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Preface

The focus of this CTBN volume aims to provide an overview of cholinergic systems
in relation to their effects on behavior and disease. Our intent was to organize a broad
series of reviews that summarizes the past and current knowledge of cholinergic
systems with in-depth discussions on the potential opportunities for harnessing this
information for therapeutic development across central nervous system (CNS)
disorders. This volume contains a collection of multidisciplinary chapters authored
by leading experts who have made significant contributions in the field.

Research on cholinergic neurotransmission has revealed the diversity of behav-
iors this system modulates, including cognitive processes, pain, dependence, and
addiction, among others. Dysfunction of the cholinergic system underlies nicotine
addiction and has been implicated in various neurological and psychiatric disorders
including dementia, pain, and Alzheimer’s disease. The molecular genetics of the
cholinergic system including both muscarinic and nicotinic acetylcholine receptors,
cholinesterases, acetylcholine synthesis and release have provided significant
insights into potential targets for pharmacological intervention. Cholinergic drugs
are being used and are being evaluated for the treatment of many CNS diseases.
Thus, this volume aims to broaden our understanding of the current state of cholin-
ergic mechanisms to enable the implementation of novel approaches for the devel-
opment of more effective treatments.

Acetylcholine (ACh), identified as a key neurotransmitter, has been observed to
exert multiple effects on physiological functions which has paved the way toward
the identification and characterization of two distinct receptor subtypes: nicotinic
(nAChR) and muscarinic receptors (mAChR). In both cases, the effects of naturally
occurring drugs acting on nAChRs and mAChRs have been exploited for both
therapeutic and nontherapeutic purposes for hundreds of years, well before these
receptors were identified. The first review presented by Bertrand and Wallace in the
chapter “A Review of the Cholinergic System and Therapeutic Approaches to Treat
Brain Disorders” will act as a foundational chapter to introduce cholinergic neuro-
biology and provides an in-depth discussion on the nAChR and mAChR receptors
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systems, their function and the opportunity that targeting these systems provide for
novel medications across disorders. The reader will note that several authors intro-
duce the cholinergic receptor systems throughout the book for the purposes of their
individual discussions, and this is the strength of the book in that each chapter can
stand on its own, as well as contributes to the broader vision of the book.

Following the introduction, we evaluate cholinergic contributions to cognitive
function including sensory perception and attention, memory and working memory
processes from ex vivo preparations through rodents, nonhuman primates, and
human behaviors. In the chapter “Acetylcholine and Spontaneous Recognition
Memory in Rodents and Primates,” Easton, Barros, and Lever assess the impact of
cholinergic manipulations on memory and highlight important considerations of
what is meant by memory and how it is being modeled. In particular, they focus
on the issue of translation from animal research into the clinic which is a key concern
and argue that it is essential to move away from considering the debate to be one of
ACh involvement in broadly described terms of “memory” or “attention,” but
instead argue that one needs to look carefully at the precise nature of the behavioral
task being used and the nature of the behavioral impairment. Specific hypotheses
about the nature of acetylcholine’s function can be best arrived at through the careful
consideration of specific elements of behavior and its relation to the manipulation at
hand.

In the chapter “Endogenous Acetylcholine and Its Modulation of Cortical Micro-
circuits to Enhance Cognition,” Venkatesan, Jeoung, Chen, Power, Liu, and Lambe
discuss the role of ACh in shaping sensory perception and attentional processes
using electrophysiological and optogenetic methods to elucidate how and where
ACh acts within the cortex to help shape cognitive processing and open the door to
new approaches for identifying novel treatments for the perceptual and attention
deficits found in multiple psychiatric and neurological disorders. Parikh and
Bangasser expand on our understanding of the cholinergic mechanisms of attention
highlighting the recent developments in the chapter “Cholinergic Signaling Dynam-
ics and Cognitive Control of Attention.” Specifically, the evidence that phasic
cholinergic signaling in the prefrontal cortex (PFC) is a causal mediator of signal
detection is discussed. Moreover, studies that support the tonic neuromodulatory
role of cholinergic inputs in top-down attentional control, and those that provide
insights into the potential cellular substrates that integrate the phasic and
neuromodulatory cholinergic signaling modes, are reviewed. The authors also incor-
porate considerations of sex differences that exist in the central cholinergic-attention
system.

In the chapter “Involvement of Nicotinic Receptors in Working Memory Func-
tion,” Galvin, Arnsten, and Wang provide an in-depth discussion of the cholinergic
system in the prefrontal cortex on working memory functions in nonhuman primates.
The authors highlight how the dorsolateral prefrontal cortex is particularly critical
for rule representation and working memory, or the ability to hold information “in
mind” in the absence of sensory input, and present the emerging evidence that
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supports a prominent and permissive role for ACh in these excitatory circuits,
through actions at cholinergic nAChRs.

In the chapter “Nicotinic Receptors Underlying Nicotine Dependence: Evidence
from Transgenic Mouse Models,” we move away from the involvement of the
cholinergic system in cognitive processes and begin the discussion on the role of
this system in dependence and addiction. Gipson and Fowler provide an elegant
discussion on the contributions from transgenic mouse models that have added to
our understanding of nicotine’s effects on the reward-related mesolimbic pathway
and the aversion-related habenulo-interpeduncular pathway. Following in the chap-
ter “Cholinergic Receptors and Addiction,” Papke, Brunzell, and De Biasi review
the structure and diversity of nAChR subunits and how different nAChR subtypes
play specific roles in the phenomenon of nicotine addiction. The authors also provide
a compelling discussion on how brain cholinergic receptors are involved with areca
addiction and the unique challenges for dealing with addiction to this substance,
which is a major public health issue across most of South Asia.

In the chapter “Behavioral and Molecular Basis of Cholinergic Modulation of
Pain: Focus on Nicotinic Acetylcholine Receptors,” Damaj and colleagues focus
their review on the recent progress in our understanding of the cholinergic system as
a target for pain modulation. In particular, they focus on nAChR subunit biology and
balance the data supporting the therapeutic potential for this system in chronic pain
with the inherent complexities associated with drug development in this space.

Chapter “An Evolving Therapeutic Rationale for Targeting the α7 Nicotinic
Acetylcholine Receptor in Autism Spectrum Disorder” provides a comprehensive
evaluation of the involvement of the cholinergic system in autism spectrum disorder
(ASD). Deutsch and Burket review historic and recent literature supporting selective
therapeutic targeting of the α7 nAChR in persons affected with ASD and summarize
evolving literature that support the therapeutic exploration of selectively targeted
cholinergic interventions for the treatment of ASD.

The discussion of therapeutic development for the cholinergic system continues
in the chapter “Activators of α7 nAChR as Potential Therapeutics for Cognitive
Impairment” by Wang, Bell, and Uslaner, who present rationale to support the α7
nAChR as a promising target for the treatment of cognitive deficits associated with
psychiatric and neurological disorders, including schizophrenia and Alzheimer’s
disease (AD). The authors highlight the progression of several compounds targeting
the α7 nAChR, including agonists and positive allosteric modulators (PAMs) into
early clinical trials and highlight none of the α7 nAChR ligands has been approved
for clinical use. The chapter focuses on ligands that have advanced to clinical studies
and provides an excellent overview that allows us to explore the reasons why these
agents have not met with unequivocal clinical success.

The intent of this book is to maximize the reader’s insight into the translational
perspective on targeting nicotinic and muscarinic acetylcholine receptors and to
provide insight into the diverse array of disease states affected by dysfunction of
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cholinergic systems. In summary, we aim for this volume to be thought-provoking
and to continue the discussions and important research and development efforts into
the cholinergic system for treating diseases of the central nervous system.

Newcastle upon Tyne, UK Mohammed Shoaib
San Francisco, CA, USA Tanya L. Wallace
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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

A Review of the Cholinergic System and Therapeutic Approaches to Treat Brain. . . 3



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

Gα11Gγ2

Gβ1

M1R

A B

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

A Review of the Cholinergic System and Therapeutic Approaches to Treat Brain. . . 5



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
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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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Abstract Whilst acetylcholine has long been linked to memory, there have been
significant questions about its specific role. In particular, the effects of cholinergic
manipulations in primates and rodents has often been at odds. Here, we review the
work in primates and rodents on the specific function of acetylcholine in memory,
and episodic memory in particular. We propose that patterns of impairment can best
be understood in terms of a role for hippocampal acetylcholine in resolving spatial
interference and we discuss the benefits of new tasks of episodic memory in animals
allowing clearer translation of findings to the clinic.

Keywords Acetylcholine · Episodic memory · Interference

Acetylcholine has long been linked to a role in memory (Drachman 1977; Hasselmo
2006; Micheau andMarighetto 2011), with loss of the transmitter evident in the early
stages of Alzheimer’s disease associated specifically with memory loss (Bierer et al.
1995). In particular, the projections of cholinergic cells from the basal forebrain to
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the cerebral cortex and hippocampus rising within the medial septum (MS) and
vertical limb of the diagonal band (vDB) have been linked to memory in monkeys
(e.g. Easton et al. 2002; Fine et al. 1997; Ridley et al. 1999), and lesions of the basal
forebrain produce a profound amnesia in humans (e.g. Deluca and Diamond 1995;
Norlen and Olivecrona 1953). However, cholinergic cells are not the only cells
present within this region of the basal forebrain, and damage in animals and humans
has rarely been restricted to the MS/VDB and even more rarely to only the cholin-
ergic projections from this region. As a result, the necessary involvement of these
cholinergic cells in memory has been much debated (e.g. Baxter and Chiba 1999;
Easton et al. 2012a; Hasselmo 2006; Parent and Baxter 2004), with evidence that the
role of acetylcholine may be more specific to attentional mechanisms than memory
per se (e.g. Baxter and Chiba 1999).

It is therefore very important when assessing the impact of cholinergic manipu-
lations on memory to consider what is meant by memory and what is being
modelled. As in much of neuroscience, the issue of translation from animal research
into the clinic is a key concern. It is essential that we move away, therefore, from
considering the debate to be one of acetylcholine’s involvement in broadly described
terms of ‘memory’ or ‘attention’. Rather, we would argue that one needs to look
carefully at the precise nature of the behavioural task being used (Ameen-Ali et al.
2015) and the nature of the behavioural impairment. Specific hypotheses about the
nature of acetylcholine’s function can be best arrived at through the careful consid-
eration of specific elements of behaviour and its relation to the manipulation at hand
(Easton et al. 2012a).

If we intend to model the clinical concerns of memory loss in ageing and
Alzheimer’s, then we need to consider specific aspects of memory. In particular,
early stages of Alzheimer’s (those which are associated primarily with a specific
decline in cholinergic markers; Bierer et al. 1995) are associated with loss of
episodic memory (Collie and Maruff 2000). Episodic memory is the memory for
specific, personally experienced events in one’s life (Tulving 1983). In humans it
usually comes with the explicit conscious experience of recollecting and reliving the
experience as it was originally experienced (so called mental time travel; Suddendorf
and Corballis 2007). The element of conscious experience in episodic memory has
led some to argue that it is a uniquely human form of memory (Suddendorf and
Corballis 2007; Tulving 2002). However, many researchers have now presented
behavioural models of episodic memory in a wide range of non-human species
(e.g. Babb and Crystal 2006; Clayton and Dickinson 1998; Eacott and Norman
2004; Eacott et al. 2005; Ferkin et al. 2008; Kart-Teke et al. 2006; Singer and Zentall
2007) meaning that we can now explore the role of acetylcholine in this specific form
of memory.

30 A. Easton et al.



1 A Content-Based Approach to Episodic Memory

In humans, episodic memory is primarily associated with the conscious experience
of recollection. When one remembers what one ate for breakfast, you remember it
not in isolation, but as a relived experience, remembering who was there, what time
it was, the taste and smells, the emotions of being rushed getting ready for work, etc.
In Tulving’s original description of episodic memory, he described it as memory
which ‘receives and stores information about temporally dated episodes or events,
and tempero-spatial relations between them’ (Tulving 1983). The conscious reliving
of this experience has been termed ‘mental time travel’, and it is this critical
inclusion of conscious re-experience of the memory which pushes some towards
the view that only humans are capable of episodic memories (Suddendorf and
Corballis 2007). Without being able to conclusively be persuaded that non-human
animals have a conscious experience, it is impossible to conclude that they have a
form of memory so intrinsically tied to it.

However, conscious experience occurs for all sorts of cognitive phenomena, yet it
does not impact on the description of the cognitive process to the same degree as it
does in episodic memory. When we see an object, we have a clear conscious
experience of perception, and yet this has not prevented us from using animal models
to carefully explore the neural basis of such perception, even when the conscious
experience of the animal model cannot be understood. In short, one would not deny
that a monkey or a rat can see, just because they may not have the conscious
experience afforded to humans when they see. Therefore the question remains
why animals are not easily afforded the concept of episodic memory purely on the
basis of the potential absence of a conscious experience.

