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Abstract: Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated ion channels
involved in the modulation of essential brain functions such as memory, learning, and attention.
Homomeric a7 nAChR, formed exclusively by five identical &7 subunits, is involved in rapid
synaptic transmission, whereas the heteromeric oligomers composed of «7 in combination with
[ subunits display metabotropic properties and operate in slower time frames. At the cellular
level, the activation of nAChRs allows the entry of Na* and Ca?*; the two cations depolarize the
membrane and trigger diverse cellular signals, depending on the type of nAChR pentamer and
neurons involved, the location of the intervening cells, and the networks of which these neuronal cells
form part. These features make the o7 nAChR a central player in neurotransmission, metabolically
associated Ca%*-mediated signaling, and modulation of diverse fundamental processes operated by
other neurotransmitters in the brain. Due to its ubiquitous distribution and the multiple functions it
displays in the brain, the 7 nAChR is associated with a variety of neurological and neuropsychiatric
disorders whose exact etiopathogenic mechanisms are still elusive.
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1. Introduction

Brain nicotinic acetylcholine receptors (nAChRs) have been classically associated
with excitatory neurotransmission [1] and its modulation (see ref. [2]), but these are only
fragmentary facets of their functional palette; their cellular distribution in development
and adulthood [3,4] and subcellular localization (presynaptic, but also perisynaptic and
postsynaptic [5]; reviewed in [6]) add complexity to these apparently primary roles. The
activation of nAChRs mediates fast synaptic transmission in certain brain areas and in
autonomous ganglionic neurons, but most nAChRs in the brain are located at presynaptic
sites. Thus, nAChRs exert mostly neuromodulatory roles (see review in Picciotto and
coworkers [7]) on neurotransmitters and their receptors, e.g., modulating the release of
other neurotransmitter [8,9] or of its own neurotransmitter, acetylcholine (ACh) [10-12]. In
addition to these modulatory roles, exerted most importantly on cerebral cortex circuits,
hippocampus, basal ganglia and cerebellum, nAChRs regulate synapse development [13],
cell viability [14], neurite outgrowth [15] brain energetic homeostasis [16], and the estab-
lishment of functional networks during neural development ([17] and see review in [18]).

Due to their strategic location and enrichment in areas involved in working memory
acquisition, maintenance, and retrieval, nAChRs in the hippocampus and cerebral cortex
play major roles in cognition and mnemonic functions [19,20] and modulate prefrontal
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cortex functions involved in consciousness [21]. At present, we probably know only a
fraction of the roles played by nAChR subtypes in the functioning of the human brain [22].
Differences in regional and cellular localization allow the cholinergic system to control a
variety of functions using a simple molecule, such as ACh, as a trigger. The multiplicity of
important roles played by nAChRs means that their dysfunction is related to various disease
conditions, some of which are beyond their involvement in classic neurotransmission (see
“volume transmission” below). The association of nAChRs with brain pathologies, such as
glioblastoma and neuroAIDS, is increasingly being documented [23,24].

Owing to historical facts related to its isolation and early biochemical characterization,
the nAChR became the paradigm member of the pentameric ligand-gated ion channels
(pLGIC), a superfamily of structurally related neurotransmitter receptors that include both
the nicotinic-type neuronal and muscle-type nAChRs, y-amino butyric acid (GABA)A
receptors, the glycine receptor, and the 5-HT3 subtype of serotonin receptors. nAChRs are
formed by the combination of five subunits organized pseudo-symmetrically around a
central pore. The binding of the natural agonist, ACh, triggers the opening of the pore, the
ensuing entry of cations into the cell, and the resultant depolarization of the membrane.
The sustained presence of the agonist at the agonist-binding site leads the nAChR to
a desensitized state in which the receptor is closed but the agonist remains bound. In
mammals, 17 genes that code for nAChR subunits have been identified, characterized, and
their genes cloned. Unlike the muscle type nAChR, which is formed by the combination
of x, 3, , and vy (or ¢) subunits, nAChRs in the central nervous system (CNS) comprise
a combination of different & and  subunits or even « subunits alone. The homomeric
o7 and o9 or heteromeric «2-«7, combined with 32, 33 and 4 and &9/ «10 heteromers,
nAChR subtypes result from the grouping of these subunits into pentameric oligomers of
ca. 270,000 Da [6,25]. The association of &7 subunits with the subunits present in neuronal
receptors that do not bind x-bungarotoxin, such as the «5 [26], 32 [27], 33 [28], and (34
subunits [29], results in functional heteromeric ion channels.

In terms of abundance, the predominant nAChR subtype expressed in the brain is
the heteromeric a4p2-subtype, followed by the homomeric 7 nAChRs [6]. The latter
are, in fact, homomeric in rats (i.e., containing only «7 subunits [30,31], but may be
homomeric &7, &8, or o7/ «8 subunit-containing nAChRs in chicks [32,33]). The antagonist
a-bungarotoxin binds with high affinity to the 7 nAChR. The 7 nAChR is more broadly
distributed than other neurotransmitters receptors and is expressed in neurons (pre, post
and perisynaptically), microglia, astrocytes, autonomic ganglia, pulmonary epithelial
cells (with an important role in some lung carcinomas), lymphoid cells, and endothelial
cells. It is highly permeable to Ca?* and also stimulates Ca" release from intracellular
stores; its activation can, therefore, be coupled to multiple Ca*-dependent signaling
systems that employ intracellular second-messengers and non-classical (“volume”) graded
transmission, in which ACh release sites are distant from their receptor target [34-38].
Another characteristic property of this receptor is its fast desensitization kinetics.

