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Abstract: Neuronal nicotinic acetylcholine receptors (nAChRs) belong to a super-family of Cysloop ligand-gated ion channels that respond to endogenous acetylcholine (ACh) or other cholinergic
ligands. These receptors are also the targets of drugs such as nicotine (the main addictive agent
delivered by cigarette smoke) and are involved in a variety of physiological and pathophysiological
processes. Numerous studies have shown that the expression and/or function of nAChRs is compromised in many neurological and psychiatric diseases.
Furthermore, recent studies have shown that neuronal nAChRs are found in a large number of nonneuronal cell types including endothelial cells, glia, immune cells, lung epithelia and cancer cells
where they regulate cell differentiation, proliferation and inflammatory responses.
The aim of this review is to describe the most recent findings concerning the structure and function
of native nAChRs inside and outside the nervous system.

Keywords: Neuronal nicotinic acetylcholine receptor subtypes, subunit composition, ligand binding site, stochiometry, nonneuronal nicotinic acetylcholine receptors, knockout and knockout in mice.
1. INTRODUCTION
The neurotransmitter acetylcholine (ACh) is synthesised,
stored and released by cholinergic neurons, and exerts its
effects on the central nervous system (CNS) and peripheral
nervous system (PNS) through two distinct types of receptor:
the muscarinic and nicotinic ACh receptors (mAChRs and
nAChRs).
The ACh released by cholinergic neurons acts as a neurotransmitter, but ACh is also released by non-neuronal tissues
where it is involved in cell-to-cell communication, and controls essential functions such as cell proliferation, adhesion,
migration, secretion, survival and apoptosis, in an autocrine,
paracrine or juxtacrine manner [1]. Together with that released by vagal nerve endings, ACh can also contribute to
the cholinergic control of inflammation (reviewed in [2]).
Accordingly, ACh and its synthesizing enzyme choline
acetyltransferase (ChAT), are found in human and animal
erythrocytes, immune cells, endothelial and epithelial cells
(including airway epithelial cells) and placenta cells. Small
amounts of ACh are even found in blood [1, 3-8].
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In the brain, nAChRs are widely expressed, both presynaptically and postsynaptically, and are involved in several
functions including learning and memory, arousal, reward,
motor control, and analgesia. nAChRs are also the target of
nicotine, the main addictive agent delivered by cigarette
smoke [9].
A number of comprehensive reviews have previously
described the structure and function of neuronal nAChRs
[10-16]; the aim of this article is to provide a short overview
of the structure and function of nAChR subtypes, particularly those expressed extraneuronally.
2. THE STRUCTURE OF NEURONAL NICOTINIC
ACETYLCHOLINE RECEPTORS
Neuronal nAChRs belong to the super-family of homologous Cys-loop ion channel receptors, which include muscletype nAChRs, GABA A, glycine and serotonin 5-HT3 receptors [16]. nAChRs are ACh-activated cationic channels consisting of nine α (α2 to α10) and three β subunits (β2-β4)
(reviewed in [10-16]). The homomeric (α7 or α9) or heteromeric (α2-α6 with β2-β4) assembly of five subunits generates many distinctive subtypes that share a common basic
structure, but have specific pharmacological and functional
properties [10].
All of the subunits have a common architecture consisting of a large N-terminal extracellular domain followed by
©2018 Bentham Science Publishers

Neuronal and Extraneuronal Nicotinic Acetylcholine Receptors

Current Neuropharmacology, 2018, Vol. 16, No. 4

339

Fig. (1). The structure of neuronal nicotinic acetylcholine receptors. A: Structure showing the arrangement of nAChR subunits and the
location of the two ACh-binding sites. B) A section of the nAChR with the five subunits arranged around a central cation-conducting pore.
C) A single nAChR subunit embedded in the membrane. The extracellular amino acid terminal portion is followed by three hydrophobic
transmembrane domains (M1-M3), a large intracellular loop, and a fourth hydrophobic transmembrane domain (M4). The transmembrane
M2 segments lining the ion path wall are shown in dark grey.