As a result of this limitation imposed by consciousness, Clayton and Dickinson
(1998) proposed an alternative approach to defining episodic memory in a way that
could be modelled outside of humans. Their demonstration of what-where-when
(WWW) memory in scrub jays showed that these birds could adapt their behavioural
response to a particular food (what; worms or peanuts) they had cached in a
particular location (where) and at a particular time (recently or several days previ-
ously). They argued that this memory of what happened, where and when met
Tulving’s description of episodic memory. Also, there are still additional criteria
which need to be met to ensure such a content-based description truly captures the
essence of this clinically important form of memory. For example, one might
remember what (you were born), where and when, and yet this would not be an
episodic memory as it is not the recollection of a personally experienced event;
rather it stems from semantic memory. Therefore Clayton et al. (Clayton et al. 2003)
set out a series of other criteria that were required for episodic memory to be
demonstrated in animals, including its structure (which must be an integrated single
memory, not the combination of multiple memories) and flexibility to remember
things with no explicit reason for knowing that they needed to be remembered.

This content-based description of episodic memory has become more widely
accepted in recent years. However, what-where-when memory has not been
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consistently demonstrated across species, including non-human primates (Hampton
et al. 2005). One critical limit has been the importance of time to WWW memory.
Although Tulving spoke of ‘temporally dated’ events, actual dating of memories in
humans is very difficult and often relies on non-episodic information (Friedman
1993, 2007). Alternate versions of WWW were subsequently developed with the
aim of maintaining the content of the memory (what happened, where and the
occasion it happened on) but allowing the occasion to be defined in ways other
than purely information about when it happened. In particular, context has been used
to define one event as being separate from another (Eacott and Norman 2004;
Robertson et al. 2015).

In the what-where-which occasion task, Eacott and Norman (2004) used a
spontaneous recognition task in rodents, where animals demonstrate their memory
through preferential exploration of novel items. In exploring a novel item
(or combination of features), they demonstrate their memory for having seen the
more familiar item before (Ennaceur and Delacour 1988). In the first sample event,
rats were exposed to two objects (e.g. A and B) in left and right positions within an
open field with a particular visuo-tactile context present in the arena (e.g. context X;
a metal mesh on the walls and floors of the arena). After a short delay, a second
sample event was presented in the same arena but with a new context present
(e.g. context Y; a patterned and ridged plastic floor). The same objects (A and B)
were presented again but now in reversed positions (i.e. in context X, object A would
be on the right of the arena, but in context Y it would be on the left of the arena).
After a delay period, the animal would be returned to the arena with one of the
previous contexts present and two new copies of one of the previously seen objects.
For example, the rat may have been returned to context X and seen two new copies
of object A in the left and right positions. In this case the context is familiar, as is the
object, the combination of object A on the left and on the right, and in context
X. However, there is novelty in this test stage as in this particular example when
object A was seen in context X, it was on the right-hand side of the arena. Therefore
the presence of object A on the left side of the arena in context X is novel (A has only
been seen on the left in context Y previously). Therefore novelty in this task is not
defined by an individual feature (object, location or context) but rather as a coherent
single memory of what has been seen, where it has been seen and which occasion
(context X or Y) it was seen there.

2 The Role of Acetylcholine in What-Where-Which
Occasion Memory

As discussed earlier, the importance of an animal model of episodic memory is that it
provides a close match to the clinically relevant form of memory that is impaired
early in diseases such as Alzheimer’s (Collie and Maruff 2000). In the case of the
proposed relationship between acetylcholine and memory loss in Alzheimer’s, the
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ability to explore this relationship in the type of memory loss seen in the clinic
improves the ability to translate findings from animal to human studies.

Using an immunotoxic lesion (IgG-saporin) designed to specifically target cells
that express acetylcholine as a transmitter (Wiley et al. 1991), Easton and colleagues
investigated the role of specific cholinergic input to the hippocampus (Easton et al.
2010). Within the basal forebrain where cholinergic projections arise, the MS/vDB
project directly to the hippocampus (Mesulam et al. 1983). Targeting these structures
with the immunologic lesion therefore aimed to reduce cholinergic input specifically
to the hippocampus. The hippocampus itself is known to be critical for both episodic
memory in humans (e.g. Aggleton and Brown 1999; Bayley and Squire 2003;
Scoville and Milner 1957) and for what-where-which occasion memory in rodents
(Eacott and Norman 2004; Langston and Wood 2010). However, cholinergic deple-
tion of the hippocampus had no effect on this episodic memory task (Easton et al.
2010). The lesion was selective for acetylcholine (GABAergic cells were reliably
intact following the lesion) and effective as another behavioural task was found to be
impaired in these same animals (a where-which task; see below). The lack of
impairment in the episodic task was also not simply a result of the lesion being
slow to develop as returning to the episodic task after seeing an impairment in the
where-which task still showed no impairment in what-where-which occasion mem-
ory (Easton et al. 2010).

The where-which task impaired in these animals was another spontaneous rec-
ognition memory task, but this time novelty was defined by the combination of
location and context (i.e. at test one location was filled with an object which had not
been previously occupied in that context at sample but had been occupied in a
sample with another context). The task is based on spatial-context conditional
discriminations in reward-based tasks which had previously been shown to be
impaired following cholinergic lesions to the hippocampus in both marmosets
(Ridley et al. 1999) and rats (Janisiewicz et al. 2004).

As a result, the pattern of results from this study leaves us with two unusual
observations. First, the hippocampus is necessary for both the episodic memory task
and the where-which task, and yet cholinergic inputs to the hippocampus are
necessary only for the where-which task. This means that there must be dissociation
of function within the hippocampus on the basis of cholinergic input. Some hippo-
campal tasks rely on acetylcholine, and some don’t, and these tasks can be manip-
ulated independently of each other. However, with only a single dissociation in
evidence, it remains possible that some simpler explanation remains for this pattern
of results, such as task difficulty, with only more difficult tasks being sensitive to the
removal of acetylcholine. However, in the case of this current set of data, this would
require the two-component where-which task to be more difficult than the three-
component what-where-which occasion task, even though there are overlapping
features between the tasks. Indeed, the discrimination ratio in both tasks is very
similar in these animals (Easton et al. 2009) implying that the episodic task is not
obviously more difficult as control animals are equally able to show memory ability
in both tasks. Such a task difficulty explanation therefore remains unlikely, leaving
us to conclude that there is dissociation within the hippocampus based on the
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necessity for acetylcholine in performing memory tasks. The hippocampus is not the
only site where such dissociation on the basis of cholinergic involvement is seen.
Only a portion of tasks dependent on the prefrontal cortex in macaques depend on
the cholinergic projections to prefrontal regions (Croxson et al. 2011).

The second unusual observation from this data is that procedures similar to the
what-where-which occasion task have been impaired following cholinergic lesions
in non-human primates (Easton et al. 2002). In a scene learning task, monkeys were
taught a visual discrimination task (to simply learn which one of two objects
presented was correct by trial and error), and these discriminations took place against
a background scene. Each time the visual discrimination problem was presented, the
same objects were in the same locations against the same trial unique background.
New problems were presented against a different background and with the objects in
different spatial locations. This scene task has also been argued to model episodic
memory in monkeys (Gaffan 1994), is reliant on the hippocampus (Gaffan 1994) and
requires the animals to solve problems with the content of object (what), location
(where) and background scene (which occasion). It seems, then, that the results of
immunotoxic lesions in primates impairing this episodic task (Easton et al. 2002) but
the same lesions showing no effect on a similar episodic task in rats (Easton et al.
2010) cause some problems in interpretation.

These tasks of episodic memory in primates and rats are somewhat different,
despite the apparent similarity in their content. In rodents, the what-where-which
occasion task is one of spontaneous recognition. Animals require no training to
perform the task and are not rewarded for their behavioural choices. In contrast, the
scene learning task in monkeys is one of visual discrimination and therefore requires
that animals learn to choose one object over another in order to achieve maximum
food reward. In humans, episodic memory is spontaneous and requires no explicit
effort to encode information. It is possible, then, that this difference in reward
motivation and learning between the rodent and primate task is sufficient to explain
the difference in outcome following cholinergic lesions. However, both the primate
scene learning task and the spontaneous rodent episodic memory task have been
adapted for use in humans, and they show either phenomenological similarity to
episodic memory (Easton et al. 2012b) or impairment in amnesic patients (Aggleton
et al. 2000). Subtle differences between the tasks then seem unlikely to cause such
significant differences in the effect of cholinergic lesions.

A more likely cause of the difference between the results in rodents and primates
is the scale of the cholinergic lesion used. In the rodent task, the cholinergic lesion
was targeted at the hippocampus, with the lesion made in the MS/vDB that projects
directly to the hippocampus. However, in the primate studies, lesions extended
beyond the MS/vDB and into the nucleus basalis of Meynert (NBM), meaning
cortical regions including the perirhinal cortex were also depleted of their choliner-
gic input. Although the primate scene learning task is dependent upon the hippo-
campus (Gaffan 1994), structures in the temporal and medial temporal cortices are
also necessary (Easton and Gaffan 2000; Murray et al. 1998). It is unclear, then,
whether in primates cholinergic lesions of the hippocampus alone may have
impaired the scene learning task, or whether a lack of impairment would have
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been seen, as in the rodents’ episodic memory task. Similarly, it remains unclear
whether a more widespread lesion of the cholinergic system in rodents might have
produced an impairment in the episodic memory task.

3 Differential Roles of Acetylcholine in the Hippocampus
and Perirhinal Cortex

Whether cholinergic input to both the hippocampus and perirhinal cortex is neces-
sary for episodic memory in animals is an important question, as cholinergic inputs
to these two regions are known to have very different patterns of impairment. In rats,
intraperitoneal (i.p.) injection of scopolamine (which will have central effects across
both regions) impairs spontaneous recognition memory, although only at higher
doses than those which impaired the same animals on a radial maze spatial learning
task (Ennaceur and Meliani 1992). Barros and colleagues have recently shown
object-location memory deficit in marmosets as well after scopolamine was given
i.p. but at doses that also impaired their contextual fear-conditioning (Melamed et al.
2017). Closer investigation shows that whilst i.p.-administered scopolamine impairs
spontaneous recognition, it only does so when delivered during the encoding
(sample) phase, but not when administered during the retrieval (test) phase
(Melamed et al. 2017; Warburton et al. 2003). Scopolamine-induced impairment
in rat spontaneous object recognition and marmoset object discrimination can also be
reversed by a number of nootropic drugs (e.g. rat, Milić et al. 2013; Rutten et al.
2006; Woolley et al. 2009; marmoset, Carey et al. 1992).

Direct infusion of scopolamine into the perirhinal cortex mirrors the effects of
systemic administration in impairing object recognition (rat, Warburton et al. 2003;
macaque, Tang et al. 1997), and so the impairments from systemic administration
cannot be ascribed simply to peripheral effects which might serve to cause particular
confounds in a task of spontaneous exploratory behaviour. In contrast, scopolamine
infusions into the hippocampus produce impairments in spatial memory
(e.g. Blokland et al. 1992; Givens and Olton 1995).

Immunotoxic lesions of the cholinergic projections to either the perirhinal cortex
or hippocampus mirror the effects of direct scopolamine administration. Cholinergic
lesions of the perirhinal cortex through direct injections into the cortex impair object
recognition memory in rats (Winters and Bussey 2005). Perirhinal lesions in
macaques (Turchi et al. 2005) and NBM lesions in marmosets (Ridley et al. 1999)
lead to similar object discrimination impairments. In contrast, specific cholinergic
lesions of the hippocampus produce a reliable impairment in spontaneous recogni-
tion of spatial locations in rats (Cai et al. 2012) and visuospatial discriminations in
marmosets (Ridley et al. 1999). Cholinergic agents can minimize these
immunotoxin-induced performance impairments (Ridley et al. 1999).
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4 Does the What-Where-Which Task Measure Episodic
Memory?

Given the impact of cholinergic manipulations on spontaneous recognition of
objects, locations and object-locations, the lack of impairment in what-where-
which stands out. The perirhinal cortex supports object recognition (Eacott and
Gaffan 2005; Murray et al. 1998), and cholinergic inputs to perirhinal cortex are
required for this, whether in spontaneous recognition tasks in rodents (Winters and
Bussey 2005) or in rewarded object recognition tasks such as delayed match to
sample in primates (Turchi et al. 2005). Similarly the hippocampus is required for
many spatial learning tasks, and at least some of these tasks are also dependent upon
the cholinergic inputs to the hippocampus (e.g. Cai et al. 2012). However, the
episodic memory task (what-where-which) appears to be different in that it requires
the hippocampus (Eacott and Norman 2004; Langston and Wood 2010) but not the
cholinergic inputs to the hippocampus (Easton et al. 2010).

In humans, there are data that implicate the cholinergic system in episodic
memory particularly. Lesions within the basal forebrain give rise to significant
amnesia (e.g. Deluca and Diamond 1995), although cholinergic cells will not be
the only types affected by such lesions. However, in the early stages of Alzheimer’s
disease, where episodic memory is primarily affected (Collie and Maruff 2000), it is
biomarkers of cholinergic activity that best predict memory performance (Bierer
et al. 1995). One possibility, then, is that the what-where-which task in rodents
simply does not measure episodic memory and that the content-based approach to
modelling episodic memory may not be sufficient. However, there are several
reasons to believe this is not the case.