Affinity purification using the «7-selective antagonist o-bungarotoxin led Gotti and
coworkers to identify and biochemically characterize a heteromeric «7(32 subtype of neu-
ronal receptor in the basal forebrain of humans and WT mice [36]. Ligand stimulation
of o7 nAChRs regulates neurite outgrowth through G-protein coupled receptor (GPCR)
pathways [37]. A direct interaction between a G-protein and a G-protein binding motif in
the intracellular domain of the 7 nAChR was demonstrated by the group of Kabbani [38].
The heteromeric «732 nAChR in rat basal forebrain cholinergic neurons has different bio-
physical and pharmacological properties than those of the homomeric 7 nAChRs present
in ventral tegmental area neurons. The o732 nAChR exhibits slower rise and decay kinetics
than the homomeric 7 nAChR [39]. Moreover, a reduced potency for nicotine and signifi-
cantly less activity of type I PAMs has been reported for heteromeric receptors [36,39,40].
The «7[32 heteromeric subtype is highly sensitive to functional inhibition by oligomeric
amyloid peptide A31-42, an observation that acquires particular relevance in the context of
Alzheimer disease [33]. Indeed, a recent study showed that oligomeric A31-42 alters the



Membranes 2021, 11, 664

30f19

excitability of a specific group of neurons in the basal forebrain by increasing heteromeric
«7p2 nAChR open-dwell times. Additionally, oligomeric AB1-42-a732 nAChR interaction
reduces the acquisition and retention of spatial reference memory in the APP/PS1 mouse
model of AD [41]. These observations are suggestive of heteromeric o7 involvement in the
early cognitive deficits present in AD. It should be noted that most studies conducted on
tissues where «7 and o732 nAChR are co-expressed, e.g., the basal forebrain, are not able
to dissect the contribution of each subtype of receptors. This is because the ligands used
to assay the homomeric receptors also bind heteromeric receptors [42]. Many conclusions
about the role of homomeric «7 nAChRs should be revisited to consider the contribution
of heteromeric «732 nAChR.

The o7 nAChR operates not only as a rapid ligand-gated ion-channel but also as a
metabotropic receptor protein (Figure 1). The «9-subunit-containing nAChR have also been
shown to display metabotropic functions. Homomeric «9 nAChR or heteromeric «9-x10
nAChR heterologously expressed in Xenopus oocytes do not generate ion currents when
stimulated with phosphocholine, in contrast to what is observed with choline, a metabolite
of ACh [43] that also acts as an agonist of the 7 nAChR [44]. Phosphocholine, the precur-
sor of phosphatidylcholine, inhibits the ATP-dependent release of the pro-inflammatory
cytokine interleukin-1f from human and murine monocytes via a mechanism involv-
ing a9-010 nAChRs [45]. It is unlikely that these two modes of action work as separate
mechanisms in vivo due to the fast desensitization rate induced by the endogenous neuro-
transmitter ACh. However, separation of the two signaling pathways can be accomplished
by human-tailored pharmacological intervention (see below). These dual functional prop-
erties endow the «7-type of nAChRs with interesting possibilities for pharmacological
interventions in a wide range of disease conditions associated with this receptor. The
a7 nAChR can also be activated by choline, the precursor metabolite of the endogenous
neurotransmitter in the presynapse and the degradation product of ACh generated in the
synaptic cleft by the action of the enzyme acetylcholinesterase [44]. Choline is a selective
full agonist for o7 nAChR at physiological concentrations [46]. The generation of choline
upon ACh hydrolysis could provide a mechanism to extend signaling selectively through
the o7 nAChR [1]. The subsequent uptake of choline by the high-affinity choline uptake
mechanism spatiotemporally localizes choline near the cholinergic terminals [39]. However,
the timing for choline clearance is long enough (5-10 s) to allow diffusion of this metabolite
outside the synaptic region [47]. The presence of choline beyond the synaptic area can
activate extrasynaptic receptors in neurons or glial cells [1]. The contribution of choline
to the entire cholinergic response is not always appreciated; it may bear relevance to the
therapeutic use of cholinesterase inhibitors, as is the case in Alzheimer disease.