three hydrophobic transmembrane domains (M1-M3), a
large cytoplasmic loop between M3 and M4, a fourth hydrophobic transmembrane domain (M4) and a short extracellular
carboxyl domain (C-domain) (see Fig. 1) [15]. The M1–M4
transmembrane domains are arranged in concentric layers
around the central pore: the M2 domain lines the pore membrane, M1 and M3 shield M2 from the surrounding lipid
bilayer, and M4 is the most exposed to lipids (see Fig. 1)
[15].
The antagonist αBungarotoxin binds and blocks some
(but not all) nAChR subtypes, which have therefore been
divided into two main classes: αBgtx-sensitive receptors,
which may be homomeric (made up of the α7,α8 or α9) or
heteromeric (α7α8, α9α10, α7β2), and αBgtx-insensitive
receptors, which consist of α2-α6 and β2-β4 subunits, and
bind nicotine and many nicotinic agonists with high affinity,
but not αBgtx [15].

The N-terminal and transmembrane domains are well
conserved among the different subunits, whereas the M3-M4
cytoplasmic loop is the most divergent and varies in length
and amino acid composition [17]. This cytoplasmic loop
contains multiple sequences that are important for receptor
export from the endoplasmic reticulum (ER) and trafficking
to the plasma membrane, sequences for post-synaptic scaffold protein interactions, and phosphorylation sites for various serine/threonine and tyrosine kinases [18-20]. Moreover,
it has recently been shown that the intracellular loop of the
α7 subunit contains a G protein binding cluster that promotes
intracellular signalling [21, 22].
The functional properties of each subtype are unique, but
overlap sufficiently to make them very difficult to distinguish using pharmacological agents, especially when the
subtypes have subunits in common or contain different
subunits with a high degree of homology (e.g., α3 and α6, or
α2 and α4) [9].
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nAChRs are not only permeable to monovalent Na+ and
K ions, but also to Ca2+ ions. The heterologous expression
of homomeric α7 and α9 nAChRs has revealed a fractional
Ca2+ current comparable to that estimated for N-methyl-Daspartate (NMDA) glutamate receptors, but much more permeable to Ca2+ ions than that of heteromeric nAChRs [23].
The ability of nAChRs to alter intracellular calcium levels
leads to activation of different downstream intracellular
pathways that can play a pivotal role in neuronal signalling
and plasticity (reviewed in [24]).
+

The most widely expressed neuronal subtypes in the
brain are heteromeric α4β2*(* means that additional
subunits may be present) and homomeric α7 receptors,
whereas α3β4* is the most widely expressed subtype in the
PNS. In addition to those with different subunit compositions, some nAChRs have the same subunit composition but
different subunit stoichiometry, as in the case of the α4β2
and α3β4 subtypes [9, 15]. The (α4β2)2α4 and (α4β2)2β2
stoichiometries are different in terms of calcium permeability and agonist or antagonist sensitivity, with the latter having a higher affinity for and greater sensitivity to ACh; in the
case of the α3β4 subtype, (α3β4)2α3 and (α3β4)2β4 have
markedly different single-channel conductance and kinetics,
and differently sensitive to zinc enhancement [15, 25].
In addition to the two orthosteric binding sites at the
α4/β2 interface, the (α4β2)2α4 subtype has, an additional
unortodox binding site at the α4α4 interface (Fig. 2) that
increases the activation of α4β2 sites [26, 27] and accelerates
receptor desensitisation of (α4β2)2 α4 [28].
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Homomeric α7 receptors are one of the two most abundant nAChR subtypes in the CNS, where they are mainly
localised in the cortex, hippocampus, hypothalamus and
some brain stem nuclei. However, emerging evidence demonstrates the presence of heteromeric α7 nAChRs in heterologous systems and native neurons. In heterologous systems, α7 subunits form functional channels with the β2 [29],
β3 [30], β4 [31], or α5 subunit [32]. Moreover, our group
has recently biochemically identified a native α7β2 subtype
expressed in rodent and human basal forebrain that has different functional and pharmacological properties from those
of homomeric α7 nAChRs [15, 33].
The CHRNA7 gene that codes for the α7 subunit is partially duplicated (α7dup) in humans and forms a hybrid gene
with the novel FAM7A gene (CHRFAM7A), whose transcript
codes for a α7dup protein that lacks the signal peptide and
the ligand-binding domain for ACh, and has a lower molecular weight than the α7 subunit [34].
CHRFAM7A mRNA expression is low in human brain,
but abundant in peripheral lymphocytes and tissues [35].
Functional studies have shown that α7dup, expressed in oocytes, acts as a dominant negative regulator of α7 nAChR
activity by means of a mechanism involving a reduction in
the number of functional α7 nAChRs incorporated into the
oocyte surface (reviewed in [36]). Use of the Forster resonance energy transfer (FRET) technique has confirmed that
the α7dup subunits are assembled and transported to the cell
membrane together with full-length α7 subunits, and that
these α7- α7dup receptors show functional alterations [37].