As discussed above, any task of episodic memory should meet a number of
criteria, not just show what-where-which occasion content (Clayton et al. 2003).
One of those criteria is that the memory should be a single coherent memory, and not
the result of summation of independent memories for different components of the
event (such as what or where) on their own. The very lack of impairment in the what-
where-which task strongly suggests that the memory is not the result of simple
summations of component memories. Although manipulations of the cholinergic
system in the hippocampus do not impair the episodic memory task, they do impair
where-which memory (Easton et al. 2010). If the episodic memory task were merely
a summation of smaller component tasks, then the failure to be able to process some
of these components (e.g. where-which memory) should prevent the overall com-
pletion of a task requiring those components. That where-which recognition and
what-where-which recognition are dissociable in terms of their requirement for
acetylcholine in the hippocampus shows us that the episodic memory task uses a
single coherent memory for the entire event rather than just combining components
together.

Further evidence that the what-where-which task measures episodic memory
comes from human data. Human participants run on versions of the rodent what-
where-which task have shown that these memories require recollection and cannot
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be solved using familiarity alone, even though a what-where-when version of the
same task can be, implying a clear link to episodic memory processes (Easton et al.
2012b; Persson et al. 2016). In addition, we have run human participants on an
object recognition task in which participants only have to make old or new judge-
ments about individual objects. However, without it being necessary for solving the
object recognition task aspects of the location, the background context or both were
altered between encoding and retrieval of the object memory. In this case the degree
to which recollection was used (compared to familiarity) increased markedly when
the spatial location of the object and the background context were identical at
encoding and retrieval, whilst matching either location or background context on
its own did not lead to the same increase in recollection (Ameen-Ali et al. 2017).
Together these studies show that in humans, what-where-which memories rely on
recollection and phenomenologically appear very similar to episodic memory as
defined through non-content-based descriptions.

Together, then, it appears very unlikely that the lack of impairment in the what-
where-which task in rodents with lesions of the cholinergic input to the hippocampus
is a result simply of a mismatch between the task and the cognitive process it aims to
model. Rather, we may be able to explain the lack of impairment in the episodic
memory task by looking to the role of acetylcholine in encoding and retrieval.

5 The Role of Acetylcholine in Encoding and Retrieval

Acetylcholine is released during exposure to novelty, and higher levels of acetyl-
choline boost a wide array of novelty-oriented processes, such as exploration
(e.g. rearing on hind legs) and synaptic plasticity, reviewed in (Easton et al.
2012a; Hasselmo 2012; Lever et al. 2006; Poulter et al. 2018). One of acetylcholine’s
effects is to reduce proactive interference, i.e. interference from previously encoded
associations. Scopolamine administration to the perirhinal cortex impairs object
recognition memory when given at encoding, but not at retrieval (Warburton et al.
2003). This impairment of encoding but not retrieval is also a common outcome of
scopolamine administration in other domains such as hippocampal-dependent spa-
tial memory (Deiana et al. 2011; Easton et al. 2012a) and sits alongside observations
of the role of acetylcholine in interference (Winters et al. 2007). When interfering
stimuli are presented (i.e. stimuli similar to those used in the experiment irrelevant to
the experiment) in the presence of scopolamine administration, there is a surprising
improvement in object recognition memory (Winters et al. 2006). This effect has
been attributed to acetylcholine’s involvement in encoding all object information. If
information about irrelevant objects is encoded after the experimental encoding
stage, then this can interfere with the experimentally relevant memories. In contrast,
if scopolamine is administered when these interfering stimuli are presented, then
they will fail to be encoded well and therefore will have a lesser interfering effect on
the experimental stimuli meaning those experimental stimuli will be better remem-
bered as a result.
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These interference-related problems have been seen in computational modelling
of encoding and retrieval and have led to a set of high-profile models of the way in
which acetylcholine allows the separation of encoding and retrieval states
(Douchamps et al. 2013; Hasselmo 1999, 2006, 2012; Meeter et al. 2004). By
suppressing recurrent inputs within the hippocampus, notably those mediated by
region CA3, interference can be reduced by preventing the retrieval of previously
learned associations from pattern completion. Instead, pattern separation is encour-
aged allowing distinct items to be encoded separately from one another with reduced
interference (Duncan et al. 2012; Hasselmo 1999, 2006; Meeter et al. 2004). In
contrast, low levels of acetylcholine would then improve retrieval and consolidation
of information, and such low levels can be seen in states such as slow wave sleep in
which memory consolidation is thought to occur (Gais and Born 2004).

Such models explain that in any task in which proactive interference is likely to
occur, acetylcholine is important in order to help encode novel information in spite
of interfering information. How might these models explain the role of acetylcholine
in the hippocampus in a where-which but not a what-where-which task in rats
(Easton et al. 2011) where levels of interference might be expected to be very
similar? Indeed, interference could be even higher in the what-where-which task as
the same objects are experienced by the animal at each phase of the trial. However, in
these animals only cholinergic inputs to the hippocampus are lesioned, and we know
the hippocampus has a high level of involvement in spatial memory. In the what-
where-which task, the location of a particular object changes across the trial and
across contexts, but every time the animal goes into the arena, objects are always to
the left and right of the animal. As a result the purely spatial component of this
memory does not change. In contrast, locations of objects in the where-which task
constantly shift within the trial. On no two entries into the arena are objects in the
same two locations. As a result there is more potential for spatial interference in this
task as a series of entries into the arena have to be separated in memory by
distinguishing between highly similar but not identical locations within that arena.
If acetylcholine in the hippocampus was particularly important for reducing the
impact of potential interference in spatial memory, then we might expect it to be of
more importance in the where-which task than the what-where-which task because
of the instability of spatial locations over trials in the where-which task (Easton et al.
2012a) (Fig. 1).

To explicitly test this hypothesis, we recently investigated both the where-which
and what-where-which tasks in rats with lesions of the cholinergic projections to the
hippocampus but in versions of those tasks where many trials were run consecutively
rather than in a one trial a day manner (Seel et al. 2018). By running the tasks using
this continual trials approach (Ameen-Ali et al. 2012; Chan et al. 2018), we were
able to raise the levels of proactive interference in both tasks. The nature of running
many trials consecutively means that each trial is highly similar (with overlap of
object features, contexts and spatial locations) and therefore proactive interference is
a feature of the design and can be seen in performance of normal animals on some
tasks (Chan et al. 2018). However, although overall interference levels will have
gone up in both task versions, because there are more trials than in standard versions
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of the tasks, it remains the case that spatial variability remains high only in the
where-which task. As a result, if acetylcholine in the hippocampus was required to
resolve all interference, then we would expect the loss of acetylcholine in the
hippocampus to impact on both tasks using continual trials. If on the other hand
acetylcholine in the hippocampus is only necessary to resolve spatial interference,
then we would expect still to see a role for hippocampal acetylcholine in where-
which memory but not in what-where-which memory, as before. We found that
IgG-saporin lesions of the MS/vDB in rats continued to only impair where-which
memory and not what-where-which memory, even when run with this high level of
interference (Seel et al. 2018).

These findings support the idea that whilst the hippocampus is necessary for
what-where-which memory, acetylcholine in the hippocampus is only required for
identification of spatial novelty. This may also, then, explain the difference between
the what-where-which task in rodents and the scene learning task in primates. The
what-where-which task involves objects being presented in stable spatial locations
within and across trials, meaning there is limited opportunity for interference in the
spatial component of this memory (Easton et al. 2012a; Easton et al. 2011). In
contrast, the scene learning task in monkeys more closely resembles the where-
which task in rats in that the locations of objects are trial unique and therefore these
highly similar spatial locations need to be separated in memory. This separation
requires the cholinergic system to promote encoding of separate locations despite
high levels of spatial interference. With the use of spontaneous recognition tasks to
explore cholinergic function across rodents (Easton et al. 2011; Seel et al. 2018;
Winters and Bussey 2005) and primates (Melamed et al. 2017), we will be able to
make more reliable comparisons across species. In addition, evidence that sponta-
neous recognition tasks of episodic memory can be translated to episodic memory in
humans (Ameen-Ali et al. 2017; Easton et al. 2012b) takes us to a position where we
are now able to improve translation from animal studies to the clinic.

References

Aggleton JP, BrownMW (1999) Episodic memory, amnesia and the hippocampal-anterior thalamic
axis. Behav Brain Sci 22:425–444

Aggleton JP, McMakin D, Carpenter K, Hornak J, Kapur N, Halpin S et al (2000) Differential
cognitive effects of colloid cysts in the third ventricle that spare or compromise the fornix. Brain
123:800–815

Ameen-Ali KE, Eacott MJ, Easton A (2012) A new behavioral apparatus to reduce animal numbers
in multiple types of spontaneous object recognition paradigms in rats. J Neurosci Methods 211
(1):66. https://doi.org/10.1016/j.jneumeth.2012.08.006

Ameen-Ali KE, Easton A, Eacott MJ (2015) Moving beyond standard procedures to assess
spontaneous recognition memory. Neurosci Biobehav Rev 53:37. https://doi.org/10.1016/j.
neubiorev.2015.03.013

Ameen-Ali KE, Norman LJ, Eacott MJ, Easton A (2017) Incidental context information increases
recollection. Learn Mem 24(3):136. https://doi.org/10.1101/lm.042622.116

Babb SJ, Crystal JD (2006) Episodic-like memory in the rat. Curr Biol 16(13):1317–1321

Acetylcholine and Spontaneous Recognition Memory in Rodents and Primates 41

https://doi.org/10.1016/j.jneumeth.2012.08.006
https://doi.org/10.1016/j.neubiorev.2015.03.013
https://doi.org/10.1016/j.neubiorev.2015.03.013
https://doi.org/10.1101/lm.042622.116


Baxter MG, Chiba AA (1999) Cognitive functions of the basal forebrain. Curr Opin Neurobiol
9:178–183

Bayley PJ, Squire LR (2003) The medial temporal lobe and declarative memory. Int Congr Ser
1250:245–259. http://www.sciencedirect.com/science/article/B7581-49N7DHR-R/2/
0390d73876c3ab1dda8cf1533659f027

Bierer LM, Haroutunian V, Gabriel S, Knott PJ, Carlin LS, Purohit DP et al (1995) Neurochemical
correlates of dementia severity in Alzheimer’s disease: relative importance of the cholinergic
deficits. J Neurochem 64:749–760

Blokland A, Honig W, Raaijmakers WGM (1992) Effects of intra-hippocampal scopolamine
injections in a repeated spatial acquisition task in the rat. Psychopharmacology 109
(3):373–376. https://doi.org/10.1007/BF02245886

Cai L, Gibbs RB, Johnson DA (2012) Recognition of novel objects and their location in rats with
selective cholinergic lesion of the medial septum. Neurosci Lett 506(2):261–265. https://doi.
org/10.1016/j.neulet.2011.11.019

Carey GJ, Costall B, Domeney AM, Gerrard PA, Jones DNC, Naylor RJ, Tyers MB (1992)
Ondansetron and arecoline prevent scopolamine-induced cognitive deficits in the marmoset.
Pharmacol Biochem Behav 42(1):75–83. https://doi.org/10.1016/0091-3057(92)90449-P

Chan M, Eacott MJ, Sanderson DJ, Wang J, Sun M, Easton A (2018) Continual trials spontaneous
recognition tasks in mice: reducing animal numbers and improving our understanding of the
mechanisms underlying memory. Front Behav Neurosci 12:214. https://doi.org/10.3389/fnbeh.
2018.00214

Clayton NS, Dickinson A (1998) Episodic-like memory during cache recovery by scrub jays.
Nature 395:272–274

Clayton NS, Bussey TJ, Dickinson A (2003) Can animals recall the past and plan for the future? Nat
Rev Neurosci 4(8):685–691. https://doi.org/10.1038/nrn1180

Collie A, Maruff P (2000) The neuropsychology of preclinical Alzheimer’s disease and mild
cognitive impairment. Neurosci Biobehav Rev 24:365–374

Croxson PL, Kyriazis DA, Baxter MG (2011) Cholinergic modulation of a specific memory
function of prefrontal cortex. Nat Neurosci 14(12):1510–1512. https://doi.org/10.1038/nn.2971

Deiana S, Platt B, Riedel G (2011) The cholinergic system and spatial learning. Behav Brain Res
221(2):389–411. https://doi.org/10.1016/j.bbr.2010.11.036

Deluca J, Diamond BJ (1995) Aneurysm of the anterior communicating artery - a review of
neuroanatomical and neuropsychological sequelae. J Clin Exp Neuropsychol 17(1):100–121.
https://doi.org/10.1080/13803399508406586

Douchamps V, Jeewajee A, Blundell P, Burgess N, Lever C (2013) Evidence for encoding versus
retrieval scheduling in the Hippocampus by Theta phase and acetylcholine. J Neurosci 33
(20):8689–8704. https://doi.org/10.1523/JNEUROSCI.4483-12.2013

Drachman DA (1977) Memory and cognitive function in man - does cholinergic system have a
specific role. Neurology 27(8):783–790

Duncan K, Sadanand A, Davachi L (2012) Memory’s penumbra: episodic memory decisions induce
lingering mnemonic biases. Science 337(6093):485–487. https://doi.org/10.1126/science.
1221936

Eacott MJ, Gaffan EA (2005) The roles of perirhinal cortex, postrhinal cortex, and the fornix in
memory for objects, contexts, and events in the rat. Q J Exp Psychol B 58:202–217

