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Abstract Since its identification over a hundred years ago, the neurotransmitter
acetylcholine (ACh) has proven to play an essential role in supporting many diverse
functions. Some well-characterized functions include: chemical transmission at the
neuromuscular junction; autonomic function in the peripheral nervous system; and,
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sustained attention, sleep/wake regulation, and learning and memory within the
central nervous system. Within the brain, major cholinergic projection pathways
from the basal forebrain and the brainstem support these centrally mediated pro-
cesses, and dysregulation of the cholinergic system is implicated in cognitive decline
associated with aging and dementias including Alzheimer’s disease. ACh exerts its
effects by binding to two different membrane-bound receptor classes: (1) G‑protein
coupled muscarinic acetylcholine receptors (mAChRs), and (2) ligand-gated nico-
tinic acetylcholine receptors (nAChRs). These receptor systems are described in
detail within this chapter along with discussion on the successes and failures of
synthetic ligands designed to selectively target receptor subtypes for treating brain
disorders. New molecular approaches and advances in our understanding of the
target biology combined with opportunities to re-purpose existing cholinergic drugs
for new indications continue to highlight the exciting opportunities for modulating
this system for therapeutic purposes.

Keywords Acetylcholine · mAChR · Muscarinic · nAChR · Nicotinic

1 Cholinergic System Overview

1.1 Acetylcholine

The activity of a chemical substance that reduced heart rate frequency was first
observed by the pharmacologist Otto Loewi in 1921 and was later identified as
acetylcholine (ACh) by Henry Dale. Subsequently, ACh was shown to play a role in
many essential functions including (1) chemical transmission at the neuromuscular
junction, (2) autonomic function in the peripheral nervous system, and (3) centrally
mediated cognitive processes such as attention, learning, and memory. ACh is
synthesized from choline and acetyl-CoA through the enzyme choline
acetyltransferase that occurs in different neurons as well as non-neuronal cells and
is released locally (Wessler and Kirkpatrick 2008; Schubert et al. 2012; Beckmann
and Lips 2013). ACh is hydrolyzed by acetylcholinesterase enzymes, which are
abundant in the synaptic cleft, after its release from presynaptic neurons.

Two major cholinergic projection pathways occur in the brain (Fig. 1): (1) The
magnocellular basal forebrain cholinergic system, which includes the nucleus basalis
of Meynert, the medial septal nucleus, and the vertical and horizontal limbs of the
diagonal band of Broca. The basal forebrain cholinergic system has extensive pro-
jections to neocortical regions, as well as to basolateral amygdala and olfactory bulb,
hippocampus, and entorhinal cortices. (2) The brainstem cholinergic system which
includes the pedunculopontine nucleus and the laterodorsal pontine tegmental
nucleus and projects primarily to thalamic structures and to basal forebrain regions.
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ACh exerts its effects by binding to two different membrane-bound receptor
classes: (1) G protein-coupled muscarinic acetylcholine receptors (mAChRs), pre-
sent in both the peripheral and central nervous systems, and (2) ligand-gated
nicotinic acetylcholine receptors (nAChRs), which function in the peripheral and
central nervous systems, in the neurons from the parasympathetic ganglia, at the
neuromuscular junction, as well as in non-neuronal cells (Fig. 2). These receptor
systems will be described in more detail in the following text.

1.2 Muscarinic ACh Receptors (mAChRs)

Muscarinic acetylcholine receptors (mAChRs) are class A G protein-coupled recep-
tors (GPCRs) and exist as five distinct subtypes (M1–M5) expressed in different
brain regions and the periphery (Kruse et al. 2014). M1, M2, M3, M4, and M5
mAChR subtypes are encoded by separate genes (CHRM1–CHRM5) and are clas-
sified based on their tissue localization, molecular conformation, and activation of
different intracellular signaling pathways. The M1, M3, and M5 mAChRs are

Fig. 1 Schematic of major cholinergic projections in the human brain
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excitatory and couple to Gq proteins, activating phospholipase C and subsequently
mobilizing intracellular calcium, whereas M2 and M4 mAChRs act in an inhibitory
manner by coupling to Gi/o proteins and inhibiting adenylate cyclase. M1–M4
mAChR subtypes have all been crystallized in an inactive state (Haga et al. 2012;
Kruse et al. 2012; Thal et al. 2016). The M5 mAChR subtype is the most recent
mAChR to be cloned (Bender et al. 2019).

M1–M5 mAChRs are integral membrane proteins with seven transmembrane
segments that form a pocket in which ACh can penetrate from the extracellular
space, bind with at high affinity, and activate intracellular GTP binding regulatory
proteins (G proteins). Heteromeric G proteins consist of an α subunit, a β subunit,
and a γ subunit, and when ACh or other agonists bind to the extracellular mAChR
binding site, it causes a conformational change in the receptor that promotes the α
subunit to separate from the βγ moiety which then binds to effector proteins
engaging multiple signaling cascades that amplify the initial ligand-receptor inter-
action. Additionally, following the ligand-receptor interaction, internalization of the

α4 α42β β22222β22β 2β
β2

α β γ α β γ

Gq/11 Gi/o

Acetylcholine

Acetylcholine

M1R
M3R
M5R

M2R
M4R
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Gβ1

M1R
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C D

Fig. 2 Illustration of mAChR subtypes and a typical structure of a heteromeric nAChR. Schematic
representation of the muscarinic and nicotinic receptors inserted in the membrane are represented in
panels (a) and (c). Crystal structures of the muscarinic and nicotinic receptors in a side view are
shown for comparison in panels (b) and (d). Structures correspond to publications Maeda et al.
(2019) and Morales-Perez et al. (2016)
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receptor can occur through phosphorylation of the G proteins by intracellular kinases
that lead to their uncoupling from the receptor and aim to regulate the ensuing
biological response.

