholesterol on the nAChR cannot be discarded when considering the profound
influence of this lipid on the macromolecule’s cell surface mobility.

Disruption of the cytoskeleton or the microtubule networks with Latrunculin A or nocodazole, respectively,
affected the mobility of the neuronal a7 nAChR but not its ability to form clusters, as we have observed in
muscle-type nAChRs using superresolution microscopy [105]. The exact mechanisms of nAChR immobilization
in CNS synapses and in particular the role of the cytoskeleton or other diffusional traps merit further
investigation.

Which other factors might contribute to nAChR mobility, trafficking and clustering? Various post-translational
modifications are known to occur in nAChRs: the macromolecule is the target of disulphide bond formation,
glycosylation, phosphorylation, palmitoylation and other modifications which might affect nAChR dynamics.
Palmitoylation of assembling a7 subunits in the endoplasmic reticulum has been shown to play a role in the
formation of functional a-bungarotoxin sites [106, 107]. A linear relationship has been found between average
nAChR half-life and the percentage of nAChRs with phosphorylated  subunit in cultured muscle cells.
Phosphorylation occurs specifically at tyrosine residue 390 of the 3 subunit, and is induced by agrin. This
unexpected role of agrin in downregulating nAChR turnover most likely stabilizes receptors at developing
synapses and contributes to their extended half-life at adult NMJs [108]. Phosphorylation-induced global
conformational changes have been recently proposed to be a universal phenomenon among ligand-gated ion
channels, and also to play a role in pathophysiological phenomena such as nicotine addiction in the specific case
of the nAChR [109].

In addition to the above post-translational modifications, antibody crosslinking plays an important role in
confining and immobilizing receptors under pathological conditions. Antibody-induced crosslinking results in a
strong diminution of receptor mobility in developing rat myotubes in primary culture [110]. Neuromuscular
dysfunction in the autoimmune disease myasthenia gravis is caused primarily by the crosslinking of
autoantibodies to the muscle endplate nAChR, although other antigens such as muscle-specific tyrosine kinase
and low-density lipoprotein receptor-related protein 4 are currently recognized as molecular targets in muscle
[111]. Antibody binding results in impaired receptor function, diminished neuromuscular transmission and the
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characteristic weakness and rapid-onset fatigue clinical symptoms. The antibody binding also triggers the
endocytic internalization of nAChRs in C2C12 muscle cells and in CHO-K1/AS cells [69]. This is also observed
using the SPT technique in adult-type nAChR expressed in CHO-K1/AS5 cells. Instead of the long particle walks
observed with the monovalent ligand a-BTX, the motion of antibody-crosslinked nAChR particles was restricted
to much shorter trajectories confined within relatively small areas [80].

9.8. Residence Time, Mobility and Function of Neurotransmitter
Receptors and Lipid Platforms in the Central Nervous System

In brain, neuronal excitability depends on the homeostatic equilibrium between inhibitory and excitatory
neurotransmission, which is mainly mediated by GABA and glutamic acid, respectively, with additional
contributions from other neurotransmitters. The principal excitatory neurotransmitter in brain is glutamic acid.
There are various forms of glutamatergic ion channels. They include AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid), kainic acid and N-methyl-p-aspartic acid (NMDA) receptors. These macromolecules
having both neurotransmitter receptor and ion channel properties fulfill quite different functions. AMPARs
generate fast excitatory postsynaptic potentials by activating non-selective cationic channels permeable to Na'
and K™ with an equilibrium potential near 0 mV. AMPAR channels are responsible for most of the fast excitatory
synaptic transmission in the central nervous system. They are heterotetramers composed of four subunits termed
GluR 1- GluR4 and contain PDZ-domains: GluR1 binds to SAP1 and GluR2 binds to PICK1 or GRIP/ABP.
SAP97 has been postulated to intervene in the trafficking of AMPARs from peri-synaptic to the post-synaptic
region and influence glutamatergic transmission. AMPARSs do not bind to the ubiquitous PSD-95 scaffolding
protein. Clathrin-dependent AMPAR endocytosis in the dendritic spines has been associated with the
phenomenon of long-term depression [112].