Eacott MJ, Norman G (2004) Integrated memory for object, place, and context in rats: a possible
model of episodic-like memory? J Neurosci 24(8):1948–1953

Eacott MJ, Easton A, Zinkivskay A (2005) Recollection in an episodic-like memory task in the rat.
Learn Mem 12(3):221–223. https://doi.org/10.1101/lm.92505

Easton A, Gaffan D (2000) Comparison of perirhinal cortex ablation and crossed unilateral lesions
of the medial forebrain bundle from the inferior temporal cortex in the rhesus monkey: effects on
learning and retrieval. Behav Neurosci 114(6):1041. https://doi.org/10.1037/0735-7044.114.6.
1041

42 A. Easton et al.

http://www.sciencedirect.com/science/article/B7581-49N7DHR-R/2/0390d73876c3ab1dda8cf1533659f027
http://www.sciencedirect.com/science/article/B7581-49N7DHR-R/2/0390d73876c3ab1dda8cf1533659f027
https://doi.org/10.1007/BF02245886
https://doi.org/10.1016/j.neulet.2011.11.019
https://doi.org/10.1016/j.neulet.2011.11.019
https://doi.org/10.1016/0091-3057(92)90449-P
https://doi.org/10.3389/fnbeh.2018.00214
https://doi.org/10.3389/fnbeh.2018.00214
https://doi.org/10.1038/nrn1180
https://doi.org/10.1038/nn.2971
https://doi.org/10.1016/j.bbr.2010.11.036
https://doi.org/10.1080/13803399508406586
https://doi.org/10.1523/JNEUROSCI.4483-12.2013
https://doi.org/10.1126/science.1221936
https://doi.org/10.1126/science.1221936
https://doi.org/10.1101/lm.92505
https://doi.org/10.1037/0735-7044.114.6.1041
https://doi.org/10.1037/0735-7044.114.6.1041


Easton A, Ridley RM, Baker HF, Gaffan D (2002) Unilateral lesions of the cholinergic basal
forebrain and fornix in one hemisphere and inferior temporal cortex in the opposite hemisphere
produce severe learning impairments in rhesus monkeys. Cerebral Cortex 12(7):729–736.
https://doi.org/10.1093/cercor/12.7.729

Easton A, Fitchett A, Baxter MG, Eacott MJ (2009) Cholinergic lesions of the medial septum impair
where-which memory but not episodic memory in the rat. European Brain and Behavior
Society: EBBS

Easton A, Fitchett AE, Eacott MJ, Baxter MG (2010) Medial septal cholinergic neurons are
necessary for context-place memory but not episodic-like memory. Hippocampus 21:1–7.
https://doi.org/10.1002/hipo.20814

Easton A, Fitchett A, Eacott MJ, Baxter MG (2011) Medial septal cholinergic neurons are necessary
for context-place memory but not episodic-like memory. Hippocampus 21:1021–1027

Easton A, Douchamps V, Eacott M, Lever C (2012a) A specific role for septohippocampal
acetylcholine in memory? Neuropsychologia 50(13):3156. https://doi.org/10.1016/j.
neuropsychologia.2012.07.022

Easton A, Webster LAD, Eacott MJ (2012b) The episodic nature of episodic-like memories. Learn
Mem 19(4):146. https://doi.org/10.1101/lm.025676.112

Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological studies of memory in rats. 1:
behavioral data. Behav Brain Res 31:47–59

Ennaceur A, Meliani K (1992) Effects of physostigmine and scopolamine on rats’ performances in
object-recognition and radial-maze tests. Psychopharmacology 109(3):321–330. https://doi.org/
10.1007/BF02245880

Ferkin MH, Combs A, delBarco-Trillo J, Pierce AA, Franklin S (2008) Meadow voles, Microtus
pennsylvanicus, have the capacity to recall the “what”, “where”, and “when” of a single past
event. Anim Cogn 11(1):147–159. https://doi.org/10.1007/s10071-007-0101-8

Fine A, Hoyle C, MacLean CJ, Levatte TL, Baker HF, Ridley RM (1997) Learning impairments
following injection of a selective cholinergic immunotoxin, ME20.4 IgG-saporin, into the basal
nucleus of Meynert in monkeys. Neuroscience 81(2):331–343. https://doi.org/10.1016/s0306-
4522(97)00208-x

Friedman WJ (1993) Memory for the time of past events. Psychol Bull 113:44–66
Friedman WJ (2007) The meaning of “time” in episodic memory and mental time travel. Behav

Brain Sci 30:323
Gaffan D (1994) Scene-specific memory for objects: a model of episodic memory impairment in

monkeys with fornix transection. J Cogn Neurosci 6:305–320
Gais S, Born J (2004) Low acetylcholine during slow-wave sleep is critical for declarative memory

consolidation. Proc Natl Acad Sci U S A 101(7):2140–2144. https://doi.org/10.1073/pnas.
0305404101

Givens B, Olton DS (1995) Bidirectional modulation of scopolamine-induced working memory
impairments by muscarinic activation of the medial septal area. Neurobiol Learn Mem 63
(3):269–276. https://doi.org/10.1006/NLME.1995.1031

Hampton RR, Hampstead BM, Murray EA (2005) Rhesus monkeys (Macaca mulatta) demonstrate
robust memory for what and where, but not when, in an open-field test of memory. Learn Motiv
36:245–259

HasselmoME (1999) Neuromodulation: acetylcholine and memory consolidation. Trends Cogn Sci
3(9):351–359. https://doi.org/10.1016/s1364-6613(99)01365-0

Hasselmo ME (2006) The role of acetylcholine in learning and memory. Curr Opin Neurobiol 16
(6):710–715. https://doi.org/10.1016/j.conb.2006.09.002

Hasselmo ME (2012) How we remember: brain mechanisms of episodic memory. The M.I.T. Press,
Cambridge

Janisiewicz AM, Jackson O, Firoz EF, Baxter MG (2004) Environment-spatial conditional learning
in rats with selective lesions of medial septal cholinergic neurons. Hippocampus 14(2):265–273.
https://doi.org/10.1002/hipo.10175

Acetylcholine and Spontaneous Recognition Memory in Rodents and Primates 43

https://doi.org/10.1093/cercor/12.7.729
https://doi.org/10.1002/hipo.20814
https://doi.org/10.1016/j.neuropsychologia.2012.07.022
https://doi.org/10.1016/j.neuropsychologia.2012.07.022
https://doi.org/10.1101/lm.025676.112
https://doi.org/10.1007/BF02245880
https://doi.org/10.1007/BF02245880
https://doi.org/10.1007/s10071-007-0101-8
https://doi.org/10.1016/s0306-4522(97)00208-x
https://doi.org/10.1016/s0306-4522(97)00208-x
https://doi.org/10.1073/pnas.0305404101
https://doi.org/10.1073/pnas.0305404101
https://doi.org/10.1006/NLME.1995.1031
https://doi.org/10.1016/s1364-6613(99)01365-0
https://doi.org/10.1016/j.conb.2006.09.002
https://doi.org/10.1002/hipo.10175


Kart-Teke E, De Souza Silva MA, Huston JP, Dere E (2006)Wistar rats show episodic-like memory
for unique experiences. Neurobiol Learn Mem 85(2):173–182

Langston RF, Wood ER (2010) Associative recognition and the hippocampus: differential effects of
hippocampal lesions on object-place, object-context and object-place-context memory. Hippo-
campus 20(10):1139–1153. http://www.ncbi.nlm.nih.gov/pubmed/19847786

Lever C, Burton S, O’Keefe J (2006) Rearing on hind legs, environmental novelty, and the
hippocampal formation. Rev Neurosci 17(1–2):111–133. http://www.ncbi.nlm.nih.gov/
pubmed/16703946

Meeter M, Murre JMJ, Talamini LM (2004) Mode shifting between storage and recall based on
novelty detection in oscillating hippocampal circuits. Hippocampus 14(6):722–741. https://doi.
org/10.1002/hipo.10214

Melamed JL, de Jesus FM, Maior RS, Barros M (2017) Scopolamine induces deficits in spontane-
ous object-location recognition and fear-learning in marmoset monkeys. Front Pharmacol
8:395. https://doi.org/10.3389/fphar.2017.00395

Mesulam MM, Mufson EJ, Wainer BH, Levey AI (1983) Central cholinergic pathways in the rat -
an overview based on an alternative nomenclature (Ch1-Ch6). Neuroscience 10(4):1185–1201.
https://doi.org/10.1016/0306-4522(83)90108-2

Micheau J, Marighetto A (2011) Acetylcholine and memory: a long, complex and chaotic but still
living relationship. Behav Brain Res 221(2):424–429. https://doi.org/10.1016/j.bbr.2010.11.
052

Milić M, Timić T, Joksimović S, Biawat P, Rallapalli S, Divljaković J et al (2013) PWZ-029, an
inverse agonist selective for α5 GABAA receptors, improves object recognition, but not water-
maze memory in normal and scopolamine-treated rats. Behav Brain Res 241:206–213. https://
doi.org/10.1016/J.BBR.2012.12.016

Murray EA, Baxter MG, Gaffan D (1998) Monkeys with rhinal cortex damage or neurotoxic
hippocampal lesions are impaired on spatial scene learning and object reversals. Behav Neurosci
112(6):1291–1303. https://doi.org/10.1037/0735-7044.112.6.1291

Norlen G, Olivecrona H (1953) The treatment of aneurysms of the circle of Willis. J Neurosurg 10
(4):404–415. https://doi.org/10.3171/jns.1953.10.4.0404

Parent MB, Baxter MG (2004) Septohippocampal acetylcholine: involved in but not necessary for
learning and memory? Learn Mem 11(1):9–20. https://doi.org/10.1101/lm.69104

Persson BM, Ainge JA, O’Connor AR (2016) Disambiguating past events: accurate source memory
for time and context depends on different retrieval processes. Neurobiol Learn Mem 132:40–48.
https://doi.org/10.1016/J.NLM.2016.05.002

Poulter S, Hartley T, Lever C (2018) The neurobiology of mammalian navigation. Curr Biol 28(17):
R1023–R1042. https://doi.org/10.1016/J.CUB.2018.05.050

Ridley RM, Barefoot HC, Maclean CJ, Pugh P, Baker HF (1999) Different effects on learning
ability after injection of the cholinergic immunotoxin ME20.4IgG-saporin into the diagonal
band of Broca, basal nucleus of Meynert, or both in monkeys. Behav Neurosci 113(2):303–315

Robertson B-A, Eacott MJ, Easton A (2015) Putting memory in context: dissociating memories by
distinguishing the nature of context. Behav Brain Res 285:99. https://doi.org/10.1016/j.bbr.
2014.10.045

Rutten K, Prickaerts J, Blokland A (2006) Rolipram reverses scopolamine-induced and time-
dependent memory deficits in object recognition by different mechanisms of action. Neurobiol
Learn Mem 85(2):132–138. https://doi.org/10.1016/j.nlm.2005.09.002

Scoville WB, Milner B (1957) Loss of recent memory after bilateral hippocampal lesions. J Neurol
Neurosurg Psychiatry 20:11–21

Seel SV, Eacott MJ, Langston RF, Easton A (2018) Cholinergic input to the hippocampus is not
required for a model of episodic memory in the rat, even with multiple consecutive events.
Behav Brain Res 354:48–54. https://doi.org/10.1016/J.BBR.2017.06.001

Singer RA, Zentall TR (2007) Pigeons learn to answer the question “where did you just peck?” and
can report peck location when unexpectedly asked. Learn Behav 35(3):184–189

44 A. Easton et al.

http://www.ncbi.nlm.nih.gov/pubmed/19847786
http://www.ncbi.nlm.nih.gov/pubmed/16703946
http://www.ncbi.nlm.nih.gov/pubmed/16703946
https://doi.org/10.1002/hipo.10214
https://doi.org/10.1002/hipo.10214
https://doi.org/10.3389/fphar.2017.00395
https://doi.org/10.1016/0306-4522(83)90108-2
https://doi.org/10.1016/j.bbr.2010.11.052
https://doi.org/10.1016/j.bbr.2010.11.052
https://doi.org/10.1016/J.BBR.2012.12.016
https://doi.org/10.1016/J.BBR.2012.12.016
https://doi.org/10.1037/0735-7044.112.6.1291
https://doi.org/10.3171/jns.1953.10.4.0404
https://doi.org/10.1101/lm.69104
https://doi.org/10.1016/J.NLM.2016.05.002
https://doi.org/10.1016/J.CUB.2018.05.050
https://doi.org/10.1016/j.bbr.2014.10.045
https://doi.org/10.1016/j.bbr.2014.10.045
https://doi.org/10.1016/j.nlm.2005.09.002
https://doi.org/10.1016/J.BBR.2017.06.001


Suddendorf T, Corballis MC (2007) The evolution of foresight: what is mental time travel, and is it
unique to humans? Behav Brain Sci 30(3):299. https://doi.org/10.1017/s0140525x07001975

Tang Y, Mishkin M, Aigner TG (1997) Effects of muscarinic blockade in perirhinal cortex during
visual recognition. Proc Natl Acad Sci 94(23):12667–12669. https://doi.org/10.1073/PNAS.94.
23.12667

