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Chapter 1

THE EFFECTS OF CHOLESTEROL ON
THE NICOTINIC ACETYLCHOLINE
RECEPTOR: AN UPDATE

Francisco J. Barrantes”
Laboratory of Molecular Neurobiology,
Biomedical Research Institute, UCA-CONICET,
Faculty of Medical Sciences, Buenos Aires, Argentina

ABSTRACT

The pentameric ligand-gated ion channels (pLGIC) constitute a
superfamily of neurotransmitter receptors characterized by decoding the
neurotransmitter signal into a selective and rapid ion permeation process
in the target cell. The lipid environment in which these receptor proteins
are embedded plays an important role in modulating their topography and
function. This occurs at multiple levels, including receptor trafficking,
sorting, distribution and residence lifetime at the cell surface,
internalization, and recycling. Cholesterol is a major player in these
equilibria, via non-selective physical mechanisms operating on the bulk
bilayer and through direct binding to the receptor proteins, the latter
resulting in more specific influences on function. This review discusses
these subjects using the crosstalk between the paradigm pLGIC, the
nicotinic acetylcholine receptor, and its lipid milieu, to illustrate the
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influence of cholesterol on receptor structural and functional properties.
The mutual interaction of the two partners is discussed at various levels
of organization, from the more general influences on the lipid phase to
the more intimate relationship of the sterol with the annular and non-
annular sites on the receptor.

Keywords: nicotinic receptor, membrane, lipid-protein interactions,
membrane proteins, lipid domains, cholesterol, pentameric ligand-
gated ion channels

INTRODUCTION

Neurotransmitter receptors can be subdivided into two main
categories: a) the extensive superfamily of 7-transmembrane, G-protein
coupled receptors (GPCR) or metabotropic receptors and b) the
superfamily of pentameric ligand-gated ion channels (pLGIC), also termed
ionotropic receptors. In the former case, binding of the neurotransmitter
induces the coupling of the receptor with a G protein, triggering a
relatively slow signaling cascade that takes the form of a metabolic
process. In the case of ligand-gated ion channels, binding of the
neurotransmitter induces the rapid opening of a channel that selectively
allows certain ions to permeate into the postsynaptic target cell. In spite of
the crucial functional (speed of the signaling process and mechanisms
involved) and structural (7 versus 5 transmembrane segments) differences
between the two superfamiles of receptors, both are made of
transmembrane proteins with a large part of their mass embedded in the
membrane lipid bilayer, and both superfamilies share common motifs to
recognize lipids, and in particular, the neutral lipid cholesterol (Baier,
Fantini et al., 2011, Fantini and Barrantes 2013, Fantini, Di Scala et al.,
2016).

The metabotropic GPCR employ transduction mechanisms involving
the cAMP signal pathway and the phosphatidylinositol signal pathway.
Upon ligand binding the GPCR undergo conformational changes that
enable them to perform as guanine nucleotide exchange factors (GEF). The
GPCR can then activate an associated G-protein by exchanging its bound
GDP for a GTP molecule. The a-subunit of the G-protein, together with
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the bound GTP, further proceed to dissociate from the  and y subunits and
involve downstream intracellular signaling proteins or target functional
proteins directly, depending on the specific subtype of a-subunit with
which they are associated.

The neurotransmitter receptors included in the pLGIC superfamily
comprise the nicotinic acetylcholine receptor (nAChR), y-aminobutyric
acid type A or C (GABAA/c) receptors, glycine receptors, the subtype 3 of
the serotonin (5-HT3) receptors and glutamate-gated chloride channels
(GluCl) (see reviews in (Nys, Kesters et al., 2013, Taly, Hénin et al., 2014,
Sauguet, Shahsavar et al., 2015)). From a functional point of view,
members of the superfamily can be divided into two distinct types: the
cation-selective channels such as the nAChR and 5-HT3 receptor, and the
anion-selective channels such as the glycine and the GABAA and GABAc
receptors and invertebrate GluCl. These functionally different classes of
ion channels mediate and/or modulate excitatory or inhibitory chemical
signals, thanks not only to their distinct pharmacological properties, but
also to their different anatomical and cellular localization and the
connectivity of the neuronal cells involved, most especially in brain.