Fig. (2). The pentameric arrangement of nAChR subunits in an (α4)3(β2)2 subtype (left) and α7 homopentameric subtype (right).
The localisations of the subunit interfaces of the orthosteric binding sites are indicated, together with the primary component P(+) carried by
the α subunits and the complementary component C(-)carried by α or non-α subunit. The subunits that may occupy an accessory position are
also indicated. In addition to the two orthosteric sites, the (α4)3(β2)2 subtype has a binding site at the α4α4 interface (star).
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3. NEURONAL NICOTINIC
RECEPTOR BINDING SITES

ACETYLCHOLINE

3.1. Ligand Binding Sites
Information about the interactions between agonists and
nAChRs at atomic scale was initially provided by studies of
the crystal structures of Lymnaea stagnalis ACh-binding
proteins (L-AChBPs) complexed with nicotine or carbamylcholine, and Aplysia californica AChBPs (A-AChBPs) complexed with lobeline or epibatidine [38, 39]. However, homology between AChBP and nAChR extracellular domains
is less than 30%, and AChBPs lack transmembrane domains.
More recently, the structures of nAChRs and related receptors with both extracellular and transmembrane domains
have been determined in resting, open or closed conformations [40, 41].
Homomeric and heteromeric nAChRs both made up of
five subunits organised around a central channel: the homomeric receptors have five identical (orthosteric) AChbinding sites per receptor molecule [42] located at the interface between two adjacent subunits, whereas heteromeric
receptors contain at least two orthosteric ACh-binding sites
at the interface between the primary (+) side of an α subunit
and the complementary (−) side of a β2 or β4 subunit] (see
Fig. 2) [43]. Studies of AChBPs have shown that many
amino acid residues contribute to ACh binding sites. They
are grouped into short sequences that form loops A, B and C
(the primary component) and D, E and F (the complementary
component). Loops A, B, D and F, in the middle of the interface of two adjacent subunits provide a hydrophobic pocket
mainly consist of aromatic residues to which the tertiary or
quaternary ammonium of nicotinic ligands bind. In the absence of an agonist or presence of an antagonist, loop C does
not cover the hydrophobic pocket whereas, in the presence of
an agonist, the binding site has a closed conformation and is
covered by loop C [43].
The accessory subunits are those that do not directly participate in forming the orthosteric binding site. It has so far
been shown that the α5, β3, α3, α4, β2 and β4 subunits can
occupy the accessory position in functional receptors. The
role of accessory subunits has been investigated in α4β2*
subtypes, in which the presence of different accessory
subunits changes their pharmacological and biophysical
properties, and their sensitivity to allosteric modulators and
up-regulation by nicotine [26, 44-46].
Until recently, it was thought that the α5 and β3 subunits
only assembled in the accessory position, but Jin et al. [47]
used the concatamer approach to express dimeric constructs
of α4 and β2 subunits with a free α5 subunit, or concatameric
pentameric receptors incorporating a single copy of α5 in
different positions, and found that the α5 subunit can occupy
the position of a non-binding subunit, or replace a β2 subunit
participating in an orthosteric binding site. Moreover, Jain et
al. [48] used concatamer experiments to show that α5 and β3
act as α or β subunits to form functional ACh-binding sites
with an α4 subunit [49].
However, it still needs to be demonstrated that the α5
subunit can participate in the formation of an orthosteric
binding site in native receptors.
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In order to elicit maximal nAChR activation, ACh needs
to bind two binding sites in heteromeric receptors and, in
native α7 receptors, the occupancy of a single site is sufficient to give maximal activation [50]. In homomeric α7–
5HT3A (lab-generated) chimeric receptors maximal activation is obtained when three agonist molecules are bound in a
non-consecutive array. The binding of ACh to more than
three binding sites in the α7–5HT3A receptors increases receptor desensitisation [51, 52].
3.2. Allosteric Binding Sites
Apart from the ACh-binding site (which is also called the
nAChR orthosteric binding site), allosteric sites have been
identified on nAChRs that modulate nAChR function (reviewed in [53]). These allosteric binding sites are located in
the ion pore or the extracellular, cytoplasmic, and transmembrane domains. Allosteric modulators are a heterogeneous
class of compounds that include positive allosteric modulators (PAMs), negative allosteric modulators (NAMs), and
silent allosteric modulators (SAMs). Allosteric modulators
often have no intrinsic activity and only modulate the effects
of an agonist. PAMs typically have low intrinsic activity
(although, a few can act as full agonists [54] and reduce the
concentration of agonist required to achieve channel opening, enhance channel opening or decrease nAChR desensitisation. When they are administered alone, they usually do
not activate nAChRs, but increase the activation elicited by
endogenous nicotinic agonists, such as choline or ACh.
NAMs are compounds that reduce the response to orthosteric
agonists and normally include competitive and noncompetitive nAChR antagonists. The non-competitive antagonists also include antagonists that bind in the channel
pore and occlude ion flux (open-channel blockers) [53].
SAMs are compounds that do not potentiate or inhibit responses to orthosteric agonists, but can influence allosteric
modulation by blocking the effects of other allosteric modulators.
4. NEURONAL NICOTINIC
RECEPTOR FUNCTIONS