Ab549 adenocarcinoma, US7MG human grade-IV astrocytoma, and GBMS5 glioblastoma
cells lines express «7 and «9/«10 nAChRs subunits [23,48]. The application of agonists
such as choline or nicotine activates Akt/ERK anti-apoptotic signals and promotes cell
proliferation [23,42]. The doses used to obtain responses are below those required to record
currents in electrophysiological experiments, suggesting that metabotropic signaling is
involved in the former case. An antiglioblastoma agent was synthesized based on the
structure of a peptide displaying strong anti-o7 nAChR antagonism [49]. Metabotropic
signaling is usually observed after ligand binding to o7 nAChRs in many non-neuronal
cells, such as immune cells, where o7 nAChRs modulate the release of cytokines. The role
of a7 nAChRs in HIV-associated neurocognitive disorders (HAND) was recently demon-
strated by Zhao and coworkers [24]. 7 nAChR activation improved locomotor activity,
learning, and memory deficits in an inducible model of HAND that expresses the HIV
soluble protein Tat. Tat increased 7 nAChR expression in microglia and astrocytes but
decreased «7 nAChR expression in neurons, and this ratio was reversed upon treatment
with the a7 nAChR positive allosteric modulator (PAM) PNU-125096 (see below). PSD95,
a major scaffolding protein with an important role in synapse formation, increased its ex-
pression in the hippocampus and cortex upon PAM treatment, suggesting that its recovery



Membranes 2021, 11, 664

40f19

is a compensatory mechanism coincident with the observed improvements in cognitive,
mnemonic, and locomotive functions [24].
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Figure 1. Ionotropic and metabotropic signaling of a7 nAChRs. Ionotropic signaling (left flow
chart): upon ligand binding, the homomeric o7 nAChR channel opens, allowing the flux of Ca®*
and Na* into the target cell, which produces the depolarization of the membrane. This triggers
the opening of voltage-activated Ca?* channels and the intracellular Ca®* concentration increases
further. Metabotropic signaling (right flow chart): sustained exposure to the agonist shifts the «7
nAChR conformation to the desensitized state, under which ACh or exogenous agonist molecules
are bound to the oligomer, but the channel remains closed, and no ion permeation occurs. However,
desensitized «7 nAChRs can couple to G-proteins that activate a cascade of signals ending in the
release of Ca* from intracellular stores (e.g., the endoplasmic reticulum). These signaling cascades
may have different effects depending on the nature of the stimulus.

2. Dendritic Spines, the Postsynaptic Specialization of Excitatory Synapses in
the Brain

Chemical synapses in the CNS have an overall similar architecture: a presynaptic
region separated by a 15-20 nm gap (the synaptic cleft) from the postsynaptic region at
the receiving end [50] (for a recent review see [51]). This structural design essentially
responds to a key functional requisite: the vectorial transmission of the chemical signal.
The presynapse is usually an en passant axon and often establishes multiple contacts with
dendrites or the soma of the target neuron, thus forming axo-dendritic or axo-somatic
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synapses, respectively, but it can also involve another axon, in which case the synapse
is of the axo-axonic type. The most typical postsynaptic partner is a dendrite, classically
associated with excitatory glutamatergic neurotransmission, whereas inhibitory synapses
are more frequently found on neuronal soma or dendritic shafts, and less frequently on
axons. The multiple combinations of pre- and postsynaptic components in diverse brain
regions and layers of the cerebral cortex give rise to a wide range of synaptic morphologies.
This structural diversity is expanded by the chemical diversity of the neurotransmitter
systems involved, which confers specificity to the synapse, since, usually, only one neuro-
transmitter operates as the main signaling system in a given synapse (although there are a
few exceptions to this rule).

Excitatory synapses in the brain operate via glutamate receptors (N-methyl-D-aspartate
(NMDA) receptors), «-amino-3-hydroxyl-5methyl-4-isoxazole-propionate (AMPA) recep-
tors, and kainate receptors. These three subtypes of excitatory neurotransmitter receptors
belong to a superfamily of tetrameric proteins, which normally reside in a postsynaptic spe-
cialization termed dendritic spine. In their fully developed form, dendritic spines are small
mushroom-shaped protrusions. Dendritic spines have a head volume between 0.005 and
1 um? and a neck between 0.1-0.5 um of diameter and 0.1-2.5 um length. Having minute
volumes in the order of femtoliters, they nevertheless harbor a wide variety of receptor
proteins, scaffolding proteins, synaptic adhesion molecules, and enzymes involved in the
local biosynthesis and catabolism of proteins and lipids of the postsynapse. Some nAChRs
also occur in dendritic spines. A key localization of 7 nAChRs in the hippocampus is that
established on the perisynaptic annulus of CAl pyramidal cell dendritic spines [52].

Spines are very dynamic structures that respond to activity by changing their size
and shape. These changes are driven and sustained by rearrangements of the actin cy-
toskeletal meshwork underneath the postsynaptic membrane and are linked to functional
modifications that result in synaptic plasticity. Spines can enlarge in response to repeti-
tive stimulation or shrink under low frequency stimulation. Both processes depend on
intracellular Ca?* increases. In the case of spine enlargement, when the cation increase is
sufficiently high, it activates CaMKII, whereas a moderate increase activates calcineurin,
resulting in a shrinkage of the spine (Figure 2). Interestingly, enlargement is confined to
the stimulated spine, while shrinkage can spread to adjacent spines along the dendrite.