The amino-terminal of all receptor subunits contains extracellular
halves of a pair of disulfide-bonded cysteines separated by only 13
residues and is termed Cys-loop. Biochemical and X-ray crystallography
studies have led to the identification of structural homologues of the
eukaryotic pLGIC in Prokaryotes (Bocquet, Prado et al., 2007, Hilf and
Dutzler 2008, Bocquet, Nury et al., 2009, Hilf and Dutzler 2009, Nury,
Bocquet et al., 2010) reviewed in (Nys, Kesters et al., 2013, Cecchini and
Changeux 2014, Olsen, Li et al., 2014, Sauguet, Shahsavar et al., 2014,
Sauguet, Shahsavar et al., 2015). Although these bacterial channels do not
possess a Cys-loop and their sequence identity with other members of the
LGIC is rather low, their spatial (3-D) structural similarity with the
eukaryotic LGIC is quite high.

pLGIC are involved in chemical signaling between neuronal cells, and
between neurons and muscle cells at the neuromuscular junction. Their
alterations in the so-called “channelopathies” have been implicated in
various disorders of the central nervous system, ranging from Alzheimer
disease (Valles, Borroni et al., 2014), schizophrenia spectrum disorders
(Lin, Hsu et al., 2014), Parkinson disease (Picciotto and Zoli 2008) and
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other severe neuropathological conditions. Consequently, pLGIC constitute
targets for a great variety of pharmacological and clinically important
drugs, including general anesthetics, anxiolytics, anticonvulsants,
hypnotics, behavior- and mood-modifying substances, and a variety of
drugs used in the effective treatment of epilepsies or the symptomatic
amelioration of Parkinson and Alzheimer diseases.

NACHR

The nAChR is the paradigm pLGIC. It is a transmembrane protein
composed of five subunits organized around a central pore, the ion channel
proper (Karlin 2002, Cecchini and Changeux 2015). Each nAChR subunit
contains four transmembrane segments, 20-30 amino acids in length,
named M1-M4. We have proposed that the interface between the protein
and lipid moieties, comprising both the lipid-exposed transmembrane
portions of the nAChR protein and the nAChR-vicinal lipid, behaves as an
identifiable and evolutionarily conserved domain that regulates receptor
function (Barrantes 2003, Barrantes 2004, Albuquerque, Pereira et al.,
2009, Barrantes 2015, Barrantes and Fantini 2016).

Muscle-type nAChRs are expressed in the peripheral nervous system
and neuronal-type nAChRs in both peripheral and central nervous systems
as well as in other non-neural cells such as immune cells, lymphocytes,
lung epithelium and others. In brain, the nAChR is present in two principal
forms: the heteropentameric receptor formed by o4 and 2 subunits and
the homopentameric receptor formed exclusively by a7 subunits (Gotti
2006, Cecchini and Changeux 2014). The nAChR rapidly became the
paradigm neurotransmitter receptor, and continues to be the prototype for
the pLGIC superfamily. The 30-year improvement in the electron
microscopy resolution of the Torpedo nAChR structure, currently at about
4 A resolution (Klymkowsky and Stroud 1979, Zingsheim, Barrantes et al.,
1982, Brisson and Unwin 1985, Unwin 1993, Unwin 2005, Unwin 2013)
and the crystal structure of the water-soluble homologue of the nAChR
extracellular domain (the molluscan ACh-binding protein, AChBP) by X-
ray diffraction techniques (Brejc, van Dijk et al., 2001, Celie, Rossum-
Fikkert et al., 2004), were also important landmarks in the structural
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characterization of neurotransmitter receptors and structural homologues,
and have had an important impact on our knowledge of pLGIC structure.