Additionally, elegant cryo-electron microscopy of the M1 and M2 mAChRs by
Maeda and colleagues has demonstrated unique features of the receptors and their
interactions with G proteins that provide a provocative basis for how they may
impact their signaling properties (Maeda et al. 2019). Whereas it was originally
thoughts that GPCRs are formed by a single protein which spans the membrane
seven times, advances in the field of GABAB receptors have highlighted that
functional receptors can result from the dimerization of two subunits (Kuner et al.
1999). Although evidence of heterodimers between the M2 and M3 proteins were
identified, several outstanding questions about the quaternary structure of the
mAChRs still remain (Marsango et al. 2018).

1.3 Nicotinic ACh Receptors (nAChRs)

Neuronal nicotinic acetylcholine receptors (nAChRs) belong to the superfamily of
ligand-gated ion channels (LGIC). These highly specialized membrane proteins
consist of a high-affinity binding site for a given ligand (e.g., ACh) and a
pore-forming domain which is normally closed and opens upon binding of the
ligand. Multiple forms of LGICs can be identified and classified according to their
structural determinant, pharmacology, or ionic selectivity. Work conducted initially
at the neuromuscular junction revealed that nAChRs are formed by the assembly of
five subunits around a central ionic pore, and each subunit spans the membrane four
times with N- and C-terminal ends lying in the extracellular space (Bertrand et al.
2015). Maintained throughout evolution, these structural features can already be
identified in LGICs expressed by bacteria which present a striking similarity with
mammalian nAChRs (Hilf and Dutzler 2009; Nemecz et al. 2016). Today, 16 genes
(α1–α10, β1–β4, γ, δ, ε; note that α8 was identified only in chicken) encoding
nAChR subunits have been identified in the mammalian genome (Schaaf 2014;
Bertrand et al. 2015). Although the nAChR genes show a high degree of conserva-
tion, variations exist among species, and functional differences have already been
identified between rodents and humans, for example (Paradiso et al. 2001; Curtis
et al. 2002; Shorey-Kendrick et al. 2015).

While crystallography and high-resolution electron microscopy brought our
understanding of the structural features of LGIC to an entirely new level, these
studies have also highlighted the underlying complexity of nAChRs (Morales-Perez
et al. 2016; Walsh et al. 2018). One complexity is that a single receptor results from
the assembly of 5 subunits, and given the possibility offered by the combinations of
the 16 subunits, multiple forms of receptors have been identified (Bertrand et al.
2015). In their simplest form, nAChRs are homomeric or comprised of five identical
subunits, such as the α7 nAChRs; however, most generally, nAChRs are composed
of subunits of at least two or more forms such as the α4β2 which is the major brain
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nAChR subtype (Fig. 2). Moreover, even in a receptor containing two types of
subunits (e.g., α and β), the α versus β ratio has been shown to yield structural
differences in the protein interfaces and also to modify the receptor properties (Zwart
and Vijverberg 1998; Nelson et al. 2003; Zhou et al. 2003; Tapia et al. 2007; Walsh
et al. 2018). The α4β2 nAChR demonstrates high (nM) binding affinity to nicotine
and ACh, whereas the α7 nAChR shows lower (μM) sensitivity to these same
ligands. The α4β2nAChR can occur with two distinct stoichiometries: (α4)2 and
(β2)3 subunits (high sensitivity state) or (α4)3 and (β2)2 subunits (low sensitivity
state) that are characterized by their binding affinity for ACh (Zwart and Vijverberg
1998; Zhou et al. 2003). Interestingly, functional properties associated with differ-
ences in stoichiometric ratio are not just an in vitro phenomenon, but also have been
observed in vivo (Lamotte d’Incamps et al. 2018).

To understand the role and contribution of nAChRs in brain function, it is
therefore indispensable to know their precise brain localization as well as their
structural arrangement. For example, while some receptors will be composed of
α4 and β2, the introduction of an additional subunit in the receptor complex, such as
α5 or other, will be accompanied by modifications in the functional and pharmaco-
logical properties of the receptors (Brown et al. 2007; Kuryatov et al. 2008; Grady
et al. 2010; Besson et al. 2016). Moreover, as multiple studies have already
highlighted, a single cell can express more than one receptor subtype, and therefore
it is necessary to understand the precise receptor distribution to be able to evaluate
their functional outcome (Klink et al. 2001).

2 Localization of AChRs in the Central Nervous System

2.1 mAChRs

The mAChR system is widespread throughout the brain and periphery; however, for
the purposes of this chapter, we will focus on the mAChR brain expression and its
related functions (Table 1). mAChRs show the densest expression within the caudate
nucleus and putamen regions. The M1 and M2 subtypes are the most abundant
mAChR subtypes in the brain; however, the M1, M2, and M4 subtypes have all
received a great deal of attention as drug targets for neuropsychiatric and neurolog-
ical disorders.