Tulving E (1983) Elements of episodic memory. Oxford University Press, London
Tulving E (2002) Episodic memory: from mind to brain. Annu Rev Psychol 53:1–25
Turchi J, Saunders RC, Mishkin M (2005) Effects of cholinergic deafferentation of the rhinal cortex

on visual recognition memory in monkeys. Proc Natl Acad Sci U S A 102(6):2158–2161.
https://doi.org/10.1073/pnas.0409708102

Warburton EC, Koder T, Cho K, Massey PV, Duguid G, Barker GRI et al (2003) Cholinergic
neurotransmission is essential for perirhinal cortical plasticity and recognition memory. Neuron
38(6):987–996. https://doi.org/10.1016/S0896-6273(03)00358-1

Wiley RG, Oeltmann TN, Lappi DA (1991) Immunolesioning - selective destruction of neurons
using immunotoxin to rat NGF receptor. Brain Res 562(1):149–153. https://doi.org/10.1016/
0006-8993(91)91199-b

Winters BD, Bussey TJ (2005) Removal of cholinergic input to perirhinal cortex disrupts object
recognition but not spatial working memory in the rat. Eur J Neurosci 21(8):2263–2270. https://
doi.org/10.1111/j.1460-9568.2005.04055.x

Winters BD, Saksida LM, Bussey TJ (2006) Paradoxical facilitation of object recognition memory
after infusion of scopolamine into Perirhinal cortex: implications for cholinergic system func-
tion. J Neurosci 26:9520–9529

Winters BD, Bartko SJ, Saksida LM, Bussey TJ (2007) Scopolamine infused into perirhinal cortex
improves object recognition memory by blocking the acquisition of interfering object informa-
tion. Learn Mem 14(9):590–596. https://doi.org/10.1101/lm.634607

Woolley ML, Waters KA, Gartlon JE, Lacroix LP, Jennings C, Shaughnessy F et al (2009)
Evaluation of the pro-cognitive effects of the AMPA receptor positive modulator,
5-(1-piperidinylcarbonyl)-2,1,3-benzoxadiazole (CX691), in the rat. Psychopharmacology 202
(1–3):343–354. https://doi.org/10.1007/s00213-008-1325-2

Acetylcholine and Spontaneous Recognition Memory in Rodents and Primates 45

https://doi.org/10.1017/s0140525x07001975
https://doi.org/10.1073/PNAS.94.23.12667
https://doi.org/10.1073/PNAS.94.23.12667
https://doi.org/10.1073/pnas.0409708102
https://doi.org/10.1016/S0896-6273(03)00358-1
https://doi.org/10.1016/0006-8993(91)91199-b
https://doi.org/10.1016/0006-8993(91)91199-b
https://doi.org/10.1111/j.1460-9568.2005.04055.x
https://doi.org/10.1111/j.1460-9568.2005.04055.x
https://doi.org/10.1101/lm.634607
https://doi.org/10.1007/s00213-008-1325-2


Endogenous Acetylcholine and Its
Modulation of Cortical Microcircuits
to Enhance Cognition

Sridevi Venkatesan, Ha-Seul Jeoung, Tianhui Chen, Saige K. Power,
Yupeng Liu, and Evelyn K. Lambe

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2 Anatomy of the Cholinergic System in Prefrontal and Sensory Cortices . . . . . . . . . . . . . . . . . . . 48

2.1 Cholinergic Innervation of Cerebral Cortex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.2 Cortical Cholinergic Synapses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3 Regulation of Cortical Neurons by Endogenous Acetylcholine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4 Behavioral Consequences of Endogenous Acetylcholine Release in Cerebral Cortex . . . . . 58
5 Conclusions and Directions for Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Abstract Acetylcholine regulates the cerebral cortex to sharpen sensory perception
and enhance attentional focus. The cellular and circuit mechanisms of this cholinergic
modulation are under active investigation in sensory and prefrontal cortex, but the
universality of these mechanisms across the cerebral cortex is not clear. Anatomical
maps suggest that the sensory and prefrontal cortices receive distinct cholinergic
projections and have subtle differences in the expression of cholinergic receptors
and the metabolic enzyme acetylcholinesterase. First, we briefly review this anatom-
ical literature and the recent progress in the field. Next, we discuss in detail the
electrophysiological effects of cholinergic receptor subtypes and the cell and circuit
consequences of their stimulation by endogenous acetylcholine as established by
recent optogenetic work. Finally, we explore the behavioral ramifications of in vivo
manipulations of endogenous acetylcholine. We find broader similarities than we
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expected between the cholinergic regulation of sensory and prefrontal cortex, but there
are some differences and some gaps in knowledge. In visual, auditory, and somato-
sensory cortex, the cell and circuit mechanisms of cholinergic sharpening of sensory
perception have been probed in vivo with calcium imaging and optogenetic experi-
ments to simultaneously test mechanism and measure the consequences of manipula-
tion. By contrast, ascertaining the links between attentional performance and
cholinergic modulation of specific prefrontal microcircuits is more complicated due
to the nature of the required tasks. However, ex vivo optogenetic manipulations point
to differences in the cholinergic modulation of sensory and prefrontal cortex. Under-
standing how and where acetylcholine acts within the cerebral cortex to shape
cognition is essential to pinpoint novel treatment targets for the perceptual and
attention deficits found in multiple psychiatric and neurological disorders.

Keywords Acetylcholine · Attention · Muscarinic receptors · Nicotinic receptors ·
Prefrontal cortex · Sensory cortex · Sensory perception · Visual cortex

1 Introduction

Cholinergic regulation of cerebral cortex is critical for attention and sensory
processing (Ballinger et al. 2016; Sarter 2015; Metherate et al. 2012). Identifying
the specific cellular and circuit mechanisms through which endogenous acetylcho-
line modulates cortical microcircuits is important to find new treatment targets for
cognitive disruption. Research in sensory cortex can link mechanisms efficiently to
behavioral consequences, but it remains uncertain whether cholinergic modulation
recruits the same mechanisms across cortical regions. Here we examine recent
research into the regional diversity of cortical cholinergic innervation, receptor
expression, and functional and behavioral consequences of manipulation of endog-
enous acetylcholine release. We find that broad similarities exist across sensory and
prefrontal domains, but differences emerge, particularly in the cholinergic regulation
of output neurons in sensory and prefrontal cortex. Intriguingly, these differences
between the mechanisms of cholinergic modulation in sensory and prefrontal cortex
can be observed across species. The mechanisms of cholinergic modulation across
cerebral cortex and their integration in cognitive performance present a number of
critical points for future research.

2 Anatomy of the Cholinergic System in Prefrontal
and Sensory Cortices

2.1 Cholinergic Innervation of Cerebral Cortex

Cortical acetylcholine is primarily synthesized by neurons of the basal forebrain in
their axonal projections throughout the cortex. A growing body of evidence
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suggests that the cholinergic neurons of the basal forebrain are organized into
distinct populations that project to different parts of the cortex. Individual cholin-
ergic neurons have widely divergent projection patterns within the cerebral cortex
(Li et al. 2018) and appear to manifest different electrophysiological phenotypes
(Unal et al. 2012; Ahmed et al. 2019; Laszlovszky et al. 2019). There appears to
be little overlap between the axons of specific cholinergic neuron populations that
project to the prefrontal cortex and those that project to the sensory cortex (Pinto
et al. 2013). The basal forebrain consists of the substantia innominata (SI), the
horizontal and vertical limbs of the diagonal band of Broca (HDB/VDB), and the
nucleus basalis (NB) (Jones 2004; Zaborszky et al. 2018; Bloem et al. 2014b;
Huppe-Gourgues et al. 2018). The cholinergic neurons are just one population of
neurons within the basal forebrain that project to the cerebral cortex, making
modern tracing techniques essential for appreciating the complicated relationships
between the basal forebrain and the cortex (Chandler and Waterhouse 2012;
Chandler et al. 2013; Kim et al. 2016; Huppe-Gourgues et al. 2018; Bloem
et al. 2014b).

Figure 1 illustrates cholinergic innervation of different cortical regions after viral
transfection of a subset of ChAT-positive neurons in the basal forebrain. In rodent,
the prefrontal cortex and primary visual cortex receive denser cholinergic innerva-
tion than other cortical regions in mice (Do et al. 2016; Mechawar et al. 2000).
Regional differences are also seen in human and non-human primates (Lewis 1991;
Mrzljak et al. 1995; Mesulam et al. 1992; Mrzljak and Goldman-Rakic 1993;
Coppola and Disney 2018; Obermayer et al. 2017; Galvin et al. 2018). The laminar
specificity of cholinergic innervation differs across association and sensory cortical
regions. In the monkey and human brain, the cholinergic fibers are prominent in both
supragranular and deeper layers in prefrontal cortex, and they strongly innervate
layers 1 and 4 in V1 and S1 (Ghashghaei and Barbas 2001; Lewis 1991; Mrzljak

Fig. 1 Cholinergic projections from the basal forebrain to the cortex in the mouse brain. (a)
Midsagittal view of a mouse brain with white arrows outlining the cholinergic projections from
the basal forebrain to the cortices. (b) Coronal view of a ChAT-IRES-Cre mouse brain slice
showing the EGFP anterograde tracer injection site (injected volume, 0.104 μL) in the substantia
innominata. Lower panel scale bars: 1000 μm; inset scale bars: 150 μm. Coronal images of tracer
label axons in the prefrontal cortex (c), the auditory cortex (d), and the visual cortex (e). Image
credit: Allen Institute
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et al. 1995; Mesulam et al. 1992; Mrzljak and Goldman-Rakic 1993). There appears
to be dense innervation of rodent prefrontal cortex (Bloem et al. 2014a; Eckenstein
et al. 1988; Li et al. 2018). Layers 1 and 4/5 receive preferential cholinergic
innervation in the rodent visual and somatosensory cortices (Li et al. 2018;
Eckenstein et al. 1988; Lysakowski et al. 1989; Mechawar et al. 2000). In addition
to the cholinergic projections from the basal forebrain, a small minority of cortical
interneurons are cholinergic (von Engelhardt et al. 2007; Obermayer et al. 2019;
Granger et al. 2018), releasing acetylcholine as well as GABA (Obermayer et al.
2019). Furthermore, it has recently been shown that there are several populations of
cortically projecting glutamatergic neurons that are transiently cholinergic in early
postnatal development, including subsets of neurons in the ventromedial thalamus,
lateral hypothalamus, and presubiculum (Nasirova et al. 2019).

2.2 Cortical Cholinergic Synapses

Although the precise mode of cholinergic transmission is still a matter of debate, the
ability of acetylcholine to act in a localized manner has been well supported by
recent functional studies (Sarter et al. 2009; Turrini et al. 2001; Smiley et al. 1997;
Mechawar et al. 2000; Jing et al. 2018; Dasgupta et al. 2018). A typical cortical
cholinergic “synapse” from a basal forebrain axonal projection is illustrated in Fig. 2.
Such a synapse has a presynaptic terminal containing choline acetyltransferase
(ChAT) enzymes to synthesize acetylcholine from choline and vesicular acetylcho-
line transporters (VAChT) that transport acetylcholine into vesicles for release.
When a cholinergic neuron fires an action potential, acetylcholine is released and
diffuses through the synaptic cleft to act on postsynaptic nicotinic and/or muscarinic
receptors. Of note, the function of cholinergic synapses appears under relatively tight
feedback regulation through autoinhibition and temporal control via enzymatic
breakdown of acetylcholine. Presynaptic autoinhibitory M2/M4 receptors limit
subsequent acetylcholine release from cortical cholinergic terminals (Levey et al.
1991; Zhang et al. 2002; Venkatesan and Lambe 2020). Acetylcholine is rapidly
broken down into choline, by acetylcholinesterase (AChE) enzymes localized on
both the presynaptic terminal and the postsynaptic neuron. This breakdown product
is then transported back into the presynaptic terminal by choline transporters.

The cholinergic ionotropic receptors are nicotinic acetylcholine receptors, which
are nonselective cation channels. These pentameric channels can be homomeric
(e.g., α7 in cortex) or heteromeric in nature, with nicotinic α and β subunits
expressed in various combinations which contribute to distinct receptor properties
(Wilking and Stitzel 2015). The nicotinic α7 homomers have low acetylcholine
sensitivity, high calcium permeability, faster kinetics, and rapid desensitization,
whereas the nicotinic α4β2 heteromers typically show slower kinetics and a higher
acetylcholine sensitivity (Gotti et al. 2006; Dani and Bertrand 2007). However, the
properties of heteromeric nicotinic receptors depend on the identity of the subunit
filling the fifth or “accessory” position, which has been recently suggested to
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participate in an unorthodox binding site that potentiates receptor conductance
(Wang et al. 2015; Jain et al. 2016; Wang and Lindstrom 2018). An α4 accessory
subunit decreases affinity but increases calcium permeability, while an accessory β2
increases affinity but decreases calcium permeability (Tapia et al. 2007; Kuryatov
et al. 2008). Alternatively, an accessory α5 subunit can be included in a nicotinic
α4β2 heteromer, increasing affinity to acetylcholine, calcium permeability, and
resistance to desensitization (Tapia et al. 2007; Kuryatov et al. 2008).