CHOLESTEROL

At variance with the great variety of phospholipid species and variants,
cholesterol is chemically unique (Barrantes 2016). Cholesterol
concentration alters the physical properties of the bulk membrane and also
promotes the formation of distinct membrane domains with a higher degree
of order than the bulk lipid membrane, termed liquid-ordered (Lo) domains
(Van Meer, Voelker et al., 2008). These domains enriched in cholesterol
and sphingolipids have finite lifetimes, and are structurally and chemically
different from the rest of the membrane, offering a platform with unique
biophysical characteristics. The most important consequence of these
transient lipid supramolecular assemblies is that they spatially and
temporally confine signaling processes. Cholesterol is also capable of
direct interactions with neurotransmitter receptors through consensus
binding sequences like the so-called cholesterol recognition/interaction
amino acid consensus motif (CRAC) or its inverted signature, CARC
(Fantini and Barrantes 2009, Baier, Fantini et al., 2011, Fantini and
Barrantes 2013, Fantini, Di Scala et al., 2016). The CARC motif exhibits a
preference for the outer membrane leaflet and its mirror motif, CRAC, for
the inner one. Some membrane proteins possess the double CARC-CRAC
sequences within the same transmembrane domain. Thus, neurotransmitter
receptors can be influenced by cholesterol through three non-mutually
exclusive mechanisms: i) changes in bulk membrane fluidity that may
influence the ability of receptors to undergo the conformational changes
required to exert their function; ii) association/dissociation with/from
cholesterol- and sphingolipid-rich Lo membrane domains and iii) specific
interactions with cholesterol that can occur within or outside cholesterol-
rich domains, via cholesterol binding sites. Whereas modulation of the
membrane’s physical properties by cholesterol appears to be a general
mechanism affecting a broad range of membrane proteins and cell
functions, direct binding of cholesterol to sites on the transmembrane
regions of a protein and association with membrane domains are expected
to be more specific and protein-dependent. I will next describe the intimate
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relationship of the nAChR with lipid domains and with cholesterol, and
how these relationships modulate nAChR properties.

RELATIONSHIP OF THE NACHR WITH LIPID DOMAINS

Model membrane studies showed that cholesterol-phospholipid
mixtures at high cholesterol concentrations mimicked many aspects of the
phase state displayed by biological membranes rich in cholesterol. These
mixtures lack a defined lipid phase transition and instead are characterized
by a single phase state, the liquid-ordered (Lo) phase (Ipsen, Karlstrom et
al., 2003), with properties between the gel and the fluid lipid phases. For
low cholesterol concentrations, solid-ordered (So) or liquid-disordered
(Ld) phases are observed, depending on whether the system is above or
below its gel-fluid transition temperature (Tm), respectively. When the
binary lipid system is at intermediate cholesterol concentrations, there is
phase coexistence of So and Lo (below) or Ld and Lo (above), depending
on the temperature relative to Tm.

The heterogeneity of model lipid systems is also observed in biological
membranes, which are far from being homogeneous. The landscape of the
plasmalemma at the mesoscopic (micron-level) and microscopic/
nanoscopic levels is characterized by lateral heterogeneities of different
size and composition. The chemical composition of these structural
domains is also heterogeneous, and characteristically rich in saturated fatty
acids, sphingomyelins and cholesterol. Their chemistry is reflected in their
physicochemical status, a characteristic Lo phase, different from that of the
bulk membrane bilayer lipid, which is in a liquid-disordered Ld phase
(Ing.1 fsson, Melo et al., 2014, Krause and Regen 2014, Rao and Mayor
2014, Sevcsik and Schiitz 2016). Lo domains form, transiently and
reversibly, because of favorable enthalpic interactions between high
melting temperature phospholipids with predominantly fully saturated or
monounsaturated acyl chains, sphingomyelin and cholesterol. These
nanodomains exhibit decreased conformational (trans-gauche) freedom
and, consequently, viscoelastic properties different from those of the bulk
lipid bilayer. Moreover, in compartmentalizing the membrane laterally,
these nanodomains modify the diffusion of transmembrane proteins. The
protein composition of Lo domains is also, albeit less characteristically,
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distinct: Lo domains are predominantly enriched in glycosyl-
phosphatidylinositol (GPI)-anchored proteins, as well as in proteins
involved in signal transduction and intracellular trafficking (trimeric and
small GTPases, Src family kinases) (Anderson 1998). Moreover,
palmitoylation serves as a signal for the anchoring of several
neurotransmitter receptors in Lo domains (Resh 2013). It should be
emphasized that the existence of Lo domains has been clearly
demonstrated experimentally in artificial membranes, but their presence in
cell membranes is still an often controversial issue. The occurrence of
ultranano-domains has recently been reported (Pathak and London 2015).
They were difficult to detect due to their small size (<5 nm). Lipid domains
in biological membranes not only exhibit spatial heterogeneity, but also
display a wide distribution in the time domain, exhibiting lifetimes from
the sub-millisecond to the tens of seconds.