The M1 mAChR represents approximately 35–60% of the total mAChRs in the
human brain (Volpicelli and Levey 2004). It is localized postsynaptically and is
prominently expressed in the cerebral cortex, including frontal, temporal, parietal,
and occipital cortices, and also is abundant in the hippocampus, striatum, amygdala,
and thalamic brain regions (Levey et al. 1991; Crook et al. 2001). The M1 mAChR
subtype is involved in learning and memory functions, and selective activation of the
M1 mAChR has been investigated for its therapeutic potential as a cognitive-
enhancing agent in disorders such as Alzheimer’s disease in which there is associ-
ated decline of these processes (Wess et al. 2007; Scarr 2012). Initial attempts to
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Table 1 Localization of nAChRs and mAChRs in the central nervous system

Region Cholinergic receptor subtype

Olfactory bulb α4β2 M3

α7
Prefrontal cortex M1

M4

Cerebral cortex α4β2 M1

α7 M3

α4α5β2 M4

Occipital cortex M2

Hippocampus α4β2 M1

α7 M2

α4α5β2 M3

α3β4 M4

M5

Striatum α4β2 M1

α4α5β2
α6β2β3
α6α4β2β3

Amygdala α4β2 M1

α7 M2

M3

Thalamus α4β2 M1

M2

M3

Medial habenula α4β2
α7
α3β3β4
α3β4

Hypothalamus α4β2 M5

α7
Substantia nigra α4β2

α7
α3β4
α6β2β3
α4α5β2

Ventral tegmental area α4β2 M5

α7
α3β4
α6β2β3
α4α5β2

Interpeduncular nucleus α4β2
α7
α3β3β4
α2β2

(continued)
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develop selective agonists to the M1 mAChR highlighted the challenge with the
highly conserved homology that exists within the orthosteric binding site of
mAChRs making it difficult to design selective subtype-specific ligands. Com-
pounds such as xanomeline with M1- and M4-preferring agonist activity were tested
for cognitive-enhancing potential, but dose-limiting side effects attributed to “off-
target” parasympathomimetic activity at peripheral M2 and M3 mAChR subtypes
were considered a limitation to their investigation (Bymaster et al. 2003; Wess et al.
2007).

The M2 mAChR is a cholinergic inhibitory autoreceptor localized on presynaptic
terminals in many regions throughout the brain. M2 mAChRs are present on large
cholinergic interneurons in the striatum and have high expression in cerebellum,
thalamus, and nucleus basalis of Meynert along with some limbic structures, e.g.,
amygdala and hippocampus. Stimulating M2 mAChRs decreases cholinergic neu-
rotransmission and impairs memory. This has led to investigation of M2 mAChR
antagonists as an approach to restore ACh release and improve learning and memory
for cognitive-impairing diseases in which the cholinergic system is compromised
(Billard et al. 1995; Langmead et al. 2008). The limitations to this approach thus far
have included the challenges associated with developing M2 mAChR selective
antagonists that do not have off-target activity at other mAChRs (as described
above for M1) but, also importantly, that do not engender liabilities in peripheral
organs in which high levels of expression of M2 mAChRs have been shown (e.g.,
from M2 mAChR expression in the heart and consequently cardiovascular
complications).

Relative to M1 and M2, both M3 and M4 mAChR subtypes show much lower
expression in the brain. For example, the M3 subtype is estimated to constitute only
5–10% of all mAChRs (Levey et al. 1994). Both M3 and M4 mAChRs are involved
in neurotransmitter regulation and are prominent in hippocampal subregions,

Table 1 (continued)

Region Cholinergic receptor subtype

Raphe nucleus α4β2
Locus coeruleus α3β4

α6β2β3
Pons M3

Pineal gland α7
α3β4

Cerebellum α4β2 M2

α7
α3β4
α3β2

Spinal cord α4β2
α7
α3β2

Summarized from Gotti et al. (2007) and Ahmed et al. (2017)
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cerebral cortex, and striatum. In the brain, the M3 subtype has a functional role in
regulating insulin secretion making it an interesting target to investigate for its role in
type 2 diabetes mellitus (Gautam et al. 2006). However, the primary functions
attributed to the M3 subtype are peripheral, e.g., smooth muscle contraction, exo-
crine secretion (e.g., saliva), and endocrine function (Matsui et al. 2000).

The distribution of the M4 subtype largely overlaps with that of the M1 and M3
subtypes, and it functions primarily as an inhibitory autoreceptor that decreases ACh
release. Additionally, with its expression in striatum, the M4 subtype has demon-
strated a regulatory control on dopamine-mediated functions in this region. Genetic
deletion of the M4 subtype receptor in mice results in increased locomotor stimula-
tion in response to dopamine agonists (e.g., amphetamine, cocaine) (Wess et al.
2007). An exciting area of ongoing research is to target the M4 subunit as a
therapeutic approach for movement disorders such as Parkinson’s disease
(Langmead et al. 2008).

The M5 mAChR shows low expression in the brain, but is localized in dopamine-
rich areas such as the ventral tegmental area and the substantia nigra suggesting that
it could play a role in reward processing and movement, respectively. It also has
been identified in the hippocampus, outermost layers of the cerebral cortex, and
caudate putamen areas.

Developing a better understanding of the receptor distribution with the highest
possible granularity including the homomer and/or heterodimer expression is
expected to offer new alternatives to develop molecules displaying enough specific-
ity to target a precise and well-localized subtype.

2.2 nAChRs

The homomeric α7 and heteromeric α4β2 nAChRs are the most prominent nAChRs
in the mammalian brain, and both are involved in diverse functions. The α4β2
nAChRs have been identified in all layers of the cerebral cortex, hippocampal
subregions, substantia nigra, and ventral tegmental area (Gotti et al. 2007). With
high expression in dopamine-rich regions, the α4β2 nAChR has been studied for its
involvement in hedonic processes and addiction particularly with regard to tobacco
smoking. To this end, the α4β2 nAChR partial agonist, varenicline, has been brought
to the market as a smoking cessation product.