ACETYLCHOLINE

Neuronal nAChRs in the brain are preferentially localised
at presynaptic and/or preterminal sites, where they regulate
the release of several excitatory or inhibitory neurotransmitters [55]. Consequently they can have opposite modulatory
effects on the same circuit, depending on the inhibitory or
excitatory nature of the stimulated neurons. nAChRs are
expressed also at the somatodendritic postsynaptic site,
where they regulate neuron depolarisation, firing and longterm potentiation [9]. Moreover these receptors are also involved in proliferation, differentiation and migration of neural progenitors [56, 57].
The development of genetically engineered mice with the
targeted deletion of specific subunits (knockout, Ko) or mutations in critical receptor domains (knock-in, Kin), and the
use of lentiviral vectors to re-express nAChR subunits in
selected brain regions of Ko mice, has led to the in vivo identification of complex subtypes, and allowed the study of individual subtypes in specific cells and complex neurobiological systems (reviewed in [58, 59]). These studies have
provided important information concerning the physiological
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role of different nAChR subtypes. nAChRs contribute to
cognitive function, and changes in their number and/or function are associated with various pathological conditions such
as cognitive disorders, anxiety, depression, Alzheimer’s and
Parkinson’s disease, pain and epilepsy [12, 60-63].
nAChRs are particularly important in two critical periods
of brain life: early pre- and post-natal circuit formation, and
age-related cell degeneration. They are involved in neuronal
survival, as it has been shown that nicotinic agonists are neuroprotective in in vivo and in vitro models [64, 65].
The use of these animal models has provided insights
into the cellular and molecular mechanisms of nicotine addiction and withdrawal. Once in the bloodstream, nicotine,
rapidly crosses the blood/brain barrier, and accumulates and
exerts its pharmacological effects [9, 58] (including psychostimulation, reward and the reduction of stress and anxiety) in the brain by binding to nAChRs. Chronic nicotine
exposure induces neural adaptations that change cell physiology and behaviour mainly as a result of activation and/or
desensitisation of nAChRs. Studies of the brains of animals
and smokers chronically exposed to nicotine have shown an
increase in the number of nAChRs (up-regulation). The upregulation of nAChRs has also been obtained using nicotinic
agonists (cytisine, carbamylcholine and varenicline) [66, 67],
antagonists (dihydro-β-erythroidine, mecamylamine) [68-70]
and a partial agonist (CC4) [71]. The concentration dependence of up-regulation does not match that of other known
receptor processes, such as activation, competitive inhibition, or desensitisation. There is evidence indicating that key
steps in nicotine-induced up-regulation are receptor assembly [72, 73], decreased proteasomal degradation [74], trafficking [75] and cell surface expression [69]. It was once
assumed that nicotine-induced up-regulation is caused by a
single process, but it now seems to be the consequence of
changes in various pathways and processes that have different time courses and are quantitatively different among receptor subtypes (reviewed in [19]).
The mesocorticolimbic system is the central mediator of
nicotine reward and reinforcement, and this connects the
neurons present in the ventral tegmental area (VTA) with
two principal targets: the nucleus accumbens (NAc) and the
prefrontal cortex (PFC) [76]. Dopamine (DA) neurons,
which project to the NAc receive both excitatory glutamatergic and cholinergic afferents that mediate nicotine reward,
and inhibitory GABAergic afferents, that mediate aversion
[77]. The release of these neurotransmitters is modulated by
the nAChRs expressed in cholinergic, glutamatergic and
GABAergic terminals [78]. By acting on the α7 receptors in
glutamate terminals, acutely administrated nicotine stimulates the release of glutamate, which facilitates the burst firing of VTA DA neurons and eventually leads to LTP [79],
and increases the firing rate of the GABAergic neurons of