In the case of the nervous system, lipid domains have been reported to
be involved in neuronal cell adhesion, axon guidance, synaptic
transmission, growth factor-mediated signal transduction, vesicular
trafficking, and membrane-associated proteolysis (Anderson 1998, Brown
and London 1998, Tooze, Martens et al., 2001, Wolozin 2001, Aureli,
Grassi et al., 2015). This makes Lo domains important for neural
development and neuronal function and their diseases, as is the case with
neurodevelopmental complex diseases like the schizophrenia spectrum
disorders or the autistic spectrum disorders. The possible contribution of
lipid domains to neuronal excitability stems from their reported
participation in the clustering and regulation of neurotransmitter receptors
on the one hand, and in the exocytic process of neurotransmitter release on
the other (Martens, Navarro-Polanco et al., 2000, Bruses, Chauvet et al.,
2001, Chamberlain, Burgoyne et al., 2001, Besshoh, Bawa et al., 2005,
Nothdurfter, Tanasic et al., 2013, Sevcsik and Schiitz 2016). Due to the
essential structural role of cholesterol in the formation of liquid-ordered
lipid domains, these aspects are discussed in more detail in the following
sections of the review, addressing the specific roles of cholesterol on lipid
platforms inhabited by nicotinic receptors.

Using simple lipid model systems, we have used fluorescence
techniques to study the propensity of cholesterol and other natural and
synthetic sterols and steroids to promote the formation or disruption of Lo
domains (Wenz and Barrantes 2003). We found that most compounds have
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an ordered-phase disrupting activity, and we attributed this to the absence
of carbon side chains (androstenol or C4 sterol) whereas cholesterol and
25-OH cholesterol, having such side chains, are Lo-promoting compounds
(Figure 1). The side chains confer not only hydrophobicity to cholesterol
and 25-OH cholesterol, but also the ability to achieve a better alignment,
with their main molecular axis with a preferred orientation perpendicular to
the membrane plane, and the 3-OH group at the opposite pole of the
molecule at the level of the phospholipid polar head region.