Dendritic spines can spontaneously change their overall morphology, independently
of synaptic transmission. Indeed, the same profile of synaptic size distribution was ob-
served in neurons where activity was blocked as in neurons with intact activity [53]. This
intrinsic dynamic is the combined result of the turnover of scaffold protein molecules, the
extracellular matrix, and the interaction of synapses with the glia. Whether this intrinsic
spine dynamic is the reflection of the particular genetic background or the starting point
from which experiences start to model the individual brain is not clear. However, in
mice carrying mutations associated with animal-model schizophrenia spectrum disorders,
a loss of small spines is observed, whereas in mice models of fragile X syndrome and
autism spectrum disorder, spine turnover rate is accelerated (independently of activity)
and the result is an enrichment in small synapses. Moreover, exposure of mouse cultured
hippocampal neurons to soluble A3 oligomers results in a time-dependent enrichment in
longer, elongated and dysmorphic spines [54].

Small spines are more dynamic than large spines and are thought to store new mem-
ories [55,56]. Interestingly, new spines generated after learning are added to preexisting
connections [56,57]. This phenomenon is thought to preserve information acquired from
changes originated by intrinsic dynamic mechanisms by coding newly acquired informa-
tion in synapses with multiple spines and connections.

Application of the cholinergic agonist nicotine has been reported to induce spine en-
largement, as assessed using structured illumination super-resolution optical microscopy [58].
Activation of «7 nAChR protects synapses potentiated by theta pattern stimulation in
hippocampal slices, while receptor desensitization has the opposite, de-potentiating effect.
De-potentiation is mediated by actin depolymerization [59]. o7 nAChRs may thus control
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dendritic spine shape and strength through modulation of actin dynamics. Indeed, «7
nAChR was shown to directly interact with guanine-exchange factors of Rho and Rac
small-G proteins in hippocampal synapses in vitro [37]. Moreover, nicotine was shown to
activate CAMKII in hippocampal neurons from mice with depressive-like behavior. The
specific «7 nAChRs antagonist mecamylamine blocks this activation [60]. Furthermore,
Ca?* increases at levels capable of activating Ca®* signaling systems have been observed
upon activation of a7 nAChRs. This increase is the result of direct Ca?* entry through the
nAChR ion channel and the consequent depolarization of the membrane and activation of
voltage-dependent Ca?* channels followed by the release from Ca?* intracellular stores,
including ER, at longer times [61]. These changes in intracellular Ca?* concentration act as
a signaling system that controls the remodeling of dendritic spines (Figure 2).
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Figure 2. Possible mechanism of &7 nAChR modulation of dendritic spine morphology and its

alteration in Alzheimer disease. The vertical flow diagram on the left shows the pathological
cascade, in which -amyloid oligomers activate «7 nAChR and the calcineurin—cofilin pathway. The
increase in intracellular calcium concentration reinforces calcineurin activation. Activated calcineurin
dephosphorylates cofilin, which, in turn, depolymerizes actin filaments, leading to spine shrinkage
and dysmorphism. Diffusion of cofilin to neighboring spines acts like a chain reaction, spreading
the shrinkage along the dendrite. The flow diagram on the right illustrates the protective action
of nicotine, which activates «7 nAChRs leading to intracellular calcium increases that activate
CAMKII, which, in turn, leads to phosphorylated cofilin (p-cofilin), stabilizing actin filaments. The
polymerization and stabilization of actin filaments is associated with spine enlargement.
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3. Fine Structure of the Neuronal nAChR Molecule

Until recently, the peripheral muscle-type nAChR found in the neuromuscular junction
of vertebrates and the electroplaque of electric fish constituted the best studied nicotinic
receptor [62] and the first source of information on the 3D structure of this family of
ion channel proteins. All nicotinic receptors share a common architectural framework:
a relatively hydrophilic extracellular amino-terminal moiety that carries the orthosteric
agonist-recognition site and is exposed to the synaptic cleft, three hydrophobic transmem-
brane domains (M1-M3) followed by a large intracellular loop, and a fourth hydrophobic
transmembrane domain (M4) [63]. The M2 segment lines the walls of the ion-conducting
central pore and key amino acids determine ionic selectivity and channel gating properties
of the receptor pentamer. We also know that a sub-family of CNS nAChRs is sensitive to the
selective antagonist o-bungarotoxin (the «7, 8, 9, and «10 subunit-containing nAChRs)
whereas the rest, the heteromeric nAChRs formed by «/ {3 combinations, are insensitive
to this toxin. However, we ignored whether these neuronal homomeric and heteromeric
a7 nAChRs had a pentameric structure similar to that of the muscle-type receptor, with
five subunits organized pseudo-symmetrically around a central ion-conducting pore. It is
only in the last decade that structural studies have focused on the crystal structure of the
neuronal type of nAChR.