NMDARSs are also heterotetramers formed by two GluN1 and two GluN2 subunits surrounding a cation channel
permeable to calcium [113, 114, 115]. NMDARs play a key role in synaptic plasticity and are associated with
various forms of learning and memory. NMDARs have been reported to be associated with cholesterol-rich
domains in the excitatory synapse [116], which might regulate NMDAR composition, trafficking and ion-
channel permeability. Changes in cholesterol content were shown to inhibit NMDA-stimulated Ca " influx in
hippocampal cells in culture [117]. Cholesterol diminution redistributed the NMDAR GIluN2B subunit, from Lo
to Ld membrane fractions [117].

The two most abundant forms of nAChR 1in brain are the heteropentameric oligomer formed by 04 and 32
subunits and the homopentameric receptor formed exclusively by a7 subunits [118]. The a7 nAChR is found in
the neuronal soma and also in the pre-, post-and peri-synaptic regions. Presynaptic a7 nAChRs modulate the
release of various neurotransmitters, and postsynaptic a7 nAChRs are involved in the generation of postsynaptic
currents [119]. Postsynaptic a7 nAChRs can be associated with dendritic spines, in a peri-synaptic annulus
[120]. Perisynaptic a7 nAChRs are found in the vicinity of GABAergic and glutamatergic synapses (see below
and e.g. [121]). The a7 nAChR exhibits unique functional propertles that distinguish it from other nicotinic
receptors: (a) fast desensitizing kinetics, (b) unusually high Ca’ permeablhty and (c) high affinity for binding a-
bungarotoxin [122, 123]. The a7 nAChR is highly expressed in the hippocampus and in GABAergic
interneurons in particular. The hippocampus is one of the brain regions mostly affected in Alzheimer’s disease,
where it regulates inhibition of hippocampal networks: activation of a7 nAChR blocks the induction of short-
term potentiation as well as LTP. It is involved in cognition and has been associated with pathological states
other than Alzheimer’s disease, such as some forms of schizophrenia and Parkinson’s disease [124].

The residence lifetime of neurotransmitter receptors in the synapse plays an important role in maintaining the
inhibitory-excitatory balance. Most neurotransmitter receptors are not permanently anchored to diffusional traps
or scaffolding domams at the synapse but appear to freely diffuse in the plane of the membrane at rates between
0.1 and 0.5 qu s [55,57,102, 125, 126, 127, 128]. Glycine receptors [129] and a7 nAChR [121] display
similar motional behavior: both exhibit high mobility in extrasynaptic areas and confined, low motion in
perisynaptic and synaptic domains. Confinement is inversely correlated to mobility [121, 127, 128].
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In brain, glycine receptors are stabilized by microtubules in extrasynaptic regions, and by gephyrin and actin
filaments in synaptic regions [125]; AMPA receptors become stable upon interaction with the protein GRIP1,
which binds in turn to microfilaments [130]. In addition to these anchoring heterotropic interactions with non-
receptor proteins, excitatory GluR1 AMPA receptors are also immobilized transiently at individual synapses by
activity, which is input-specific [127]. This relative “trapping” results from the reduction of the diffusional
exchange between synaptic and extrasynaptic domains. In other words, AMPA receptors transiently accumulate
at distinct sub-regions of the postsynaptic membrane, probablzy E?ntained within distinct lipid platforms in which
receptors experience restricted mobility (median D 0.023 um”~s ). In contrast, AMPA receptors at neighboring
inactive synapses are highly mobile (median D 0.138 pmz sﬁl). However, these differences in diffusion
coefficients do not account for the net difference in the number of receptors between active and inactive
(“silent”) synapses: AMPA receptors often escape from silent synapses, whereas they remain trapped in active
synapses, which actually capture receptors by diffusional exchange.