the rostromedial tegmental nucleus [80, 81]. Although nicotine facilitates GABA release, this does not elicit DA cell
inhibition, probably because of the simultaneous nicotineinduced increase in glutamate release [80, 81]. By activating
the α4β2 receptors on inhibitory GABAergic inputs to the
VTA or GABAergic interneurons, smoked concentrations of
nicotine transiently increase the release of GABA and subsequently depress it for about one hour [82]. Finally, by bind-
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ing to the nAChR subtypes expressed by DA neuron cell
bodies, nicotine modulates the shift towards burst firing and
increases DA release in the NAc [76, 78].
Chronic nicotine treatment also activates the α7 receptors
expressed on glutamatergic terminals, increases the release
of glutamate (which facilitates the burst firing of VTA DA
neurons), increases NMDA receptor activity, and LTP [79],
but simultaneosusly induces the desensitisation of the α4β2
receptors on GABAergic terminals. Overall, these effects
decrease the inhibition onto DA neurons, and increase DA
release in the NAc [82].
The habenulo-interpeduncular (Hb-IPN) pathway has
recently received much attention as a key pathway mediating
natural and drug reinforcement [83]. The Hb-IPN consists of
the medial habenula (MHb), which is composed of ventrally
located cholinergic neurons and dorsally located substance P
neurons, and the lateral habenula (LHb). The MHb, which
co-releases glutamate (Glu), projects almost exclusively to
the IPN through the fasciculus retroflexus, whereas the LHb
projects directly or indirectly to midbrain areas and transmits
an inhibitory signal to VTA DA neurons [84].
The Hb-IPN system expresses the highest levels and variety of nAChR subunits and subtypes in mammalian brain
[85], and is the only central system expressing high levels of
α3, β4 and α5 subunits. This finding has recently attracted
increasing scientific attention because human genetics studies have shown a highly significant association between a
number of single nucleotide polymorphisms (SNPs) in the
gene cluster that codes for α3, α5 and β4 subunits and tobacco dependence and dependence-related diseases. The
coding SNP α5 D398N is closely associated with nicotine
consumption [86].
Animal studies have shown that α5 and β4-containing
receptors in the Hb-IPN play an important role in for nicotine dependence. α5 subunit Ko mice or mice with selective
knock down of the α5 subunits in the Hb develop increased
nicotine intake in a self-administration paradigm that is
blocked by the selective re-expression of the α5 subunit
within the MHb; thus indicating that the α5-containing
nAChRs located in this brain area also play an important role
in regulating the negative effects of nicotine. On the contrary
the overexpression of β4* nAChRs in mice decreases nicotine reinforcing properties and consumption [87]. Moreover,
α5 or α2 subunit Ko mice chronically treated with nicotine
show fewer somatic signs after nAChR antagonist mecamylamine-elicited withdrawal [84]. Finally, a study has shown
that α2 Ko mice have enhanced nicotine self-administration
behaviour [88]. These findings suggest that α5* nAChRs in
the MHb, and α2* nAChRs in the IPN may underlie aversive
responses to nicotine.
5. NEURONAL NICOTINIC ACETYLCHOLINE
RECEPTORS EXPRESSED IN NON-NEURONAL
CELLS
The mRNAs for nAChR subunits are present in skin [8],
bronchial, oral and gastrointestinal epithelial cells [89], lymphocytes, macrophages, vascular endothelium and muscle
fibers (together with muscle-type subunits) [1, 12]. Moreover, brain endothelial cells, which are essential components
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of the blood/brain barrier, express nicotinic α5, α7, β2 and
β3 subunits [90], and hippocampal astrocytes [91] express
α3, α4, α7, β3 and β4 subunits [92-94]. Nicotinic subunit
mRNAs are also expressed by oligodendrocyte progenitor
cells [84]. In addition, nAChR subunit transcripts have been
detected in many cancer cell types. However it must be underlined that interpreting these data is not easy as there is not
always a correlation between mRNA and expressed subunit
levels. Moreover, many of the immunolocalisation and
Western blot studies have used anti-receptor subunit antibodies whose specificity has been questioned [95].