The most abundant neuronal nAChR, the x432 subtype, accounts for 90% of the high
affinity nAChR sites in the mammalian brain [63]. Its structure was solved in 2016 in a
presumably non-conducting, desensitized conformation in the presence of the agonist nico-
tine [64]. The X-ray crystallographic structure of this neuronal receptor at 3.94 A resolution
was recently determined using X-ray crystallography and cryo-electron microscopy. The
reconstructed structure of the receptor, fused to soluble cytochrome b562, was obtained in
various forms, one of them with bound epibatidine, a natural chlorinated alkaloid secreted
by the Ecuadorian frog Epipedobates anthonyi and poisoned dart frog from the Ameerega
genus (PDB entry: 7KOQ) (Figure 3). Two other structures determined by this group
comprised the 7 nAChR with bound epibatidine and the positive allosteric modulator
PNU-120596, which rendered the receptor in an active configuration, and the receptor
bound to the quasi-irreversible competitive antagonist x-bungarotoxin, corresponding to
the inactive conformation [65]. The neuronal a432 nAChR follows the architectural design
of the muscle-type receptor, as compared with the cryo-EM reconstruction of electric fish
nAChR from Torpedo at 4.0 A resolution [56]. Experimental conditions were optimized
to obtain purified human «4(32 receptor with almost exclusively 2x:3(3 stoichiometry. In
a subsequent work, the same group resorted to cryo-electron microscopy and produced
a mixture of two «432 nAChR isoforms, having the stoichiometries 2x:33 and 3o:2f3,
respectively, and studied the complex of these receptors with the agonist nicotine [66].
When nicotine is added to cell cultures, as with smoking, the 20::3(3 isoform increases in
detriment of the other. Conversely, autosomal-dominant nocturnal frontal lobe epilepsy
shifts the stoichiometry in favor of the 3x:2f3 isoform [67,68]. These changes in subunit
stoichiometry are associated with thermodynamically distinct conformations and different
subunit interface interactions, with consequences on agonist sensitivities [66].

In heteromeric nAChRs, the interface between one o subunit along with the adjacent
non-« subunit lodges the agonist binding site. Therefore, there are two binding sites per
receptor monomer. These sites were confirmed in the extracellular domain of the x2(32
receptor crystals in X-ray diffraction studies at 3.2 A [69]. In contrast, the 7 nAChR pos-
sesses five binding sites at the interfaces of the five homologous subunits. The o7 nAChR
can, thus, be activated at lower levels of occupancy, even with only one ACh molecule
bound to a single orthosteric site [70]. Higher levels of occupancy lead to desensitization.
As previously mentioned, the o7 nAChR has very fast desensitization kinetics as compared
to other nAChRs subtypes, a property that is advantageous in the termination of synaptic
transmission mediated by these receptors.
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Figure 3. Reconstruction of the single-particle cryo-EM data of the homopentameric «7 nAChR. The
structure of the receptor protein resolved at 3.9 A resolution by Noviello and coworkers [65] is shown
in surface rendering. Two epibatidine molecules (ball-and-stick representation, and a third molecule
partly seen at the top right) are seen bound to crevices in the extracellular domain of the nAChR. The
receptor protein was fused to soluble cytochrome b562 to facilitate crystallization. PDB entry: 7KOQ;
EMDataResource: EMD-22980. Image created using the software PyMol Molecular Graphics System
vers. 2.4.1. from Schrodinger, LLC, New York, U.S.A.

4. Functional Pharmacology of Brain nAChR-Mediated Synaptic Plasticity

Cholinergic neurotransmission plays a particularly relevant role in the cerebral cortex,
where it modulates the functional status of pyramidal neurons. Inhibitory impulses medi-
ated by nicotinic receptors on these cells are rapid. Excitatory signaling mediated by ACh
on o432 nAChRs stimulates the release of glutamate, the main excitatory neurotransmitter
in the brain. Activation of a7 nAChRs induces long-term potentiation (LTP) and inhibits
induction of long-term depression (LTD), two manifestations of synaptic plasticity. In
rodents, the cornu ammonis (CA1) hippocampal neurons play a key role in the processing
of hippocampus-dependent memory. In humans, the CA1 neurons have been reported to
be critical for the so-called autobiographical memory, autonoetic consciousness, and mental
time travel. In patients with acute transient global amnesia, an infrequent nosological entity,
MRI detects highly focalized lesions confined to the CA1 hippocampus, an observation
that highlights the importance of this region for autobiographical memory retrieval [71].

Nicotine-induced enhancement of excitatory activity was observed in brain slices
from o7 nAChR knockout mice, but not in 32 knockout mice, demonstrating that the
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activation of «7- and 32-containing nAChRs differentially facilitates LTP induction via
endogenously released ACh and exogenous nicotine, respectively [72]. A subsequent
work from these authors studied the effects of nicotine and nicotinic antagonists on LTD
induction in hippocampal slices prepared from «2, x7, and 32 subunit-containing knockout
mice and wild-type animals [73]. LTD induction activates &7 nAChRs, and this activation
generates a feedback mechanism whereby LTD induction is suppressed. In turn, nicotine
application counteracts the feedback loop, resulting in even larger LTD mediated via non-«7
nAChR subtypes (Figure 4). The selective antagonist mecamylamine (but not dihydro-{3-
erythroidine) blocks the a7 nAChR-mediated effect, still observed in a2 or 32 knockout
mice. Nakauchi and Sumikawa concluded that the loss of cholinergic projections to the
hippocampus associated with diminished ACh release, as observed in Alzheimer patients,
can affect LTD induction. Nicotine activates the PI3K/Akt and ERK/CREB pathways
that increase the expression of the neurotrophic factor, BDNF. In addition, potentiation of
synaptic efficacy is also observed through CaMKII activation [60].