High expression of the α7 nAChR in hippocampal subregions (CA1, CA3,
dentate gyrus), the prefrontal cortex (layers I–VI), and also subcortical structures
has directed attention to its role in cognitive processes (e.g., long-term memory,
working memory, sensory gating). The α7 nAChR is localized presynaptically,
postsynaptically, and perisynaptically contributing to its wide-ranging effects on
neurotransmission (Jones and Wonnacott 2004). In the hippocampus, it has been
identified postsynaptically on GABAergic neurons, whereas in brainstem nuclei
such as the ventral tegmental area and the substantia nigra, the α7 nAChR localized
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presynaptically and is important in regulating excitatory neurotransmission
(McGehee et al. 1995; Cheng and Yakel 2014).

3 nAChR Neuronal Expression and Neurotransmission

3.1 Ionic Selectivity and Ca2+ Permeability

Agonist stimulation of neuronal nAChRs causes the rapid opening of the ion channel
and, in most cases, a depolarization of the cell in which these receptors are
expressed. Structurally similar to the nAChRs expressed at the neuromuscular
junction, the neuronal nAChRs are permeable to cations (Ballivet et al. 1988).
Determination of the ionic selectivity using electrophysiological methods and
ionic substitutions revealed that these receptors are permeable to sodium, potassium,
and calcium (Vernino et al. 1992; Bertrand et al. 1993a, 1993b; Castro and Albu-
querque 1995; Fucile et al. 2004). The calcium permeability was shown to vary as a
function of the nAChR composition and is the highest for α7 and α9 nAChRs which
are comparable or superior to the ionic permeability of the N-methyl-D-aspartic-acid
(NMDA) receptor (Bertrand et al. 1993a, b; Séguéla et al. 1993; Elgoyhen et al.
1994; Castro and Albuquerque 1995; Sgard et al. 2002; Katz et al. 2000; Fucile et al.
2005; Uteshev 2012). Opening of divalent permeable channels can increase the
intracellular calcium concentration in the proximity of the membrane and trigger
the opening of the other ionic pore. For example, in the case of the α9 α10 receptors
expressed in the outer hair cells of the inner ear, it was shown that activation of these
receptors can activate potassium channels and indirectly cause the hyperpolarization
of the cell (Janssen et al. 2004; Nie et al. 2004; Dani and Bertrand 2007; Roux et al.
2011).

Experiments conducted using site-directed mutagenesis at the homomeric α7
nAChRs revealed the presence of two binding sites, located at the inner mouth and
in the upper part of the pore, that determine the level of calcium permeability
(Bertrand et al. 1993a, b). The high degree of conservation of the second transmem-
brane segment (TM2) and, consequently, the cationic permeability in addition to the
calcium permeability of these homomeric receptors suggest an important overall
physiological role (Devillers-Thiery et al. 1992). Intracellular calcium homeostasis
is an important physiological mechanism regulated, for example, by the calcium
influx through receptors such as the N-methyl-D-aspartic acid (NMDA) or by the α7
nAChRs and by its sequestration in intracellular compartments such as the endo-
plasmic reticulum (ER). The intracellular calcium concentration is a ubiquitous
second messenger regulating the activity of several membrane proteins including
the calcium-activated potassium channels up to the control of many enzymatic
pathways. Disruption of the intracellular calcium concentration is thought to be
associated with several neurological disorders (Glaser et al. 2018).

Taking advantage of the homomeric nature of the α7 nAChRs, site-directed
mutagenesis further allowed a more detailed characterization of the ionic selectivity

10 D. Bertrand and T. L. Wallace



filter of these cationic channels. It was shown that amino acids at the inner mouth of
the channel determine the cation or anion selectivity, and interestingly, the intro-
duction of a single proline amino acid is sufficient to switch the ionic selectivity
(Galzi et al. 1992; Corringer et al. 1999). These observations were confirmed
subsequently in invertebrates which have nicotinic-like channels that are natively
permeable to anions and possess the critical amino acids earlier identified by
mutagenesis (van Nierop et al. 2006; Juneja et al. 2014). Moreover, the same
biophysical rules were found to apply for naturally occurring anion-permeable
channels that were successfully switched to cation permeable by the introduction
of the corresponding amino acids (Keramidas et al. 2000).

3.2 Voltage Dependence

Early characterization of the functional properties of nAChRs revealed that these
receptors display a peculiar voltage sensitivity. While the nAChRs at the neuromus-
cular junction present an essentially Ohmic behavior, neuronal nAChRs display a
strong inward rectification (Bertrand et al. 1991). Activation of the neuronal
nAChRs causes the opening of the channels only when the cell membrane potential
is negatively charged but the ionic pore becomes shut for resting potential smaller
than �40 mV. As single channel conductance measurements revealed a resistive
Ohmic behavior, it was concluded that rectification probably occurs by intracellular
blockade (Bertrand et al. 1991; Haghighi and Cooper 2000). The mechanism
responsible for this channel closure is thought to be caused by the blockade at the
intracellular mouth by magnesium ions and/or intracellular polyamines (Forster and
Bertrand 1995; Bonfante-Cabarcas et al. 1996; Stauderman et al. 1998). Inward
rectification was reported for the different nAChR subtypes including the
homomeric α7 and the heteromeric α4β2, α4α�β� receptors and was observed for
both recombinant and native nAChRs (Buisson et al. 1996; Gerzanich et al. 1997;
Stauderman et al. 1998; Zaninetti et al. 1999; Alkondon et al. 2000; Nelson et al.
2001). Highly conserved across species, rectification is another hallmark of neuronal
nAChRs. To understand the relevance of this mechanism, consider that release of
ACh in the vicinity of the receptors will cause a physiological effect only when the
cell is near its resting potential. On the contrary, if the cell is depolarized by any other
activity, the ACh release will not provoke further signaling. This can also be
summarized as a mechanism of coincidence detection in which the sequence of
events is determinant for the functional outcome.
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4 Synaptic Plasticity

A prominent role of the cholinergic system is its involvement in attention, learning,
and memory processes, which has been established over decades of research using
animal models (cholinergic lesions, receptor pharmacology, genetic manipulations),
as well as in humans with clinically effective therapies that are prescribed for
patients with cognitive dysfunction (e.g., cholinesterase inhibitors for Alzheimer’s
disease). Underlying these in vivo studies and contributing to our mechanistic
understanding of the cognitive involvement of the cholinergic system are in vitro
models of synaptic plasticity (long-term potentiation and long-term depression).