In living cells, we have focused our attention on the influence of
cholesterol on the formation and stabilization of receptor assemblies at the
plasmalemma. Cell-surface muscle type nAChRs are organized in micron-
and submicron-sized (nano)clusters, e.g., in CHO-K1/A5 cells and in
resting C2C12 myotubes, respectively. It has not been straightforward to
elucidate whether these receptor aggregates are associated with
cholesterol-rich domains, as suggested by early experiments in which
membrane patches rich in nAChR were isolated from muscle cells and
their cholesterol composition subjected to biochemical analysis (Scher and
Bloch 1991). Wide-field fluorescence microscopy of neuronal a7nAChR
expressed in somatic spines of chicken ciliary neurons colocalized with
GM1, a ganglioside reportedly associated with lipid Lo domains (Bruses,
Chauvet et al., 2001). However, attempts to explore the possible
association of the nAChR with cholesterol-rich Lo domains using wide-
field fluorescence microscopy and cholesterol-sensitive probes did not
provide conclusive results (Scher and Bloch 1991, Kamerbeek, Borroni et
al., 2013). The sensitivity and the spatial resolution of the techniques did
not suffice to establish the association of nAChRs with a given type of
lipid domain. When reconstituted in a sphingomyelin-cholesterol-POPC
(1:1:1) model system, purified nAChR from Torpedo does not to appear to
exhibit preference for Lo domains (Bermudez, Antollini et al., 2010).
However, inclusion of sphingomyelin molecular species that generate
bilayer asymmetry by enriching the sphingolipid content of the outer
leaflet favor the partitioning of the nAChR in Lo domains (Perillo, Penalva
et al., 2016). Using coarse-grained molecular dynamics simulations Sharp
and Brannigan (Sharp and Brannigan 2017) have recently simulated the
partitioning of nAChRs in domain-forming lipid mixtures. These authors
indicate that, contrary to expectations, nAChR partitions into the Ld phase
rich in n-3 polyunsaturated fatty acids and low in cholesterol. When
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nAChR is partitioned into a cholesterol-poor liquid-disordered phase,
binding of annular cholesterol is not observed, but cholesterol is stable in
non-annular embedded sites for some cholesterol concentrations. These
authors provided a structural explanation for this observation: the more
flexible Ld phase can accommodate the deformation induced by the cone-
shaped nAChR. In summary, experimental and in silico data point to the
plasticity of the nAChR relationship with lipid domains: the receptor can
inhabit/be excluded from Lo domains (“rafts”) depending on the chemical
composition of its lipid microenvironment,
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Figure 1. Sterols that promote ordered lipid domain formation/stabilization (cholesterol
and 25-hydroxycholesterol) possess an aliphatic chain at C-22. This side chain might
be involved in the anchoring of the steroid in the bilayer (From ref. (Wenz and
Barrantes 2003).
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ANNULAR AND NON-ANNULAR SITES ON THE NACHR

If we zoom in on the nAChR-lipid interactions, we begin to focus on
the relationship between two types of lipids in contact with the receptor
macromolecule. Annular lipids (also referred to as shell lipids or boundary
lipids) are a subset of lipid molecules preferentially located at the surface
of membrane-embedded proteins, in a manner analogous to the solvent
layer surrounding a water-soluble protein. The surface of a membrane
protein contains shallow grooves and protrusions to which the fatty acyl
chains of these annular lipids adapt to provide intimate contacts. Annular
lipids constitute a shell, belt or annulus which is relatively immobile, in
terms of translational and rotational motions, in comparison to bulk lipids.
This approximation to a definition alludes to structural as well as dynamic
aspects, and implicitly to thermodynamic features of annular lipids: they
exhibit affinity for binding to the transmembrane regions of the proteins,
and remain in their immediate microenvironment for periods longer than
those experienced by the average thermally-driven lipid molecule in the
bulk bilayer. The polar head regions of annular phospholipids and the polar
region of cholesterol bind to the correspondingly more hydrophilic
surfaces of the membrane protein, closer to the inner and outer interfaces
of the bilayer with the extracellular and intracellular moieties. The
hydrophobic fatty acyl chain region of the phospholipids or the more
hydrophobic part of the cholesterol molecule establishes surface contacts
with the hydrophobic core of the membrane-embedded polypeptide
segments.

Very few lipid molecules bound to membrane proteins have been
resolved at atomic level in the scarce high-resolution structures of
membrane proteins available to date. These crystallographic studies have
provided evidence of the occurrence of lipid molecules between
transmembrane a-helices, termed non-annular lipids. Binding of lipids to
non-annular sites of some membrane proteins such as the potassium
channel have been found to be functionally important (Levitan and
Barrantes 2012, Rosenhouse-Dantsker, Noskov et al., 2013).
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NICOTINIC ACETYLCHOLINE RECEPTOR (NACHR)
AND CHOLESTEROL