The cholinergic metabotropic receptors are the family of G protein-coupled
receptors called muscarinic acetylcholine receptors. These channels have electro-
physiological consequences through direct channel effectors and can also change
cellular properties through their second messenger cascades. The M1-like receptors
(M1, M3, and M5 receptors) are Gαq-coupled excitatory receptors well known for
their “M” current resulting from the inhibition of potassium ion channels active near

Fig. 2 (a) Schematic of a typical cholinergic “synapse” on a pyramidal neuron in the cortex
(adapted from Venkatesan and Lambe 2020). (b) Depiction of major nicotinic and muscarinic
receptors found in the cerebral cortex
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the action potential threshold (Jentsch 2000). These typically excitatory muscarinic
receptors also activate second messenger effects such as increasing phospholipase C
levels and triggering release of calcium ions from intracellular stores. By contrast,
the M2 and M4 muscarinic receptors are Gαi/o-coupled inhibitory receptors that can
activate GIRK channels (Gerber et al. 1991; Fernandez-Fernandez et al. 1999;
Seeger and Alzheimer 2001; Kohlmeier et al. 2012) and inhibit terminal voltage-
gated calcium channels (Allen 1999; Shapiro et al. 1999; Kohlmeier et al. 2012), as
well as trigger signaling pathways that decrease intracellular adenylyl cyclase and
cAMP levels (Anderson and McKinney 1988).

The consequences of acetylcholine will depend on the pattern of expression of its
receptors. Figure 3 illustrates the laminar expression of some relevant nicotinic
subunits and muscarinic receptors with in situ expression in mouse and Fig. 4 in
human postmortem tissue. RNAseq databases are increasing our awareness of the
different patterns of co-expression in specific cell types (Keil et al. 2018; Hodge et al.
2019) as well as the conserved nature of cell and receptor subtypes from rodent to
human (Hodge et al. 2019). Some broad patterns can be observed across species
even at the level of in situ hybridization, such as the strong expression of the α4
nicotinic subunit in the deepest layer of rodent prefrontal and sensory cortex and the
recapitulation of this pattern in the human prefrontal cortex. One receptor subunit
with a clear expression difference between prefrontal and visual cortex in mouse is
the α5 nicotinic subunit that is expressed in layer 6 and is particularly strong in the
prefrontal cortex and weak in the visual cortex (Wada et al. 1990; Salas et al. 2003).
By contrast, the excitatory muscarinic receptors have peaks in both the superficial
and deep lamina in many regions of cerebral cortex in rodents and primates (Buckley
et al. 1988; Rossner et al. 1993; Lidow et al. 1989; Zilles and Palomero-Gallagher
2017; Palomero-Gallagher and Zilles 2019). Of relevance, there are protein modu-
lators of the nicotinic response that can complicate the interpretation of nicotinic
receptor subunit expression and its linkage with a physiological impact. Lynx1, for
example, belonging to the Ly6 superfamily of proteins, is able to suppress nicotinic
receptor signaling in the adult mouse visual cortex (Morishita et al. 2010; Miwa et al.
2012). While this is just one example, it urges active examination of the physiolog-
ical impact of cortical cholinergic receptors.

The enzyme AChE breaks down acetylcholine, strongly controlling its availabil-
ity. It is therefore essential to understand regional and laminar differences in the
expression of this enzyme with its repercussions for cholinergic receptor stimulation.
The expression of AChE by cortical pyramidal neurons follows an interesting
pattern: in humans, AChE-expressing pyramidal neurons in the cortex are absent
at birth, only appearing in early childhood. They continue to mature and increase in
numbers and AChE expression intensity into adulthood, with greatest numbers in
layers 3 and 5 (Mesulam and Geula 1991; Janeczek et al. 2018). These neurons that
strongly express AChE are the acetylcholine-sensitive or “cholinoceptive” neurons
in the cortex likely to play key cognitive roles in which the timing of cholinergic
stimulation must be tightly controlled. In the rodent cortex, there is evidence to
support differential expression of AChE by neurons based on the cortical region
(Anderson et al. 2009). An examination of in situ hybridization for AChE in the
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adult mouse cortex reveals laminar differences in localization of AChE-expressing
neurons as illustrated in Fig. 5. In the prefrontal cortex, there is high intensity of such
neurons in the deeper cortical layers, particularly layer 6. In sensory cortex, this
pattern of expression is also evident in primary visual cortex but not in primary
auditory cortex (Anderson et al. 2009). Since the level of AChE shapes the kinetics
of the cholinergic responses, the greater expression of AChE in layer 6 of the
prefrontal and visual cortex suggests that their cholinergic responses are under the
strongest temporal control.

Fig. 3 Adult mouse brain in situ hybridization data showing mRNA localization of various
nicotinic receptor subunits (Chrna2, Chrna3, Chrna4, Chrna5, Chrna7, Chrnb2, Chrnb3) and
muscarinic receptors (Chrm1–4) for the (a) prefrontal cortex and (b) primary visual cortex. Scale
bar: 500 μm; inset scale bar: 100 μm. Drawing adapted from Allen Mouse Brain Atlas. PFC
prefrontal cortex, V1 primary visual area, CC corpus callosum, CA hippocampus. Image Credit:
Allen Institute
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Fig. 5 Mouse brain acetylcholinesterase (AChE) expression in (a) prefrontal cortex and (b)
auditory cortex. (i) In situ hybridization, (ii) Normalized expression. Scale bar: 500 μm; inset
scale bar: 100 μm. CC corpus callosum, LV lateral ventricle, CPu caudoputamen, EC external
capsule. Image credit: Allen Institute

Fig. 4 Human postmortem in situ hybridization data showing mRNA localization of α4
(CHRNA4) and M1 (CHRM1) subunits for the (a) prefrontal cortex and (b) primary visual cortex.
Scale bars: 1000 μm; inset scale bar: 50 μm. Drawing adapted from Allen Human Brain Atlas. PFC
prefrontal cortex, Cg cingulate gyrus, IOG inferior occipital gyrus,WM white matter. Image Credit:
Allen Institute
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3 Regulation of Cortical Neurons by Endogenous
Acetylcholine

The physiological effects of acetylcholine depend on the cell-type specificity of
cholinergic receptor expression. While there is substantial pharmacological and
electrophysiological work using exogenous agonists, the critical question is what
receptors on which cells are recruited by endogenous acetylcholine. To address this
question, we turned to research using optogenetics to stimulate cholinergic axon
terminals within sensory versus prefrontal cortex. While the in situ hybridization
experiments discussed in the previous section give an estimate of the possible
subunit expression in different regions, they do not assess the synaptic expression
of those receptors in neurons and their activation during endogenous cholinergic
release. The availability of optogenetic tools to selectively manipulate cholinergic
neurons allows the evaluation of synaptic responses to rapid endogenous acetylcho-
line release (Zhao et al. 2011; Hedrick et al. 2016; but see Nasirova et al. 2019). This
section examines the functional activation of cholinergic receptors in neuronal types
across cortical layers in the prefrontal and sensory cortices, with a focus on studies
using optogenetic tools to release endogenous acetylcholine and measure postsyn-
aptic responses. A summary of the laminar and cell-type specific effects of endog-
enous stimulation is shown in Fig. 6. Note that the documentation of excitatory
cholinergic effects is typically biased toward the nicotinic receptors, which exert
rapid and strong depolarization even from hyperpolarized resting potentials. In
contrast, the effects of excitatory muscarinic receptors to depolarize and to accelerate
and prolong action potential firing are detectable only near threshold (Hedrick and
Waters 2015; Sparks et al. 2017). This state dependence is due to the ability of M1
and M3 muscarinic receptors to inhibit subthreshold voltage-dependent potassium
channels (Jentsch 2000).

The superficial layers of cortex appear to be excited by endogenous acetylcholine
through nicotinic and excitatory muscarinic receptors, although the latter has not
been explored as extensively (Hedrick and Waters 2015; Kimura et al. 2014). Layer
1 cortical interneurons are excited by endogenous acetylcholine, through both α7
and α4β2 nicotinic receptors in the prefrontal cortex but through α4β2 receptor in
sensory cortices (Arroyo et al. 2012; Bennett et al. 2012; Hay et al. 2016; Kimura
et al. 2014). In layer 2/3, however, there are differences in the effect of acetylcholine
between the sensory and prefrontal cortices: direct excitatory effects of acetylcholine
are not commonly seen in L2/3 pyramidal neurons in the prefrontal cortex, whereas
these neurons show direct nicotinic receptor-mediated EPSCs in the primary visual
and auditory cortices (Poorthuis et al. 2013; Hedrick and Waters 2015; Nelson and
Mooney 2016; Verhoog et al. 2016). Primarily nicotinic excitation of parvalbumin
(PV) and somatostatin (SST) interneurons mediated by α7 and α4β2 nicotinic
receptors is observed in layer 2/3 of the rodent prefrontal cortex (Poorthuis et al.
2013; Verhoog et al. 2016; Obermayer et al. 2018, 2019), whereas in the somato-
sensory cortex, L2/3 SST interneurons show M1/M3 muscarinic excitation (Munoz
et al. 2017), and PV interneurons show both nicotinic and muscarinic effects
(Dasgupta et al. 2018).
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The granular layer of sensory cortex appears to be largely inhibited by cholinergic
stimulation of inhibitory muscarinic receptors (Dasgupta et al. 2018). In layer 4 of
the somatosensory cortex, excitatory neurons including pyramidal and spiny stellate
cells show muscarinic M2/M4-mediated inhibition to both exogenously and endog-
enously released acetylcholine (Eggermann and Feldmeyer 2009; Dasgupta et al.

Fig. 6 Schematic comparing layer-specific effects of optogenetically released acetylcholine on the
prefrontal cortex (left) and sensory cortex (right). In layer 1, interneurons in neocortex exhibit
excitatory responses mediated by nicotinic acetylcholine receptors (Arroyo et al. 2012; Bennett
et al. 2012; Hay et al. 2016; Obermayer et al. 2018). Majority of prefrontal layer 2/3 pyramidal
neurons lack nicotinic responses (Hedrick and Waters 2015), which are prominent in sensory
cortices by contrast (Kimura et al. 2014; Hedrick and Waters 2015; Nelson and Mooney 2016).
Layer 2/3 interneurons also appear to be modulated in a region-specific manner with prefrontal
interneurons receiving nicotinic excitation (Obermayer et al. 2018; Obermayer et al. 2019; Verhoog
et al. 2016; Poorthuis et al. 2013) and sensory cortex interneurons receiving both nicotinic and
muscarinic excitation (Dasgupta et al. 2018; Munoz et al. 2017; Letzkus et al. 2011). In sensory
cortex, layer 4 pyramidal neurons are primarily inhibited through M4 receptors (Dasgupta et al.
2018), while the interneurons exhibit both inhibitory muscarinic and excitatory nicotinic responses
(Dasgupta et al. 2018; Obermayer et al. 2019). In prefrontal cortex, layer 5 pyramidal neurons are
excited by M1 muscarinic receptors (Baker et al. 2018), whereas in sensory cortices nicotinic and
muscarinic receptors produce excitatory and inhibitory responses, respectively (Dasari et al. 2017;
Baker et al. 2018; Joshi et al. 2016). Layer 5 interneurons in prefrontal and sensory cortices show
excitatory responses through activation of nicotinic receptors (Nelson and Mooney 2016). Layer
6 pyramidal neurons show similar responses across the cortex, but the responses appear much
stronger in the prefrontal cortex (Hedrick and Waters 2015; Hay et al. 2016; Sparks et al. 2017;
Venkatesan and Lambe 2020; Tian et al. 2014; Obermayer et al. 2019). Layer 6 pyramidal neurons
are excited by both nicotinic and muscarinic receptors (Sparks et al. 2017), and the nicotinic
excitation of layer 6 interneurons is also similar across brain regions (Poorthuis et al. 2013; Hay
et al. 2016; Obermayer et al. 2018). PV parvalbumin, SST somatostatin, VIP vasoactive intestinal
peptide, CF corticofugal, COM commissural, CTh corticothalamic, CC corticocortical
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2018). By contrast, the prefrontal cortex in rodents is agranular, meaning it lacks a
defined layer 4 that receives thalamic inputs in contrast to the sensory cortices (Van
Aerde and Feldmeyer 2015).

Cholinergic effects on the deeper layers of cortex, containing output projection
neurons, are typically excitatory but are more complex. They involve both musca-
rinic and nicotinic components, with the muscarinic components dominating in layer
5 and both nicotinic and muscarinic components in layer 6 (Hedrick andWaters et al.
2015; Sparks et al. 2017). In layer 5 pyramidal neurons of both the sensory and
prefrontal cortices, acetylcholine can cause a transient inhibition due to the opening
of SK channels by IP3-mediated release of calcium from internal stores, followed by
excitation mediated by M1/M3 muscarinic receptors (Gulledge and Stuart 2005;
Gulledge et al. 2009; Dasari et al. 2017; Proulx et al. 2014b). With endogenous
acetylcholine release in the prefrontal cortex, both types of response are observed,
and both responses are most obvious in neurons that are depolarized to near
threshold (Hedrick and Waters 2015). Of note, the muscarinic excitation of prefron-
tal layer 5 pyramidal neurons shows a projection-specific gradient, with corticofugal
neurons showing stronger muscarinic excitation compared to commissural neurons
(Baker et al. 2018). In contrast, layer 5 pyramidal neurons in the auditory cortex
show both nicotinic and muscarinic effects, with commissural neurons showing
α4β2 nicotinic depolarization and muscarinic hyperpolarization and corticofugal
neurons showing a prolonged muscarinic depolarization (Joshi et al. 2016). Layer
5 interneurons show α4β2 nicotinic receptor-mediated excitation in both the pre-
frontal and sensory cortices, with prefrontal PV interneurons showing some evi-
dence of α7-mediated responses to exogenous cholinergic stimulation (Couey et al.
2007; Poorthuis et al. 2013; Nelson and Mooney 2016; Askew et al. 2019).