The mAChR-dependent modulation of synaptic plasticity has been demonstrated
within hippocampal neurocircuits, and this is perhaps best represented by studies
investigating the M1 mAChR. M1 mAChRs localized on glutamatergic pyramidal
neurons of the CA1 subregion of the hippocampus provide a direct excitatory outlet
for cholinergic basal forebrain afferents and are believed to underlie the cholinergic
potentiation of glutamate-mediated neurotransmission that results in a robust
strengthening of glutamatergic synapses in pyramidal neurons in this region (Dennis
et al. 2016). Studies conducted in the CA1 region of the mouse hippocampus have
shown that mAChR agonists applied at low concentrations modulate plasticity of
glutamatergic synapses in this region (Shinoe et al. 2005). It remains to be deter-
mined if the enhanced synaptic plasticity with M1 mAChR agonists extends to other
brain regions such as the neocortex.

The characteristic high Ca2+permeability of the α7 nAChR combined with its
localization on glutamatergic axon terminals can lead to enhanced synaptic plasticity
following stimulation (e.g., with nicotine or with selective α7 nAChR agonists) as
has been shown using the long-term potentiation (LTP), an in vitro model of learning
and memory in the dentate gyrus region of the hippocampus. In addition, genetic
deletion of the α7 nAChR in mice produces deficits in LTP following nicotine
administration (Criscuolo et al. 2015).

5 Intracellular Signaling

mAChR and nAChR subtypes are all activated by acetylcholine, but as will be
discussed within the current section, each receptor system is coupled to different
second messenger pathways that can yield divergent signaling effects across cell
types. Interestingly, activation of different classes of mAChRs and nAChRs, distin-
guished both by their location on the neurons and by their subunit composition
within a single cell, can regulate differences in the sources of calcium mobilized
(e.g., extracellular, intracellular stores) and result in altered physiological and
dynamic intracellular responses that ultimately control cellular function at an indi-
vidual neuron level (Rathouz et al. 1995), as will be highlighted more below.
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5.1 mAChRs

As introduced earlier in the chapter, the M1, M3, and M5 mAChRs couple with
Gq-type G proteins and mediate activation of phospholipase C (PLC) and inositol
triphosphate/calcium signaling via pertussis toxin-insensitive G proteins of the Gq
family. M1 receptors are the most abundant mAChR in the brain and have the richest
biology at this point with which to focus our attention.

M1 mAChRs localized postsynaptically on pyramidal neurons in the cerebral
cortex and hippocampus receive innervation from cholinergic projections from basal
forebrain. Activation of the M1 receptor causes calcium release from intracellular
stores via IP3-dependent calcium release that subsequently causes a transient inhi-
bition driven by calcium-dependent small conductance potassium channels. In
addition to the Gq-coupled activity, activation of M1 mAChRs in cortical pyramidal
neurons produces a longer-lasting and voltage-dependent excitation that involves
additional cation channels that have not been fully characterized to date (Dasari et al.
2017). Together, this signaling is hypothesized to underlie some of the functional
effects of M1 activation on attention, learning, and memory.

M2 and M4 receptors signal through the pertussis-sensitive Gi/Go subfamily of G
proteins and mediate inhibition of cAMP production. Targeting the M2 autoreceptor
with selective antagonist ligands has been hypothesized to be a therapeutic strategy
for treating Alzheimer’s disease through increasing ACh neurotransmission by
blocking its Gi-coupled inhibitory actions on cholinergic neurons. This has been
supported by animal studies demonstrating that antagonism of the M2 mAChR
elevates extracellular ACh concentrations (Billard et al. 1995). However, the limi-
tations with this approach have proved to be several-fold and include that M2
receptors are localized on both cholinergic and non-cholinergic terminals in the
cortex and hippocampus; therefore, increasing cholinergic tone with an M2 antag-
onist yields a more complicated pharmacology that is not necessarily therapeutic
(Levey 1996). In addition and perhaps a more prominent restraint is that activation of
the M2 receptor plays an important role in the physiological regulation of cardiac
function through its inhibitory actions on cAMP, as well as through its modulation of
muscarinic potassium channels. Upon stimulation of the M2 receptor by ACh or
other agonists, the α subunit separates from the βγ moiety, causing a decrease in
adenylate cyclase, cAMP activity, and deceasing downstream signaling cascades.
Activation of M2 also causes the βγ moiety to act on potassium channels. In the
heart, M2 activates potassium channel and decreases heart rate (Krejci et al. 2004).
Due to its prominent effects on cardiac function, it remains challenging to target the
M2 receptor due to dose-limiting side effects that could prevent the therapeutic
benefit from being achieved.