In a recent study of inhibitory glycinergic receptors and their scaffolding anchorage protein at the postsynaptic
density, gephyrin, PALM time-resolved superresolution microscopy showed that gephyrin clusters are comprised
of several sub-clusters, and that these undergo dynamic changes in the time-course of minutes [131]. According
to these authors, the morphological changes may correspond to the splitting and merging of gephyrin clusters in
the postsynaptic density, whose size determines the number of receptors it can accommodate. Furthermore, the
number of the two key inhibitory neurotransmitters—glycine and GABA ,—increased with the number of
gephyrin clusters at spinal cord synapses. This is another reflection of gephyrin’s ubiquity in inhibitory
synapses: gephyrin is involved in the clustering of both glycine receptors and a major subset of GABA ,
receptors; both compete for the same sites on the gephyrin molecule. Palmitoylation of Cys212 and Cys284 in
gephyrin has recently been reported to be critical for the association of this protein with the postsynaptic
membrane and also essential for its clustering (trimers, hexamers and nonamers) [132]. Lack of palmitoylation
leads to mislocalization of gephyrin in non-synaptic regions. Conversely, increased palmitoylation is associated
with gain-of-function, i.e. augmented inhibitory GABAergic transmission.

In a study of a7 nAChR mobility in cultured hippocampal neurons, SPT was carried out on a small fraction of
receptors labeled with quantum dot-coupled a-BTX [121]. It should be mentioned that in hippocampal neuronal
cultures the GABAergic interneurons are not expected to receive cholinergic innervation, since they are deprived
of inputs from distal anatomical brain regions such as the septum. In spite of the absence of synaptic input, a7
nAChRs clusters are present on the neuronal surface. Less than 20% of the receptors were found in clusters,
categorized as “synaptic”, as opposed to those labeled with the presynaptic marker synapsin 1, which were
assigned to dendritic, postsynaptic, nicotinic sites. The majority (78%) of the receptors were found in the form
of aggregates in extrasynaptic areas and were either classified as “axonal” (20%, highly mobile, D> 0.1 pmz sﬁl,
Brownian motion with mostly linear trajectories) or perisynaptic, i.e. in the vicinity of, but not co-localized with,
excitatory glutamatergic (identified by mCherry-Homer 1c staining) and inhibitory GABAergic (labeled with
EGFP-gephyrin) postsynaptic densities. The a7 nAChRs in perisynaptic locations differed in their mobility, too,
with lowest receptor mobility (>66% of the “peri-GABAergic” with D ~0.018 +0.03 urn2 s ' and >70% of the
“peri-glutamatergic” with D ~0.028 + 0.04 umz sfl), reflecting local confinement domains, these differences
suggesting in turn that the tethering mechanisms holding these nicotinic receptors in the vicinity of excitatory
and inhibitory synapses differed as well [121]. What are the possible physiological implications of these
findings? Stimulation of a7 nAChRs in hippocampal interneurons modulates GABAergic inhibitory postsynaptic
potentials, depressing them in some cases [133] or exciting them in other instances [134]. In the latter case, the
ACh-induced excitation of the bicuculline-sensitive GABAergic interneurons could in turn excite or inhibit
pyramidal neurons in the CA1 region. Methyllycaconitine-sensitive a7 nAChRs also appear to affect
glutamatergic synapses, modulating back-propagating dendritic action potentials and, hence, LTP [135].
Activation of a7 nAChRs influences postsynaptic NMDA receptors, relieving the Mngr block and thus
enhancing the probability of LTP induction [136]. From this type of evidence, the conclusion was reached that
their perisynaptic localization and their high Ca®’ permeability endows a7 nAChRs with the ability to regulate
both excitatory and inhibitory CNS synapses independently of their endogenous transmitter [121].
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In the synapses between pre- and post-ganglionic neurons in the mouse submandibular ganglion [137], the
density of synaptic receptors is normally maintained by the combination of exchange of receptors with non-
synaptic regions, a diffusional phenomenon occurring in the time course of minutes, and the turnover of cell
surface receptors, taking place in the course of hours. To measure the kinetics of a7 nAChR, McCann et al. [137]
resorted to various techniques. First, using fluorescent a-BTX they identified postsynaptic and non-synaptic
populations of nAChRs. Postsynaptic nAChRs remained stable for days; non-synaptic nAChRs were more
dynamic, being replaced in the course of days. Secondly, using the FRAP technique the authors studied nAChR
lateral diffusion in the ganglionic neurons, measuring a t, , of recovery of 47 &7 min and 11 + 4 min for synaptic
and non-synaptic a7 nAChR clusters, respectively. Thirdly, to measure the turnover rate of nAChRs in vivo,
McCann et al. [137] resorted to a fluorescence and pulse-chase technique [138] which enabled them to follow
the fate of the nAChRs in the living animal for several days. The rate of loss of cell-surface neuronal a7
nAChRs (350 + 47 min) was found to be 60-fold faster than that of muscle-type nAChRs at the neuromuscular
junction [138, 139]. If living ganglion cell axons were severed, synaptic receptors showed enhanced lateral
mobility and insertion of new receptors dramatically decreased, leading to near-complete loss of synaptic
receptors and to acute synaptic depression. Disappearance of postsynaptic spines and presynaptic terminals
ensued [137]. The authors concluded that rapid changes in synaptic efficacy precede long-lasting structural
changes in synaptic connectivity. FRAP continues to be applied to the study of neuronal nAChRs. In a recent
study, FRAP revealed that the agonist nicotine, acting on a7 nAChRs in hippocampal postsynaptic neurons,
induces the stabilization and accumulation of GluA1-type AMPA receptors [140].