Layer 6 is the primary output layer of the cortex with a high proportion of
corticothalamic neurons (Thomson 2010; Gabbott et al. 2005). Layer 6 pyramidal
neurons in the prefrontal and sensory cortices show α4β2 nicotinic receptor-
mediated excitation (Hedrick and Waters 2015; Hay et al. 2016; Sparks et al.
2017). However, the nicotinic excitation is potentially stronger in the prefrontal
cortex due to the greater expression of the accessory α5 nicotinic receptor subunit in
prefrontal layer 6 (Bailey et al. 2010; Proulx et al. 2014a; Tian et al. 2014). Layer
6 pyramidal neurons show projection-dependent cholinergic activation, where
corticothalamic neurons are excited via α4β2 nicotinic receptors while
corticocortical neurons are inhibited via M2/M4 muscarinic receptors (Yang et al.
2019). Endogenous acetylcholine release activates layer 6 neurons on a rapid
timescale via α4β2 nicotinic receptors (Hay et al. 2016; Verhoog et al. 2016; Sparks
et al. 2017) with excitatory muscarinic receptors accelerating action potentials and
extending the duration of excitation (Sparks et al. 2017). The stronger expression of
the α5 nicotinic receptor subunit in prefrontal layer 6 (Fig. 3) appears to contribute to
the rapid timescale of cholinergic activation of these neurons, considered critical for
attention. Recent work demonstrates that α5 knockout neurons show slower cholin-
ergic activation to optogenetic acetylcholine release (Venkatesan and Lambe 2020).
This pattern highlights the importance of temporal control in the prefrontal
cortex and is consistent with the higher expression of AChE in prefrontal layer
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6 (Fig. 5). While some PV interneurons in the prefrontal cortex receive lesser
cholinergic input from the basal forebrain (Sun et al. 2019) and lack direct nicotinic
receptor-mediated responses to acetylcholine. SST interneurons in both the prefron-
tal and somatosensory cortex are directly excited by endogenous acetylcholine
through α4β2 nicotinic receptors and mediate lateral inhibition between pyramidal
neurons (Poorthuis et al. 2013; Obermayer et al. 2018).

In addition to the direct postsynaptic effects of acetylcholine described above,
there are also indirect effects mediated through cholinergic heteroreceptors on
excitatory and inhibitory cortical afferents. In both the auditory and prefrontal
cortices, thalamocortical axons show α4β2 nicotinic receptor-mediated excitation,
which causes glutamate release onto L5 pyramidal neurons (Lambe et al. 2003;
Kawai et al. 2007; Lambe et al. 2005). PV interneurons in layer 6 lack direct
cholinergic effects but are instead excited indirectly by glutamate release, potentially
from layer 6 pyramidal neurons (Kassam et al. 2008; Tian et al. 2016). Acetylcholine
can also affect the connection strengths between different neuronal types, notably
influencing the strength of inhibition: in the superficial layers of the somatosensory
cortex, endogenous acetylcholine enhances pyramidal-to-SST interneuron connec-
tion but not pyramidal-to-PV interneuron connections (Urban-Ciecko et al. 2018).

The general pattern of nicotinic receptor neuronal modulation in different cortical
layers described above for rodents seems to be preserved in the human cortex as
well, with layer 1 and layer 2/3 interneurons showing nicotinic receptor mediated
excitation, layer 2/3 pyramidal neurons showing very little activation, and layer
6 pyramidal neurons being strongly excited by acetylcholine in the human frontal
and temporal cortices (Verhoog et al. 2016; Obermayer et al. 2018; Poorthuis et al.
2013).

The above studies illustrate that there are significant differences in the pattern of
cholinergic excitation between the sensory and prefrontal cortices both in the
direction of the cholinergic effects and the receptors that mediate these effects.

4 Behavioral Consequences of Endogenous Acetylcholine
Release in Cerebral Cortex

Acetylcholine is critical for the modulation of sensory perception, as well as for
cognitive functions ranging from associative learning to attention. This section will
describe the cognitive consequences of acetylcholine release in both the sensory and
the prefrontal cortex. Across the cerebral cortex, acetylcholine is linked with
desynchronization of local field potentials and the increase in higher frequency
power associated with cognitive activity. These changes are easier to correlate
with precise behavioral outputs in sensory and associative learning tasks than in
attention tasks; however, it is thought that the decorrelation of cortical neuronal
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firing is a fundamental mechanism for the improved behavioral performance which
comes with attention on sensory tasks (Cohen and Maunsell 2009).

Acetylcholine efflux in the sensory cortices broadly decorrelates the firing of
cortical neurons and desynchronizes the cortical local field potential, which is
thought to enhance detection of sensory signals (Goard and Dan 2009; Pinto et al.
2013; Eggermann et al. 2014; Meir et al. 2018). Optogenetic activation of basal
forebrain cholinergic neurons in mice desynchronized the local field potential signals
in the visual cortex, suppressing the power at lower frequencies (1–5 Hz) and
increasing power at higher frequencies (60–100 Hz). This was accompanied by
enhanced visual discrimination, while optogenetic inhibition of cholinergic neurons
suppressed visual discrimination (Pinto et al. 2013). Subsequently, the same data
was used to show that optogenetic activation of cholinergic neurons reduced noise
correlations in visual cortical neurons and enhanced the signal amplitude, supporting
a role for acetylcholine in enhancing signal-to-noise ratios and improving sensory
detection (Minces et al. 2017). There is some evidence that nicotinic excitation of
layer 2/3 SST interneurons in the visual cortex is sufficient to reduce neuronal
correlations and desynchronize the cortical LFP (Chen et al. 2015). In the somato-
sensory barrel cortex, it has been shown using calcium imaging of axonal activation
that cholinergic axons increase their activity during whisking leading to a suppres-
sion of spontaneous activity in layer 2/3 pyramidal neurons (Eggermann et al. 2014).
Optogenetic stimulation of cholinergic axons to the somatosensory cortex sup-
presses ongoing synaptic activity, decorrelates neuronal firing, and results in
increased signal-to-noise ratio of sensory responses (Meir et al. 2018).

Cholinergic modulation allows for learning the association of a sensory cue with
subsequent reward/punishment. In the auditory cortex, layer 1 interneurons exhibit
nicotinic excitation during tone-paired aversive foot shocks, and they inhibit L2/3
PV interneurons causing disinhibition of pyramidal neurons. This disinhibitory
circuit is essential for learning fear conditioning (Letzkus et al. 2011). Likewise,
cholinergic modulation of the auditory or visual cortex appears necessary for
bridging two stimuli that are separated in time (Chubykin et al. 2013; Liu et al.
2015; Guo et al. 2019). Blocking cholinergic receptors inhibits the plasticity of the
auditory cortex tonotopic maps following the fear learning (Guo et al. 2019).
Specifically, calcium imaging shows cholinergic neurons projecting to the auditory
cortex undergo plasticity during associative learning to increase their responses to a
conditioned stimulus and exhibit sustained activity bridging the period between the
cue and the predicted reinforcement (Guo et al. 2019). A similar role for acetylcho-
line in associative learning is seen in the visual cortex. Pairing a visual cue with a
reward elicits responses in primary visual cortex neurons, which encode the timing
of the reward. The activation of basal forebrain cholinergic input to the visual cortex
is both necessary and sufficient to cause this associative learning of reward timing
representation in V1 neurons (Chubykin et al. 2013; Liu et al. 2015).

Cholinergic axons in the auditory cortex are active during movements, and their
activity precedes pupil dilations corresponding to behavioral changes (Reimer et al.
2016). Acetylcholine release depolarizes the cortical neurons, and activating the
cholinergic axons during a tone broadens the bandwidth/tuning curve of neurons to

Endogenous Acetylcholine and Its Modulation of Cortical Microcircuits to. . . 59



different frequencies (Nelson and Mooney 2016). Cholinergic axon activity in the
auditory cortex predicts context switching during a working memory task
(Kuchibhotla et al. 2017). Adding to the complexity of function within the cholin-
ergic system, it has been suggested that basal forebrain cholinergic neurons contain
two populations in vivo, burst firing and regular firing neurons, which may have
different behavioral roles (Unal et al. 2012; Laszlovszky et al. 2019). The synchro-
nization of burst firing cholinergic neurons with auditory cortex strongly correlates
with the timing of reward/punishment, whereas synchronization of regular firing
cholinergic neurons with auditory cortex predicts correct performance on a go-no go
task (Laszlovszky et al. 2019).

Attention is dependent on cholinergic modulation of the prefrontal cortex.
Removing cholinergic inputs to the prefrontal cortex greatly impairs attention
(McGaughy et al. 2002). The prefrontal release of acetylcholine as measured by
choline-sensitive microelectrodes reveals that sharp cholinergic transients predict
cue detection (Parikh et al. 2007). Optogenetic acetylcholine release in the prefrontal
cortex promotes cue evoked gamma oscillations (Howe et al. 2017) known to be
critical for attention (Cardin et al. 2009). Bidirectional optogenetic manipulation of
prefrontal acetylcholine release affects cue detection with excitation promoting
detection and inhibition disrupting detection, and the effects were most evident for
cues which were hard to detect (Gritton et al. 2016). Prefrontal cholinergic effects on
attention are thought to be strongly dependent on nicotinic receptors, as different
nicotinic receptor knockout mice show deficits in a prefrontal-dependent attention
task based on visual cues. The nicotinic β2 subunit knockout mice show increased
number of omission errors, where they failed to detect the cue. Their poor perfor-
mance was rescued by the re-expression of β2 subunits in the adult cortex (Guillem
et al. 2011). Mice lacking the nicotinic α7 subunit also show increased number of
omission errors on the same attention task (Hoyle et al. 2006; Young et al. 2007).
Mice lacking the nicotinic α5 subunit also show attention deficits; however, they
show poor performance only to the briefest and most challenging durations of cue
presentation (Bailey et al. 2010). The latter result highlights the need for cholinergic
responses in the prefrontal cortex to have a rapid timescale. This conceptual model is
supported by a recent finding that the nicotinic α5 subunit accelerates the timescale
of cholinergic responding (Venkatesan and Lambe 2020) as well as the strong
expression of AChE by neurons in layer 6 of the prefrontal cortex (Fig. 5), where
the α5 subunit is highly expressed.

Interactions between the sensory and prefrontal cortices are essential for the
detection of cues and subsequent responding to those cues. The basal forebrain
cholinergic system has a key role to play in both these functions. Studies have shown
the role of the cholinergic system in the interaction between the prefrontal and
auditory cortices. Presentation of auditory stimuli in an oddball task, where mice
react to presentation of an unusual tone, results in the generation of oddball-evoked
electrical activity in the prefrontal cortex that originates in the basal forebrain and
involves the rapid activation of layer 6 neurons (Nguyen and Lin 2014). This finding
could support the involvement of the nicotinic α5 subunit expressed in prefrontal
layer 6 in rapid cholinergic responding leading to cue detection. Generation of
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auditory-related electrical activity in the prefrontal cortex is dependent on musca-
rinic activation of the auditory cortex, and infusion of scopolamine, a muscarinic
antagonist, into the auditory cortex reduces the amplitude of tone-evoked potentials
in the prefrontal cortex in awake head-fixed mice listening passively (James et al.
2019). This suggests that cholinergic control of attention and sensory processing
involves not only the direct action of acetylcholine on neurons in the prefrontal and
sensory cortices but also the projections between these two regions.