Much of the work investigating M4 signaling and function has been based on its
abundant expression in the striatum, specifically in the dopamine D1 receptor
containing spiny projections neurons of the direct output pathway. In this region
where cholinergic projections densely innervate the dopamine pathways, the M4
subunit has been shown to suppress dopamine D1 receptor signaling through its
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inhibitory actions on the adenylate cyclase and cAMP pathway and diminish
regulator of G protein signaling type 4 (RGS4) at corticostriatal glutamatergic
neuronal synapses (Shen et al. 2015). This combination of activities is hypothesized
to have therapeutic potential as it may be a mechanism to regulate aberrant
corticostriatal synaptic plasticity that is involved in symptoms such as L-Dopa
therapy-induced dyskinesias observed in patients with Parkinson’s disease who
have been on chronic dopamine agonist-based therapies, and early evidence in
animal models has supported this approach (Shen et al. 2015).

5.2 nAChRs

Signal transduction does not occur exclusively at the cell membrane, but also
intracellularly. The high calcium permeability of the α7 or α9 containing nAChRs
induces changes in the concentration of these divalent ions in the close vicinity of the
membrane which, in turn, can trigger downstream signaling cascades and alteration
in gene transcription. For the highly permeable α9 containing receptor, this can be
best exemplified in the outer hair cells from the inner ear, wherein release of ACh
triggers a hyperpolarization of the cells. Detailed analysis of these mechanisms
revealed that the primary mechanism is the activation of α9α10 nAChRs which
increases the intracellular calcium and, indirectly, triggers the opening of small
conductance (SK) potassium channels that are at the origin of the cell hyperpolar-
ization (Nie et al. 2004; Roux et al. 2011; Katz et al. 2000).

Similarly, activation of α7 containing nAChRs is known to increase the cytosolic
calcium concentration, the outcome of which directly depends on other proteins
through which this intracellular signaling will manifest. The physiological relevance
of such mechanisms is readily understood in light of examples such as data from
cortical pyramidal neurons. Accordingly, increased intracellular calcium in this cell
segment activates potassium currents yielding modification of the signal processing
(Berger and Lüscher 2003). An increase in the intracellular calcium concentration
can yield multiple downstream cellular effects ranging from changes in the micro-
tubules to alteration of the growth cone (King and Kabbani 2018).

Moreover, stimulation of α7 nAChRs triggers multiple intracellular cascades
such as the neuroprotective Janus Kinase 2 (JAK2/STAT3/NF-kB (Marrero and
Bencherif 2009)), extracellular related kinase 1 (ERK1) (Bencherif and Lippiello
2009), or mitogen-activated protein (MAP) kinase pathways (Gubbins et al. 2010).
Activation of α7 nAChRs and subsequent engagement of intracellular signaling
pathways can exert neurotrophic effects and has been suggested as a potential
mechanism of neuroprotection in degenerative diseases such as Alzheimer’s disease
(Ma and Qian 2019). Additionally, stimulation with the α7 nAChR agonist
PNU-282987 and activation of key intracellular pathways exert a protective effect
against myocardial reperfusion injury (Hou et al. 2018).
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6 Receptor Desensitization

The response of receptors to a sustained exposure of agonist is generally character-
ized by first a rapid reaction which progressively declines over time. Known as
desensitization, it is an active physiological mechanism aimed to return the system to
a homeostatic state following continued exposure to an external stimulus. A simple
example of desensitization occurs with the application of perfume; while it is easy to
recognize its scent when first applied, after a few minutes, it is difficult to recognize
whether it is on or not. While both mAChRs and nAChRs show desensitization
properties, the magnitude of their effects and their mechanisms are clearly distinct, as
it will be described below.

6.1 mAChRs

The desensitization mechanisms of G-coupled proteins are mainly due to internal-
ization of these integral membrane proteins. Namely, stimulation of the receptors by
the agonist causes changes in the receptor conformation and its interaction with the
G proteins and, indirectly, triggers its internalization (van Koppen and Kaiser 2003).
The progressive decline of the receptors at the cell surface causes a reduction in
sensitivity to the agonist. The mAChR desensitization is a function of the receptor
subtype and conditions. Recovery requires the incorporation of new receptors which
are translocated from the intracellular pool into the plasma membrane. Given the
complex cellular mechanisms involve in desensitization and recovery, the timing for
these processes is rather slow.

6.2 nAChRs

Nicotinic acetylcholine receptors display desensitization and recovery mechanisms
that are quite distinct from the mAChRs. In contrast to the G-coupled proteins,
ligand-gated channels are fast responders and do not internalize during desensitiza-
tion. Exposing nAChRs to brief pulses of agonist causes a brisk activation of the
receptors, but in contrast, prolonged agonist application causes a desensitization of
the receptors leading to a response with a peak and a plateau. The ratio between peak
and plateau markedly differs with the receptor subtype with the fastest desensitiza-
tion being observed with the α7 nAChRs and the slowest desensitization being
observed at the nAChRs from the neuromuscular junction receptors. Major brain
α4β2 nAChRs display a clear peak and plateau response during agonist exposure
indicative of multiple phases of desensitization (Hogg and Bertrand 2007). The
ability of the receptors to maintain a response during agonist exposure is thought
to relate to their physiological function. Insertion in the plasma membrane of fast
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desensitizing receptors, such as the α7 nAChRs, is expected to cause only a transient
activation of the cell, whereas a more sustained depolarization and, in consequence,
physiological outcome will be observed in cells expressing more slowly
desensitizing receptors such as the α4β2 nAChR or even further for the α3β4
nAChR. Given the specificity of cellular expression of some receptors in a particular
neuronal pathway, such as in the interpeduncular nucleus and the fasciculus
retroflexus (Perry et al. 2002), suggests that these brain areas will be more suscep-
tible to prolonged stimulations by nicotinic agonists. The transition from peak to
plateau characterizes the desensitization occurring during agonist exposure ranging
from milliseconds to a few seconds, as its recovery is rather fast.