Nicotine

e

Figure 4. Modulation of synaptic plasticity by cholinergic agonists. Induction of long-term depression
(LTD) stimulates o7 nAChR, which, in turn, inhibits LTD (solid line arrows). Nicotine application
releases the inhibition and increases LTD (dash line arrows). Long-term potentiation (LTP) can be
induced by the endogenous release of ACh through homomeric &7 nAChRs or by nicotine through
[2-containing heteromeric nAChRs.

5. Positive Allosteric Modulators (PAMs) and Silent Agonists of the nAChR

nAChRs are allosteric proteins; not only does binding of the agonist to a binding site
increase the affinity of the other site/s, but the binding of certain molecules at a locus
different from the canonical (orthosteric) agonist-recognition site also synergizes the signal
elicited by co-bound agonist. PAMs do not exert effects on nAChR unless an agonist is
bound to the orthosteric site of the receptor, in which case the agonist-mediated activation
is coupled with the PAM-mediated potentiation on the allosteric site (Figure 5). This is an
advantage for the therapeutic application of PAMs, except for situations in which ACh
biosynthesis is compromised, as is the case at advanced stages of Alzheimer disease (AD).
Another advantage of PAMs as pharmacological agents is that they are more selective than
agonists. The o7 nAChR is particularly sensitive to potentiation by PAMs [74,75].
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Figure 5. Pharmacology of a7 nAChR positive allosteric modulators (PAMs), agonist-PAMs, and
silent agonists. The orthosteric binding sites are located at the interface of two subunits and are used
by agonists, ago-PAM, and silent agonists. Allosteric sites were described in the transmembrane
domain 2 (TM2) between the extracellular domain (ECD) and the TMD, at the ECD and in the
interface between subunits in the ECD. PAMs and ago-PAMs use these sites to potentiate activation
through the orthosteric site. The bottom part of the figure shows the effect of the different types of
ligands on «7 nAChR-mediated currents.

Type I PAMs are compounds that increase «7 nAChR-mediated currents without
affecting desensitization kinetics [76]. Binding sites for type I PAMs were described in the
extracellular domain and the transmembrane region of the 7 nAChR [77] (Figure 5). In
addition to potentiating orthosteric activation, type Il PAMs decrease the rate of desensitiza-
tion of the a7 nAChR [77]. In silico studies have shown an intra-subunit site to be important
for type Il PAM action [78]. In addition, mutations in the transmembrane domain of the five
a7 nAChR subunits abolished the response of 7 nAChR to PNU-120596, a prototype type
II PAM [79]. Interestingly, the currents evoked by PAMs are different from those evoked
by agonists acting on the canonical orthosteric site. PAM-mediated currents do not show
inward rectification and respond differently to antagonists such as mecamylamine [80,81].
The use of PAMs as therapeutic drugs has been discussed previously [82].

In recent years, a new type of 7 nAChR ligands termed ago-PAMs has been described
(see Figure 5). These compounds not only potentiate orthosteric activation but can also
directly activate the «7 nAChR in the same way as an agonist [83]. GAT107, B973B, and
4BP-TQS are examples of this class of molecules. GAT107 application to mice with induced
experimental autoimmune encephalomyelitis (a model for multiple sclerosis) decreases
the extent of neuroinflammation and reduces the severity of the disease [84]. In addition,
dose-dependent antinociceptive effects of GAT107 in mouse models of acute and chronic
pain were demonstrated. The effect was blocked by the specific antagonist mecamylamine
and was not observed in o7 nAChR null mice, thus confirming that these therapeutic
actions were mediated through «7 nAChRs [85].

Silent agonists, such as NS6740, are «7 nAChR-selective weak partial agonists, pro-
moting the conversion of these receptors to a reversible desensitized state upon application
of PAMs. In the case of the 7 nAChR, these non-conducting states were suggested to
elicit signal transduction independently of ion channel opening. Indeed, although NS6740
does not activate o7 nAChR currents, it reduces lipopolysaccharide (LPS)-induced tumor
necrosis factor & (TNF-«) release in microglia cells [86] and shows antinociceptive activity
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in animal models of inflammatory and neuropathic pain [87]. Agonists alone do not cause
these beneficial effects, indicating that in these pathological conditions ®7 nAChRs are able
to signal independently of ion channel flux. In contrast, the silent agonist NS6740 reverses
the enhancement in memory capacity induced by the partial agonist BMS-902483 in novel
object recognition memory tests [88], prevents nicotine-induced LTP in the dentate gyrus,
and reduces basal synaptic activity [89], indicating that these processes require ion influx
through «7 nAChRs.