The most convincing evidence of nAChRs in nonneuronal cells has been obtained pharmacologically using
subtype-specific antagonists that block many cancerpromoting processes [96] and/or by comparing the effects of
antagonists on Wt and Ko mice. Another successful approach is the in vivo silencing of specific subunits by means
of RNA interference, a very powerful technique that has
provided important information concerning the in vivo involvement of neuronal nAChRs containing particular
subunits in the effects of nicotine [97, 98].
The binding of ACh or nicotine activates neuronal
nAChRs thus leading to the influx of Na+ and Ca2+ and efflux of K+. This depolarises the plasma membrane and opens
voltage-operated calcium channels (VGCCs), with a further
influx of Ca2+ that may induce calcium-induced calcium release from the endoplasmic reticulum through the activation
of IP3 and ryanodine receptors [99]. The cytoplasmic increase in calcium triggers the secretion of mitogenic factors
and activates the signalling cascades involved in cell proliferation, migration and angiogenesis and the inhibition of
apoptosis [100, 101].
In non-excitable cells, ionic influx through nAChRs
seems to play a major role because VGCCs are poorly expressed. For this reason, Ca2+ ions flowing inside the cell
through nAChRs raise the concentration of free intracellular
Ca2+ [102]. In astrocytes, which have a membrane resting
potential that is critically lower than that measured in neurons, ionic influx through ligand-gated channels could be
mainly responsible for increasing intracellular Ca2+ levels in
order to modulate Ca2+-gated channels locally [91] and activate various Ca2+-triggered signalling mechanisms globally
[102].
In non-neuronal cells, signalling cascades downstream of
nAChR activation may involve both ionic and non-ionic
mechanisms [8] particularly the phospho/dephosphorylation
of intracellular proteins [8]. Depending on the type of cell
and expressed nAChR subtypes, the binding of ACh or nicotine can induce conformational changes in the nAChRs
and/or associated proteins that can activate different intracellular signalling pathways and regulate gene expression [101].
In keratinocytes, the activation of nAChRs causes the inhibition of genes encoding the proteins involved in signal transduction, cell cycle regulation, apoptosis, cell-to-cell and cellto-substrate adhesion [8, 103].
Non-neuronal cholinergic signalling uses the same
nAChRs as neuronal cholinergic signalling and the nAChRs
in both neuronal and non-neuronal networks are modulated
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by members of the ly-6 family of small proteins related to
snake α-neurotoxins such as the α7 nAChR antagonist αBgtx
[104-106]. These proteins include Lynx1, a glycophosphatidylinositol- anchored membrane protein that can form a stable complex, negatively regulates the responses of α4β2 and
α7 nAChRs in heterologous systems and enhances the rate
and extent of desensitisation of α4β2 nAChRs, thus acting as
a molecular brake on nAChR function [107]. Lynx1 is expressed in normal and neoplastic lung tissue, where it limits
the ability of chronic nicotine exposure to increase nAChR
levels, but its levels are lower in lung cancers than in the
adjacent normal lung. The knockdown of Lynx1 by siRNAs
increases the growth of lung cancer cells, whereas the expression of Lynx1 in lung cancer cells decreases cell
proliferation, thus suggesting that it may regulate lung
cancer growth [108].
The most widely expressed non-neuronal nAChR subtypes are those containing the α5, α7, and α9 and α10
subunits. We briefly review the most important findings
concerning the extraneuronal nAChRs containing these
subunits.
5.1. α5-containing Receptors
The α5 subunit, which is the product of the CHRNA5
gene, has been shown to form functional channels when it is
associated with the α4 and β2 or α3 and β4 subunits [11].
Human genetic studies have shown that the nonsynonymous coding SNP D398N is associated with lung
cancer and nicotine dependence [109]. However, as nonsmokers bearing this polymorphism also are at increased risk
of lung cancer, the disease may be directly caused by the
polymorphism [109].