Desensitization is often subdivided into short- and long-term depending upon the
exposure time of the receptor to the agonist and the persistence of the effects. For
compound exposures of several minutes or hours, such as that caused by nicotine
intake during smoking, a sustained inhibition of the receptors is observed. Various
sets of experiments have shown that sustained exposure to 100 nM nicotine, which
corresponds to the brain concentration observed after smoking a cigarette, is suffi-
cient to cause a long-lasting receptor desensitization at the α4β2 nAChR (Ochoa
et al. 1989; Lester and Dani 1995; Fenster et al. 1997; Paradiso and Brehm 1998;
Dani et al. 2000; Besson et al. 2007). Long-term desensitization is closely related to
the receptor composition (Vibat et al. 1995; Gerzanich et al. 1998; Dani and Bertrand
2007; Rollema et al. 2015). Desensitization to low concentrations of agonist can be
observed by monitoring the amplitude of the response to a brief pulse of ACh, and it
was shown that natural variants in the α4, β2, or α5 subunits influence the profile of
desensitization and its recovery (Hoda et al. 2008; Improgo et al. 2010; Tammimäki
et al. 2012).

7 Areas of Continued Investigation

A general division in neurotransmission is often made between ligand-gated ion
channels which encompasses all the fast transmission mediated by ionotropic recep-
tors and the opening of ion channels in the cell membrane, versus metabotropic
receptors which are coupled to intracellular mechanisms such as the G proteins. This
division was initially defined in terms of the pharmacology with nAChRs and their
high sensitivity to the alkaloid nicotine found in the tobacco plant Nicotiana and for
mAChRs and their sensitivity to alkaloids found in certain mushrooms such as the
Amanita muscaria or the deadly poisoning Clitocybe dealbata. Based on the selec-
tivity of these two substances, it was subsequently found that nicotine activates
receptors that are ionotropic, which acts by the opening of the ionic pore (nAChRs),
whereas muscarine indirectly modifies level of second messengers by its interaction
with receptors (mAChRs) belonging to the family of GPCRs or seven transmem-
brane proteins.

Although these definitions largely hold true for most of the nAChR subtypes,
their limit became obvious with the cloning and characterization of the
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pharmacological properties of the α9 nAChRs which displays a mixed nicotinic/
muscarinic profile (Elgoyhen et al. 1994; Verbitsky et al. 2000). Nonetheless, the
ionotropic properties of these receptors continued to fulfill the original distinction
between fast-acting channels and receptors acting on a slower and prolonged time
scale.

As a number of studies expanded our understanding of nAChR biology, espe-
cially within the homomeric α7 or heteromeric α9α10 receptors, several peculiarities
also emerged, for example, recognition that the receptor expression occurred in
many areas throughout the brain and periphery, as well as in the immune system
(Wang et al. 2003; Peng et al. 2004; Razani-Boroujerdi et al. 2007). These results
cast doubt about the sole ionotropic activity of these receptors with effects that could
be associated only with ion fluxes. Follow-up investigation by different groups led to
the proposition of a direct interaction between α7 nAChRs and metabotropic recep-
tors that is reviewed in Kabbani and Nichols (2018). Evidence for the interaction
between the α7 and metabotropic receptors has pointed to the specific intracellular
sequence of the α7 protein which presents a unique amino acid sequence
“LRMKRP” that is highly conserved throughout species (King et al. 2015). This
observation might reconcile previous observations suggesting a mixed effect of α7
nAChRs on phosphorylation of multiple intracellular pathways (de Jonge and Ulloa
2007; Bencherif and Lippiello 2009; Maanen et al. 2009; Gubbins et al. 2010;
Dhawan et al. 2012).

Genomic analysis of CHRNA7 in multiple species revealed a further complexity
specific to this particular nAChR gene with a duplication of exons 6–10 that is
observed only in human. Leading to a form that was subsequently termed
CHRFAM7A, this genomic duplication encodes for a protein that closely resembles
α7, but which is missing the N-terminal domain (Gault et al. 1998; Sinkus et al.
2015). Several studies have replicated this initial observation, and the key questions
that were opened by this initial discovery included (a) “Is the dupα7 able to form
functional receptors?” and (b) “Does the dupα7 assemble with α7 itself to form a
hetero-oligomer?”. Experiments conducted by many different laboratories have
concluded so far that while widely expressed, the dupα7 does not yield functional
receptors. However, it was shown that α7 and the dupα7 can assemble in heteromers
to form functional channels (Wang et al. 2010, Araud et al. 2011, de Lucas-Cerrillo
et al. 2011,Lasala et al. 2019). Given the homologies between CHRNA7 and
CHRFAM7A, this indicates that heteromeric receptors containing α7 and the
dupα7 can equally interact with GPCRs and could participate to modulation of
cellular functions.