The most extensively studied neurotransmitter receptor in terms of
lipid-protein interactions is the nAChR (Barrantes 2003, Barrantes 2004,
Barrantes 2015). Using native membrane fractions enriched in the
postsynaptic membrane of Torpedo electrocytes interrogated with electron
spin resonance (ESR) techniques, nAChR-associated lipids were shown to
be immobilized with respect to the bulk membrane lipid (Marsh and
Barrantes 1978). Sterols were identified as part of these immobilized
lipids. Other ESR studies (Bienveniie, Rousselet et al., 1977, Marsh, Watts
et al., 1981, Marsh, Watts et al., 1982, Ellena, Blazing et al., 1983, Arias,
Sankaram et al., 1990, Horvath, Arias et al., 1990, Marcheselli, Daniotti et
al., 1993) corroborated the occurrence of two distinct signals in
experiments with native and reconstituted membranes containing nAChR
at relatively high or low concentrations: one signal corresponded to the
bulk membrane lipid and the other was interpreted as stemming from the
protein-immobilized lipid. These direct interactions between protein and
lipid moieties were observed with fatty acids, phospholipids, and sterols in
the native membrane environment. Ellena et al., (Ellena, Blazing et al.,
1983) confirmed our findings using reconstituted nAChR. Rousselet and
coworkers (Bienveniie, Rousselet et al., 1977, Rousselet, Devaux et al.,
1979) found immobilization with fatty acids but not with phospholipids.
The Lo-type phase of the nAChR immediate perimeter was further
confirmed in native membrane using fluorescence (Antollini, Soto et al.,
1996) or a combination of fluorescence and single-channel patch-clamp
recordings (Antollini, Soto et al., 1996). Two cholesterol pools have been
described in nAChR-rich membranes from Torpedo: an easily extractable
fraction that influences the bulk fluidity of the membrane and a tightly
bound nAChR-associated fraction (Leibel, Firestone et al., 1987). These
studies from different laboratories demonstrated the occurrence of different
lipid pools and nAChR protein-vicinal lipids that are relatively immobile
with respect to the rest of the membrane lipids. They also pointed to the
existence of phase lateral heterogeneity in nAChR-rich membrane lipids
earlier than the concept of “rafts” came into use in the membrane field.
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Consensus motifs for cholesterol binding are present in the
transmembrane domain of all nAChR subunits, rendering a total of 15
cholesterol molecules per receptor (Baier, Fantini et al., 2011). In addition,
in silico modeling studies led to the conclusion that in the total absence of
cholesterol the nAChR structure would collapse (Brannigan, Henin et al.,
2008). This model postulates the occurrence of cholesterol sites deep
inside the transmembrane region of the nAChR, a premise on which until
recently there was no conclusive experimental evidence (Brannigan, Henin
et al., 2008). Cholesterol sites at the lipid belt region surrounding the
nAChR macromolecule, in direct contact with the membrane-facing
surfaces of the transmembrane segments (Baier, Fantini et al., 2011,
Fantini, Di Scala et al., 2016) have been less elusive to characterize. The
free energy of interaction between cholesterol molecules and the nAChR is
about -510/-530 kJ.mol, i.e., more than -100 kJ.mol" per subunit. The
particularly favorable fit between the “CARC-like” yTM4 segment from
human nAChR (428RVCFLAMLA435) and cholesterol is noteworthy, with
an energy of interaction of about -60 kJ.mol', i.e., ~60% of the total
energy of interaction of the entire y subunit, which exhibits the highest
affinity for cholesterol among all nAChR subunits (Figure 2). The CARC
motif generally exhibits more affinity for cholesterol than the CRAC motif
(Fantini and Barrantes 2013).

The significance of cholesterol for nAChR function has been
extensively documented in experiments using purified nAChR from
Torpedo reconstituted into membranes of various compositions, pointing to
the clear influence this lipid —in addition to some glycerophospholipids
(see reviews in (Barrantes 2003, Barrantes 2004, Barrantes 2015)) — has on
the ability of the receptor to undergo the conformational transitions
relevant to channel activation and desensitization. In living cells, acute
cholesterol depletion has been reported to result in a transient ion channel
gain-of-function in the cell line CHO-K1/AS cells and in Torpedo nAChR
expressed in Xenopus oocytes, whereas cholesterol enrichment has the
opposite effect (Santiago, Guzman et al., 2001, Borroni, Baier et al., 2007).
Subsequent studies provided a rationale for these observations: acute
cholesterol depletion results in the marked acceleration of the rate of
endocytosis of the receptor: the nAChR molecules remaining at the surface
exhibit a moderate increase in the lifetime of their channel open state,
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which we interpreted as a compensatory mechanism for the temporary loss
of cell-surface receptors (Borroni, Baier et al., 2007).