In order to investigate the role of the α5 subunit in normal bronchiolar epithelial cells and A549 lung adenocarcinoma cells, Krais et al. [97] silenced its expression and
found that this significantly increased the migration of normal and tumour cells. They also found that silencing the α5
subunit increased cell capacity to invade extracellular matrix,
thus indicating that the signalling of α5-containing receptors
can alter the expression of the components of cell–cell
and/or cell–matrix adhesion complexes. On the contrary, Sun
et al. [98] found that treating the same adenocarcinoma
A549 cells with α5 subunit-specific siRNA blocks the nicotine-stimulated activation of α5-containing nAChRs, and
suppresses A549 cell migration and invasion. These findings
suggest that, by activating α5-containing nAChRs, nicotine
affects migration and invasion, but the role of these receptors
in tumours is still unclear.
5.2. α7-containing Receptors
α7-containing receptors are expressed in neurons and
non-excitable cells in order to mediate pro-proliferative, survival and anti-inflammatory signalling. In addition, various
studies have shown the expression of α7 nAChR (as mRNA
and protein), in many different cancer cells obtained from
human tumours. One important characteristic of α7 is its
ability to activate different downstream pathways, that
stimulate the proliferation and migration of cancer cells after
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agonist (i.e ACh, choline, nicotine) binding, (reviewed in
[101, 109].
The presence of α7 receptors in non-neuronal immune
cells, in which no ACh-dependent currents can be recorded
at the plasma membrane, indicates that they can also activate
metabotropic-like second messenger signalling (reviewed in
[110]. Accordingly, it has recently been shown that the intracellular loop of the α7 subunit contains a G protein binding
cluster that promotes intracellular signalling [22]. α7containing nAChRs on neurons and astrocytes function as
ligand-gated ion channels and their calcium permeability is
relatively high [23], whereas those on microglia increase
intracellular calcium levels and signalling cascades without
using channel function, and those on macrophages and other
immunological cells signal through the JAK2/STAT3 transcription factor pathway [111].
Airway epithelium cells synthesise, store, process, secrete and reabsorb ACh, which acts as an autocrine and
paracrine growth factor (reviewed in [1, 112]). In normal
respiratory tissue, ACh is secreted by large and small airway
epithelial and pulmonary neuroendrocrine cells but, unlike
neurons, which have the high affinity transporter CHT1,
some lung cells use transporter-like proteins [113]. Moreover,
ACh is stored in vesicles via the vesicular ACh transporter
(VACh) in neurons, whereas the secretion of ACh is not
necessarily vesicular in lung cells [114]. The basal cells
normally localised at the basement membrane are enriched in
α7 receptors, which play a role in limiting basal cell proliferation [115]. α7 nAChRs are essential for the plasticity of
the airway epithelium as α7 Ko mice show altered basal cell
layer formation, hyperplasia, and uncontrolled growth [116].
These alterations are very similar to those observed in cultured human airway cells or in ex vivo human lung explants
treated with the selective α7 antagonist αBgtx, or epithelial
cell cultures chronically exposed to nicotine in which nicotine-induced desensitisation of α7 receptors mimics the absence of α7 nAChR [1].
When lung cancer arises from the airway epithelium, cell
growth is stimulated by ACh or nicotine, and this growth
loop may provide endogenous mitogenic signalling without
any further activation [117]. The antimitogenic effects of α7
nAChR activity in airway epithelia are the opposite to the
mitogenic effects observed in cultured lung cancer cells thus
indicating that the α7 regulation of cell proliferation is different in normal epithelium and lung cancer cells.
5.3. α9 and α9-α10-containing Receptors
Normal brain does not express α9 or α9-α10 mRNAs,
which are only found in cochlear and vestibular hair cells in
which α9 and α10-containing receptors are involved in cochlea hair cell development [118, 119]. The CHRNA9 gene
encodes a plasma membrane protein that forms homo- (α9)