Calcium permeability of o7 nAChRs is still a subject of intense investigation, par-
ticularly when discussing the possibility of using this receptor as a therapeutic target.
Cytotoxicity leading to cell death was observed upon overactivation of «7 nAChRs in
neuroblastoma cells treated with the PAM II drug PNU120596 [90]. ACh-evoked currents
potentiated by GAT107 or B-973B showed reduced calcium permeability, although intracel-
lular calcium was observed to rise [91]. Silent agonists can overcome this reduced calcium
permeability under conditions that do not require ion flux for signaling [92].

6. Dendritic Spines and nAChR-Mediated Synaptic Plasticity

a7 nAChRs are involved in dendritogenesis and in the maturation of glutamatergic
synapses [93-95] and 32 subunit-containing nAChRs modulate the formation of den-
dritic spines and regulate dendritic morphology [96-99]. Plastic remodeling of dendritic
spine morphology is observed upon application of nicotinic ligands that activate neuronal
nAChRs and modulate the induction or inhibition of LTP and LTD, the functional correlates
of learning and memory. Nicotine facilitates the induction of LTP in CA1 hippocampal
neurons elicited by a weak tetanic stimulation that does not by itself produce LTP, while
mecamylamine and the non-«7 nAChR antagonist dihydro-p-erythroidine inhibit LTP.
The combination of nicotine and methyllycaconitine, an «7 nAChR antagonist, result in
a form of LTD that can be blocked by dihydro-f-erythroidine. nAChR intervention in
nicotine-facilitated synaptic plasticity involves the excitatory glutamatergic synapse [92].
The nicotine-facilitated LTP in lead-exposed rats is blocked by the NMDA-R antagonist d-
(—)-2-amino-5-phosphonopentanoic acid, or picrotoxin, an antagonist of GABA receptors,
leading Wang and coworkers to suggest that nicotine-facilitated synaptic plasticity is due
to the activation of NMDARs by presynaptic nAChR-mediated disinhibition of pyramidal
cells [100].

Nicotinic enhancement of 7 nAChR-mediated LTP in the dentate gyrus is not only
NMDA-R-dependent but also requires the activation of metabotropic glutamate receptors
(mGluRs) and Ca?* influx via L-type Ca?* channels and release from ryanodine-sensitive
intracellular stores [101].

The nicotine/ o7 nAChR-mediated LTP induction operates via acute and chronic mech-
anisms. Initiation of the acute nicotinic enhancement requires the activation of extracellular
signal-regulated kinase (ERK), cAMP-dependent protein kinase (PKA), and phosphoinosi-
tide 3-kinase, whereas the chronic variant of nicotine enhancement of LTP depends on
PKA, ERK, and Src kinases [102]. Peptide inhibitors of Src kinases inhibit tetanus-induced
LTP. Conversely, in chronic nicotine-exposed cells, the inhibitor is ineffective in blocking
tetanus-induced LTP [94].

Using a rodent model and based on the notion that o7 nAChR knockout mice present
clear behavioral and mnemonic deficits, Morley and Mervis studied the morphology of
dendrites in the CA1 region of the mouse hippocampus [94]. Golgi-stained sections from
wildtype and o7 nAChR-KO mice at postnatal day 24 showed a 64% increase in what
these authors call L (“lollipop” or thin spine neck) dendritic spines on the CA1 basilar
tree of NnAChR-KO mice, and small decreases in the number of “nubby” (N, or poorly
defined spine head merged into a thickened spine neck)-type (—15%), mushroom (M)-type
(—14%) and dimple (D, small with no distinct spine head)-type (—4%) dendritic spine
densities. The dendritic arborization of knockout mice was significantly less developed
close to the neuronal soma than in wild-type animals, but not in the more distal regions.
The authors concluded that one component of cognitive dysfunction may be associated
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with «7 nAChR-modulated GABAergic interneurons synapsing on CA1 basal dendrites.
Changes in CAl basilar dendritic spines suggest that they are highly plastic. As mentioned
before, one manifestation of this plastic behavior is the LTD-induced by the cholinergic
system in hippocampus.

Dendritic spine changes have been reported following nicotine-induced «432 nAChR
activation on glutamatergic presynaptic termini [58]. The nicotine-induced lateral enlarge-
ment of spine heads was abolished by the x432 nAChR antagonist dihydro-f-erythroidine,
but not by a-bungarotoxin, the canonical quasi-irreversible antagonist of «7 nAChRs.
Tetanus toxin or antagonists of NMDA- and AMPA-type glutamate receptor blocked the
nicotine-induced spine changes in morphology. Nicotine still produced full spine-enlarging
responses in the postsynaptic neuron whose 32 nAChR expression was knocked down.
These data suggest that nicotine influences the activity of glutamatergic neurotransmission
through the activation of presynaptic o432 nAChRs, resulting in the modulation of spinal
architecture and responsiveness.