Chick ciliary ganglion neurons in culture express homomeric a7 and heteromeric a3 nAChR at their surface.
nAChR lateral mobility was measured using biotinylated a-BTX and biotinylated monoclonal antibody against
a3 nAChRs, respectively, followed by streptavidin-coated quantum dots with an emission wavelength of 605 nm
[141]. In the case of a3 nAChRs, only 34% were mobile. The resulting diffusion coefficient, D, was reported to
be 0.070 um2 s ' and 0.188 umz s 'in synaptic (roughly 50%) and extrasynaptic regions, respectively. In the
case of (17 nAChRs the mobile fraction was much higher (61%) and the measured D was 0.067 and

0.188 pm s ! for synaptic and extrasynaptic locations, respectively [141]. The dwell time at the synaptic region
was about 0.5 ms for the two types of neuronal nAChRs. Analysis of the MSD indicated that synaptic receptors
exhibited constrained motion, and extrasynaptic receptors displayed Brownian motion. That is, when either type
of receptors is able to diffuse freely, they do so at similar rates, but when their motion is restricted, their
constraints differ. In adult ciliary ganglia in vivo a7 nAChRs are localized in the peri-synaptic region; in
cultured neurons, wide-field microscopy immunocytochemistry showed puncta in close proximity to
synaptophysin labeling [141].

9.9. Biomedical Implications

Keeping synaptic strength at an adequate level is a functional requisite of both peripheral and central nervous
system synapses, and it is the combination and homeostasis of the +/— mechanisms outlined above that
concertedly operate to maintain the functionally adequate density of neurotransmitter receptors. The mechanisms
utilized by cells to achieve this equilibrium are complex, and vary between peripheral and CNS. A common
feature is the transient immobilization of receptors in nanoscale compartments of the synapse as opposed to
extrasynaptic regions, commonly achieved by clustering or by interaction with scaffolding non-receptor proteins
and lipid platforms. Our ability to interrogate the dynamics of receptors is currently limited to brief glimpses of
the molecules’ entire lifetime, from synthesis to degradation, but nonetheless these snapshots provide useful
hints about the organization and the functionally relevant spatiotemporal behavior of these important molecules
in the synapse.

Several neurological and neuropsychiatric disorders have been associated with dysfunction of receptors and ion
channels at the synapse, whose alterations can be encompassed under the term “synaptopathies”. Diseases like
depression, anxiety disorders, various forms of dementia, epilepsy, Parkinson’s disease, autism spectrum
disorder, migraine, fragile X syndrome, and schizophrenia are among these disorders, which cover a wide
spectrum of pathological synaptic phenotypes, ranging from alterations in the number, size or morphology of
dendritic spines, disposition of spines along the dendritic arborizations, etc. The related alterations in these
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synaptopathies (either hypo- or hyper-function of the synapse) are assumed to depend in turn on the underlying
dysfunction of the receptors and channels, the so-called channelopathies [142], which should now be extended to
encompass scaffolding and other non-receptor proteins e.g. those misfolded and aggregated at the synapse, like
in Alzheimer’s, Huntington’s or Parkinson’s diseases (for recent reviews see e.g. [143, 144]).
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