or hetero- (α9-α10) oligomeric cation channels that have an
atypical, mixed nicotinic–muscarinic pharmacological profile [120]. Unlike the α9 subunit, the α10 subunit is only
functional when it is co-expressed with an α9 subunit. In
Xenopus oocytes, the co-injection of α9 and α10 subunits
increases functional nAChR expression at least 100 times
more than the injection of α9 alone. α9 and α9-α10 nAChRs
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have a number of interesting characteristics: they are activated by ACh but not by the classical agonist nicotine. Choline is also a potent selective agonist of the α9 subtype [121],
whereas phosphocholine (PC) does not evoke ion current
responses in Xenopus oocytes expressing functional homomeric α9 or heteromeric α9-α10 nAChRs [121]. However, preincubation with PC attenuates choline-induced ion
current changes, thus suggesting that PC is a silent agonist of
these two subtypes [121].
α9 or a9 and α10 subunits are expressed in most immune
cells, dorsal root ganglion cells, human keratinocytes and
colon and breast cancer cells. Lee et al. [122] have found
that α9 nAChRs are ubiquitously expressed in many epithelial, lung and breast cancer cell lines, most of which also
express α5 and α10 nAChR subunits. α9 nAChRs are also
present in primary tumour and non-malignant breast tissue
obtained from patients, but their expression is higher in
breast cancer cells than the surrounding normal tissue. Silencing α9 nAChR expression in the tumour cells reduces
their proliferation and tumorigenic potential in in vitro and in
vivo assays [122].
Among all nAChR subtypes the homomeric channels
consisting of α7 or α9 subunits, as well as the heteromeric
nAChRs containing α9 and α10, have the greatest Ca2+ permeability. The Ca2+ ions that enter cells through nAChRs
increase the concentration of intracellular free Ca2+, but experiments using various types of non-neuronal cells have
shown that nicotinic effects can also be elicited in the absence of Na+ or Ca2+ entry. This suggests that downstream
signalling from nAChRs expressed in non-neuronal cells
may use both ionic and non-ionic pathways, and different
types of signalling may be required to elicit specific biological responses to stimulation by the nAChR cellular signalling
network [8, 110].
CONCLUSION
Endogenous cholinergic ligands, acetylcholine and choline, are widespread informational molecules used by neuronal and non-neuronal cells throughout tissues and organs
for a number of essential cell functions. Accordingly,
nAChRs are increasingly acknowledged as mediators of cholinergic ligands not only in neural tissues, but also in many
peripheral tissues where “neuronal” nAChRs may play a
major role.
This review briefly describes recent findings concerning
nAChR subtype composition, stoichiometry, structure and
non-ionic signalling, and their localisation and putative functions in non-neuronal tissues. One future challenge will be to
use the accurate and sophisticated approaches set-up for
studying the structure and functions of nAChR subtypes expressed by neuronal circuits in order to establish their functional role in non-neuronal cell types.
LIST OF ABBREVIATIONS
αBgtx

=

αBungarotoxin

A-AChBPs

=

Aplysia californica acetylcholine-binding
proteins

ACh

=

acetylcholine
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ChAT

=

choline acetyltransferase

CNS

=

central nervous system

DA

=

dopamine

GABA

=

γ-aminobutyric acid

Glu

=

glutamate

Hb-IPN

=

habenulo-interpeduncular

Kin

=

knock-in

Ko

=

knockout

L-AChBPs

=

Lymnaea stagnalis acetylcholine-binding
proteins

LHb

=

lateral habenula

LTP

=

long-term potentiation

mAChRs

=

muscarinic acetylcholine receptors

MHb

=

medial habenula

NAc

=

nucleus accumbens

nAChRs

=

nicotinic acetylcholine receptors

NMDA

=

N-methyl-D-aspartate

PBMCs

=

peripheral blood-derived monocytes

PC

=

phosphocholine

PFC

=

prefrontal cortex

PNS

=

peripheral nervous system

SNPs

=

single nucleotide polymorphisms

TM

=

transmembrane

VACh

=

vesicular acetylcholine transporter

VGCCs

=

voltage-gated calcium channels

VTA

=

ventral tegmental area
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