Genetic studies conducted in humans have correlated variations in CHRFAM7A
and neurological pathologies (Flomen et al. 2012; Williams et al. 2012; Rozycka
et al. 2013; Kunii et al. 2015; Sinkus et al. 2015). Moreover, the potential role of the
dupα7 was underlined by its high degree of expression in the immune system
(Villiger et al. 2002; de Lucas-Cerrillo et al. 2011; Costantini et al. 2015; Dang
et al. 2015; Baird et al. 2016). Studies conducted in human-induced pluripotent stem
cells (iPSCs) might provide a model to get a better understanding of the physiolog-
ical role of CHRFAM7A (Ihnatovych et al. 2019).
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8 Cholinergic Receptors as Therapeutic Targets

8.1 mAChRs

Of the mAChR subtypes that have been investigated clinically for brain disorders,
the focus largely has been on M1, M2, and M4 selective molecules. The
non-selective M1 agonist xanomeline was taken into patients with Alzheimer’s
disease, but was stopped due to an undesirable safety profile combined with minimal
therapeutic benefit. More recently this molecule has been brought back into clinical
development combined with the peripherally active non-selective mAChR antago-
nist, trospium chloride, that is approved for patients with overactive bladder. The
hypothesis is that the combined therapy should allow engagement of centrally active
mAChRs and antagonize peripheral mAChRs associated with adverse effects and
medication discontinuation. The xanomeline/trospium chloride combined therapy is
being investigated in patients with schizophrenia (ClinicalTrials.gov Identifier:
NCT03697252).

An alternative approach to targeting mAChR subtype-specific molecules that
bind to the orthosteric site is to identify molecules that can selectively modulate
the mAChR subtype by targeting the allosteric site. By binding at a site distinct from
the agonist (orthosteric site), these molecules bind at a distinct location on the
receptor and are therefore more specific for a given amino acid sequence and
tri-dimensional organization. Most recent advances in the optimization of allosteric
modulators, which alter the affinity or efficacy of orthosteric ligands and offer
selective and localized receptor modulation, have invigorated drug discovery efforts
and resulted in several highly selective tool compounds that have demonstrated
potential in preclinical studies and progressed to early clinical development (Felder
et al. 2018). All of the mAChRs have at least one allosteric site that has been
identified and provide an approach to selectively modulate mAChR subtypes inde-
pendent of one another (Bock et al. 2018). In particular, positive allosteric modula-
tors of the M1 and M4 mAChRs have been developed and are an exciting area of
research that is enabling the biology of these receptors to be selectively interrogated
(Kruse et al. 2012).

8.2 nAChRs

Development of nAChR subtype-specific compounds led to the discovery of several
molecules which showed sufficient selectivity and robust pharmacological charac-
teristics to be supported for testing in human clinical trials. The best examples can be
shown for the α7 nAChRs, with the discovery of quinuclidine-based molecules such
as the PNU-282987, TC-5619, MEM-3454/RG3487, or encenicline. Today, no less
than 12 molecules showing specificity for the α7 nAChRs were brought into clinical
trials (reviewed in Rollema et al. 2014)). However, despite these efforts, either
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beneficial effects were insufficient or side effects were not tolerable. Similar results
were, unfortunately, observed with α4β2 nAChR-specific agonists such as
ABT-418, sofinicline, pozanicline, ispronicline, or rivanicline (reviewed in Rollema
et al. 2014).

In view of these efforts and failure to achieve the desired therapeutic effects,
research of agonists specific to a given nAChR subtype and subsequent investments
were slowed bringing this field almost to a complete halt in recent years. Nonethe-
less, it is important to underline that the development of an α4β2 nAChR partial
agonist, varenicline, made a significant impact in the field of smoking cessation and
was successfully introduced more than a decade ago (Rollema and Hurst 2018).

Although multiple brain diseases, such as Alzheimer’s, schizophrenia, or
Parkinson’s, were investigated in clinical trials with selective nAChR ligands and
highlight the diverse potential of these molecules, no nAChR drugs, except for
varenicline, have made it as to the market as therapeutics (Terry 2008; Wallace
and Bertrand 2013a, b; Perez-Lloret and Barrantes 2016; Hampel et al. 2019).
Information about failures of clinical trials are limited, and it is often not possible
to know if a compound was abandoned because of its side effects or lack of efficacy;
however, it is possible to speculate about the encountered difficulties.

A first and an obvious difficulty are concerns around insufficient selectivity
across receptor systems. For example, as in the case of encenicline, it was shown
that this compound was active at the α7 nAChRs and was equipotent at the 5HT3

receptors. This cross interaction might be at the origin of the gastrointestinal
difficulties that were reported in the clinical Phase 3 trial for this compound (Barbier
et al. 2015; Keefe et al. 2015; Hayward et al. 2017; Godyń et al. 2016). A second and
more difficult point concerns the desired mechanism of action in vivo. While it is
easy to assess the effects of an agonist in vitro under controlled experimental
conditions, the beneficial outcomes of such molecules in vivo are more difficult to
comprehend. Especially when considering the desensitization properties of the
nAChRs, it has remained a challenge how to effectively anticipate the outcome of
sustained exposure to a low concentration of agonist under various disease condi-
tions in which cholinergic tone and/or receptor expression may be different than in
the healthy condition. Experiments conducted in vitro and in vivo with the α7
nAChRs and agonists selective for this subtype have highlighted that low concen-
trations of agonists can enhance the response to ACh by a mechanism described as
priming (Prickaerts et al. 2012; Stoiljkovic et al. 2015). Similarly, priming was
observed with the nicotine metabolite cotinine or the 5HT3 receptor antagonist
tropisetron (Terry et al. 2015; Callahan et al. 2017). This mechanism would ele-
gantly reconcile the enhancement of the cognitive performances observed with
nicotinic derived compounds as well as the inverted U-shape observed between
the compound concentration and performance increases (Wallace and Bertrand
2013a, b).

In view of a large body of evidence correlating the cholinergic system with
cognitive performances, it is tempting to speculate that development of nAChR-
specific ligands still has a promising future. In addition, such compounds might find
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additional and unexpected benefits by acting outside the CNS, such as the current
repurposing of varenicline to treat dry eye afflictions.
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