7. «7 nAChR in Disorders of the CNS

Due to its ubiquitous distribution and the multiple functions it displays in the brain,
the a7 nAChR is associated with a variety of neurological and neuropsychiatric disor-
ders [103-111]. «7 nAChR expression is reduced in the hippocampus, thalamus, and
frontal cortex of patients with schizophrenia spectrum disorders [112-115]. Single nu-
cleotide polymorphisms of the 7 nAChR CHRNA?7 gene promoter are genetic markers
linked with schizophrenia spectrum disorders [116,117]. Reduced expression of 7 nAChR
has been associated with impaired auditory sensory gating, a hallmark of these disorders
and related nosological entities. Sensory gating is the ability to filter out redundant stimuli,
a mechanism required for good cognitive performance. An important diminution in the
number of glutamatergic excitatory synapses has been observed in o7 nAChR-knockout
mice [118]. Recently, the combined use of the 7 nAChR selective agonist CDP-choline and
the cholinesterase inhibitor galantamine has been reported to improve this pathological
condition [119].

Pharmacological intervention with cholinergic ligands has been experimentally as-
sayed in models of depressive disorders. Chronic nicotine treatment rescues depressive-like
behavior in CaMKIV null-mice, an effect that is mediated through o7 nAChRs, activa-
tion of the PI3K/Akt and ERK/CREB pathways, and augmented expression of BDNF.
Galantamine is also a drug currently used to overcome the cholinergic deficit in Alzheimer
disease. The link between the cholinergic system and Alzheimer disease is thought to
occur through different mechanisms [120]. The cholinergic deficit in Alzheimer disease
is well documented, as is the direct interaction between the 3-amyloid peptide and the
7 nAChR [121,122]. Moreover, the result of Af3-a7 nAChR interaction depends on Af3
concentration. At physiological concentrations (pM to low nM range), A triggers «7
nAChR channel openings, while at higher concentrations (nM to low pM range), A acts
as a negative modulator [1]. Af induces changes in &7 nAChR conformation: a novel
desensitized conformation still able to change in the presence of agonists was described at
low AP concentrations [123].

Changes in spine size and density are observed at early stages in mouse models of
Alzheimer disease [124]. Since spine morphology is largely mediated by the actin cytoskele-
tal network, the connection between Alzheimer disease markers and actin dynamics is
an obvious subject of research. Indeed, the amyloid peptide A{31-42 has been shown to
decrease actin dynamics in vitro and reduce the F-actin/G-actin ratio in synaptosomes of
APPswe/PS1AE9 mice at as early as 1 month of age [125]. This effect precedes amyloid
plaque formation and follows disease progression [126,127]. Af} oligomers induce the
activation of calcineurin, which results in actin depolymerization and subsequent spine
dystrophy and eventually loss of actin fibers [128,129]. Interestingly, in mice models of
Alzheimer disease, older animals show reduced spine density not only in the proximity of
amyloid plaques but also at distant areas [130]. However, those spines close to the plaques
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(average distance ~6 um) have higher F-actin content, suggesting that decreased actin
dynamics is responsible for the reduced spine plasticity [131]. Deposition of AP in plaques
would decrease the availability of soluble forms of Af3, thus precluding signaling towards
actin depolymerization in an attempt to protect spine structure. This mechanism may be
exhausted at some point in the evolution of the disease and may explain the reduced levels
of F-actin measured in synaptosomes from human postmortem brain tissue in Alzheimer
patients with mild cognitive impairment [125,126].

Current studies on synaptopathies possibly linked to early stages of age-associated
memory impairment (AAMI), considered one of the earliest cognitive functions to decline
during aging, focus on other protein targets. In a transgenic murine model of aged brain
transcription factor EB (TFEB), the master regulator of the autophagy-lysosome pathway
that is differentially expressed in an age-dependent fashion in different brain regions, TFEB
is reduced relative to control wild-type mice [61]. Importantly, this reduction significantly
affects the frontal cortex and hippocampus, two brain regions involved in cognitive and
mnemonic functions. Ectopic overexpression of transcription factor EB (TFEB) in transgenic
mice mitigated the expression of senescence markers including P16INK4a, lamin B1, or H2A
histone family member X (y-H2AX) in the hippocampus and cerebral cortex, suggesting
anti-aging effects and pointing to TFEB as a possible therapeutic target to ameliorate
cognitive decline [132].

Cognitive resilience is defined as the ability to maintain normal cognition under brain
disease conditions, including trauma, stroke, or the characteristic hallmarks of Alzheimer
disease (neurofibrillary tangles and amyloid fiber deposits) [133]. Walker and coworkers
discuss the hypothesis that dendritic spine plasticity is at the root of cognitive resilience to
stress and, in particular, in the context of Alzheimer disease, where synaptic plasticity may
be as important as genetic and lifestyle factors.

8. Conclusions

The homomeric «7 nAChR, with its five identical subunits, appears to be the simplest
receptor within the nAChR family in its rapid ligand-gated homomeric version. It gains in
complexity and versatility upon forming heteromeric oligomers with 3 subunits, whereby it
can signal both ion fluxes and metabotropic pathways at different time scales. It is expressed
in different cell types and different subcellular locations, thus engaging in multiple direct
neurotransmitter and indirect modulatory roles in developing and mature tissues. These
features make the «7 nAChR a central player in neurotransmission, Ca?*-mediated signals,
and in the modulation of diverse fundamental processes in signal transduction, whereby
its alteration is associated with several neurological and neuropsychiatric diseases.
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