Figure 2. CARC-like domain in human AChR yTM4 transmembrane segment. This
hydrophobic transmembrane segment (Swiss Prot entry P02708, surface rendering) is
located in the outer membrane leaflet. yTM4 is the transmembrane segment having the
highest energy of interaction (-60 kJ/mol) with cholesterol (backbone rendering).
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Figure 3. Changes in the orientation of I) yTM4 in POPC at 27°C, II) yTM4 in DPPC
at 50°C, and III) yYTM4 with the yYTM1-TM2-TM3 bundle (grey) in DOPC at 50°C.

From Antollini et al., (2005).
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Since the function of membrane proteins is influenced by the thickness
of the surrounding lipid bilayer, there is crosstalk between protein and lipid
moieties to ensure matching of their respective hydrophobic surfaces. The
average thickness of the bilayer-embedded portion of a membrane protein
is about 29 A. A few proteins depart from this average thickness, and
generate a hydrophobic mismatch with the surrounding lipid bilayer.
Membrane proteins compensate changes in membrane thickness to
minimize mismatch by tilting their a-helices and rotating their side chains
at the ends of the helices. In the case of the nAChR, we have established
the topography of the transmembrane portions of the receptor relative to
that of surrounding lipids in the bilayer by means of Forster resonance
energy transfer (FRET) and differential fluorescence quenching with spin-
labeled lipid analogs, sterols included (Barrantes, Antollini et al., 2000). In
another series of experiments, we specifically addressed the relative
topography and tilt of the representative TM4 nAChR transmembrane
chain and bilayer thickness, in the presence or absence of cholesterol (de
Almeida, Loura et al., 2004) or in two different phosphatidylcholines
(Antollini, Xu et al., 2005). The TM4 varied its angle with respect to the
membrane normal depending on the thickness of the bilayer (POPC at 27°
C or DPPC at 50°C) and whether the peptide was by itself or in the whole
transmembrane bundle together with TM1, TM2 and TM3 (Antollini, Xu
et al., 2005) (Figure 3); but it was the presence of cholesterol that was
found to affect the bilayer thickness and consequently the orientation of the
reconstituted TM4 peptide more profoundly (de Almeida, Loura et al.,
2004).

CHOLESTEROL DEPENDENCE OF NACHR TRAFFICKING

There is clear experimental evidence indicating that the size, stability
and organization of the nAChR at the plasma membrane depend on
cholesterol levels and actin cytoskeletal integrity (Barrantes 2007, Borroni,
Baier et al., 2007, Barrantes 2012, Kamerbeek, Borroni et al., 2013).
Exocytic trafficking of nAChRs to the plasmalemma as well as endocytic
trafficking from the cell surface to the cell interior are both cholesterol-
dependent processes. In the exocytic pathway, receptors associate with
cholesterol-rich domains as early as in the endoplasmic reticulum (ER) and
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the Golgi apparatus (Marchand, Devillers-Thiery et al., 2002). Moreover,
cholesterol depletion retains nAChRs in the Golgi complex, resulting in a
decrease in cell-surface nAChR levels (Pediconi, Gallegos et al., 2004).
Once nAChRs reach the cell surface, their stability is also highly
dependent on cholesterol levels. Acute cholesterol depletion reduces the
number of receptor domains by accelerating the rate of endocytosis and
shifting the internalization of the nAChR to an alternate Arf6-dependent
endocytic pathway (Borroni and Barrantes 2011) different from the
constitutive endocytic pathway followed by the receptor under basal
conditions (Kumari, Borroni et al., 2008). In summary, cholesterol
depletion leads to nAChR conformational changes that alter its stability
and its long-range dynamic association with other nAChR nanoclusters,
accelerates its endocytosis, and transiently affects the channel kinetics of
those receptors remaining at the surface (Borroni, Baier et al., 2007).
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