5 Conclusions and Directions for Future Research

Cholinergic signaling in the sensory and prefrontal cortex is essential for cognitive
processes. Despite some differences in cholinergic innervation and receptor targets,
there are broad similarities in the modulation of sensory and prefrontal cortex by
endogenous acetylcholine. Acetylcholine improves sensory perception and atten-
tion, is vital for learned associations, and facilitates cue detection by recruiting the
sensory and prefrontal cortex. Our understanding of layer-specific and region-
specific cholinergic responses and their behavioral consequences is due to the
development of techniques such as in vivo calcium imaging and optogenetic manip-
ulation of endogenous acetylcholine. These techniques allow for a more detailed
consideration of cholinergic circuitry, revealing complexity that poses questions for
future research. Cortical acetylcholine signaling is under tight control from presyn-
aptic and postsynaptic mechanisms. These include autoinhibition of cholinergic
release and breakdown of acetylcholine by AChE, as well as a state dependence of
some postsynaptic cholinergic receptors. Such mechanisms for cholinergic tuning
are under active investigation. Broadly, there are similarities between rodent and
primate cortical cholinergic circuits that underscore the relevance of research in
preclinical models which allow us to gain mechanistic insight. Detailed understand-
ing of the key players within the cells and circuits will permit testing of novel
treatment targets to enhance cognitive performance in psychiatric and neurological
disorders.
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Abstract The central cholinergic system is one of the most important modulator
neurotransmitter system implicated in diverse behavioral processes. Activation of
the basal forebrain cortical cholinergic input system represents a critical step in
cortical information processing. This chapter explores recent developments illustrat-
ing cortical cholinergic transmission mediate defined cognitive operations, which is
contrary to the traditional view that acetylcholine acts as a slowly acting
neuromodulator that influences arousal cortex-wide. Specifically, we review the
evidence that phasic cholinergic signaling in the prefrontal cortex is a causal
mediator of signal detection. In addition, studies that support the neuromodulatory
role of cholinergic inputs in top-down attentional control are summarized. Finally,
we review new findings that reveal sex differences and hormonal regulation of the
cholinergic-attention system.
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1 Introduction

Cholinergic inputs to the entire cortical mantle originate in the nucleus basalis of
Meynert (nBM), substantia innominata (SI), the horizontal nucleus of the diagonal
band (HDB), and the preoptic nucleus (collectively termed basal forebrain, BF). The
BF corticopetal cholinergic system constitutes the most rostral component of
neuromodulatory input systems, and its anatomical organization reflects its ability
to orchestrate cortical information processing. Of the many different behavioral and
cognitive processes that relate to the central cholinergic system, fundamental aspects
of attention are closely linked to the activity of cortical cholinergic inputs (Ballinger
et al. 2016; Sarter et al. 2005, 2016). Therefore, there is considerable interest in the
dynamics of cortical cholinergic signaling and cholinergic regulation of attentional
processes and capacities and developing procholinergic therapies to treat cognitive
deficits in psychiatric and neurological disorders.

Historically, the organization of the BF cortical projection system was described
as a diffuse and undifferentiated projection system with widespread cortical inner-
vation, which corresponds to the notion that acetylcholine (ACh) influences the
excitability of neurons cortex-wide to modulate global states of arousal and wake-
fulness. Earlier studies that focused on slow and regionally nonspecific changes in
ACh efflux (volume transmission) supported this view (Bartolini and Pepeu 1967;
Descarries 1998; Phillis 1968). However, advancement in electrochemical
approaches to monitor neurochemical events at high temporal and spatial resolution
in the past decade led to the characterization of phasic ACh release that was linked to
specific cognitive events (Howe et al. 2013; Parikh et al. 2007). These developments,
along with the refinement of neuroanatomical tools that revealed a highly organized
topographic arrangement of cortical target-specific groups of BF cholinergic neu-
rons, challenged previous conceptualization and support modality-/region-specific
function of ACh (Lean et al. 2019; Zaborszky et al. 2015, 2018).

Cholinergic signaling is elicited by presynaptic release of ACh that activates two
classes of ACh receptors, nicotinic (nAChR) and muscarinic (mAChR), in a spatially
and temporally selected fashion due to the constraints imposed by the potent
ACh-metabolizing enzyme acetylcholinesterase (AChE). nAChRs are a family of
ligand-gated ionotropic receptors that mediate fast synaptic transmission by altering
cation channel currents. Neuronal nAChRs are pentameric structures that are formed
from a combination of five membrane-spanning units consisting of nine isoforms of
α subunits (α2–α10) and three isoforms of β subunits (β2–β4) and arranged either as
a heteromeric or homomeric assemblies (Gotti et al. 2009). Within the mammalian
cortex, homomeric α7 and heteromeric α4β2 are the most predominant and widely
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distributed nAChRs. mAChRs are metabotropic receptors that, following activation
by ACh, transduce their signaling via heterotrimeric G proteins. The M1 family of
mAChRs include M1, M3, and M5 and signals via Gq proteins, while M2 and M4
mAChRs belong to the M2 family that are coupled to Gi proteins (Thiele 2013).

Efforts to develop cholinomimetic drugs as cognition enhancers have largely
focused on boosting cholinergic transmission. Although psychopharmacological
research to augment cholinergic signaling have generally focused on AChE inhib-
itors, the procognitive therapeutic efficacy of these drugs in human subjects have
remained limited (Pepeu and Giovannini 2009). It is suggested that higher baseline
ACh levels, as a result of AChE blockade, would result in generalized activation of
cholinergic auto- and hetero-receptors that may uncouple presynaptic and postsyn-
aptic mechanisms and, consequently, produce complex changes in the local cortical
networks (Hasselmo and Sarter 2011; Pepeu and Giovannini 2009). Likewise,
pharmacological studies that focused on nonselectively modulating mAChRs and
nAChRs largely reported complex effects on cognition (Hasselmo and Sarter 2011;
Sarter et al. 2009a). This chapter explores recent developments in our understanding
of the cholinergic mechanisms of attention. Specifically, the evidence that phasic
cholinergic signaling in the prefrontal cortex (PFC) is a causal mediator of signal
detection will be discussed. Moreover, studies that support the tonic
neuromodulatory role of cholinergic inputs in top-down attentional control, and
those that provide insights into the potential cellular substrates that integrate the
phasic and neuromodulatory cholinergic signaling modes, will be reviewed. Because
sex differences exist in the central cholinergic system, we will also highlight new
findings that reveal sex differences in cholinergic-attention system. In conclusion,
the framework to develop procholinergic therapies by targeting specific components
of cortical cholinergic signaling will be briefly presented.

2 Cortical ACh and Attentional Performance

Substantial evidence from lesion and microdialysis studies supported the hypothesis
that cortical cholinergic projections are necessary for performance in tasks that
assess a range of attentional functions. A plethora of studies conducted in rodents
demonstrated that selective lesions of BF cholinergic neurons and their cortical
inputs produced by the immunotoxin 192-IgG saporin impair performance in various
tasks of attention. For instance, cortical cholinergic deafferentation of rats trained in
an operant sustained attention task (SAT) disrupted animals’ ability to detect the
signal (correctly respond on signal trials), while sparing response accuracies on
non-signal trials (McGaughy et al. 1996, 2000). In a cross-modal divided attention
task that requires the processing of a visual and auditory conditioned stimulus,
selective cholinergic lesions resulted in a speed-accuracy tradeoff under conditions
of modality uncertainty, with longer correct response latencies in bimodal than in
unimodal blocks of trials (Botly and De Rosa 2009; Newman and McGaughy 2008;
Turchi and Sarter 1997). Additionally, removal of cholinergic inputs from the medial
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PFC reduced choice accuracies under conditions of increased attentional load and
increased perseverative responding in animals performing the five-choice serial
reaction time task (Dalley et al. 2004; Maddux et al. 2007). It is noteworthy that
lesions of BF cholinergic neurons did not robustly impact performance of subjects
trained in tasks that did not explicitly tax attentional processes, illustrating the
specificity of cognitive impairments produced by cortical cholinergic deafferentation
(Baxter et al. 1995; Frick et al. 2004; Vuckovich et al. 2004).

Studies employing in vivo microdialysis procedures in rats reproducibly demon-
strated performance-associated increases in ACh release in the frontal and parietal
cortex in operant tasks of attention (Arnold et al. 2002; Dalley et al. 2001;
Himmelheber et al. 1997; Kozak et al. 2006; Passetti et al. 2000). More importantly,
the levels of ACh release in attentional task-performing animals varied as a function
of the demands on attention but did not correlate with levels of attentional perfor-
mance. Such increases in cortical ACh efflux were not observed in animals
performing various operant control procedures that do not explicitly tax attentional
processes.

Although this research substantiated the claim made by lesions studies
concerning the necessary role of BF cholinergic system in attentional performance,
it remained limited in explaining the precise cognitive operations that are supported
by cortical cholinergic activity. Microdialysis studies typically required 5–10 min of
sample collection to detect ACh concentration in the dialysate using HPLC, which
took over tens of trials to generate a single data point. Thus, the low temporal
resolution of ACh release data limited the demonstration of specific attention task
events or the behavioral/cognitive operations that are responsible for the increases in
cortical cholinergic signaling. Consequently, conclusions based on microdialysis
data were consistent with the conventional characteristics of ACh as a slowly acting
cortex-wide neuromodulator optimizing input processing by regulating arousal
states. As noted above, the presence of ubiquitous and highly potent
ACh-metabolizing enzyme AChE, and the presence of nAChRs that mediate faster
cholinergic signaling, suggests that the functions of forebrain cholinergic system are
not sufficiently described by such notions. With the advent of electrochemical
approaches and refinement in the design of enzyme-based microelectrodes, the
measurement of cholinergic transmission on a faster time-scale became possible.
The evidence generated from research based on these technical breakthroughs,
which show rapid (phasic) changes in cholinergic transmission transients in specific
behavioral contexts, led to the revision of previous conceptualizations of BF cho-
linergic system as discussed next.
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3 Prefrontal Cholinergic Mechanisms of Signal Detection
and Attentional Control

3.1 Phasic ACh Release Mediates Cue Detection

Considerable progress has been made in the development of enzyme-based bio-
sensors to measure electrochemically rapid (on the time-scale of milliseconds to
seconds) changes in extracellular choline levels, as a marker for cortical ACh release
(Giuliano et al. 2008; Parikh et al. 2004). These approaches allow real-time moni-
toring of cholinergic signaling on a trial-by-trial basis in tasks of attention and have
advanced our understanding of the specific role of phasic cholinergic signaling in
signal (cue) detection. Detection here implies a cognitive-attentional process that
relates to the entry of information concerning the presence of a stimulus (signal or
cue) into a processing stream that allows the subject to report the existence of a
signal by an arbitrary response established by the experimenter (Posner et al. 1980).
This process is distinct from orientating that mostly reflects a process of aligning
sensory response to the salient cue.

One of the initial studies that employed choline-sensitive biosensors to record
cholinergic activity from the medial PFC was conducted in awake rats, performing a
cued-appetitive response task (Parikh et al. 2007). This study demonstrated phasic
cholinergic signals (cholinergic transients) evoked by “detected” cues (visual stim-
ulus) that generated a distinct shift from ongoing behavior (e.g., grooming) toward
the monitoring of the reward ports, followed by port approach and reward retrieval in
response to reward delivery. The onset of the cholinergic transient was highly
correlated with the onset of the behavioral shift. Moreover, prefrontal cholinergic
transients were specifically associated with detected cues and did not occur with
other task events such as reward delivery and reward retrieval. In trials involving
missed cues, where the animal oriented to the cue but failed to initiate any response,
cholinergic signals were not observed. Removal of cholinergic inputs to the record-
ing region by locally infusing cholino-immunotoxin 192-IgG saporin, completely
abolished cue-evoked phasic cholinergic signals in detected trials confirming that
signals originated from cholinergic terminals. Collectively, these findings suggested
that transient or phasic increases in prefrontal cholinergic activity mediate
cue-evoked cognitive operations in attention-demanding contexts.

Additional experiments indicated that variation in the time interval between cue
and reward delivery caused variation of the timing of the peak amplitude of
cue-evoked cholinergic signals (Parikh et al. 2007; Parikh and Sarter 2008). This
was an important observation as it indicated that cholinergic transients do not merely
reflect sensory encoding of the cue. If that was the case, variations of cue-reward
intervals should not affect the timing of the cholinergic transients. The variation of
the timing of cue-evoked cholinergic transients indicates that phasic ACh release in
the PFC is associated with a cognitive operation (cue detection), the timing of which
is a function of cue-reward intervals.
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A subsequent study that recorded PFC cholinergic activity in rats performing an
operant SAT reported cholinergic transients during “hits,” i.e., correct responses on
signal trials (Howe et al. 2013). Surprisingly, phasic cholinergic signals were
observed only in 40% of hits. The cholinergic transients that were generated during
hits were preceded either by correct rejections (correct responses on non-signal
trials) or misses (incorrect responses on signal trials). Hits that were not associated
with cholinergic transients were those preceded by hits. These findings indicated that
phasic cholinergic signals mediate signal detection specifically in situations that
involves a shift from monitoring to cue-directed behavior (shift hits). Additional
evidence from fMRI studies conducted in humans performing the SAT task illus-
trated increase BOLD activation in the right rostrolateral/orbital PFC and right BF
during shift hits and that this activation was associated with faster reaction times
(Howe et al. 2013; Sarter et al. 2016).

Another study that combined optogenetics with electrochemistry tested the
hypothesis that cholinergic transients have the capacity to cause signal detection
even in the absence of signals (Gritton et al. 2016). Photostimulation of channel
rhodopsin-expressed BF cholinergic neurons and prefrontal cholinergic terminals
generated optogenetically evoked cholinergic transients and increased hit rates in
SAT-performing mice. Moreover, suppression of phasic cholinergic activity by
photostimulating halorhodopsin-expressed BF cholinergic neurons resulted in
reduced hits without affecting correct rejections. Collectively, these findings indicate
that phasic cholinergic signaling, specifically in the PFC, is not only associated
exclusively with cue detection but are actually the causal mediators of shift hits (i.e.,
shifts from monitoring to signal detection). This view aligns with the lesion studies
(discussed earlier) that show the detrimental effects of cortical cholinergic
deafferentation were linked to detection performance (i.e., hit rates on signal trials
and not correct rejections).

3.2 Top-Down Control of Attention and Cholinergic
Neuromodulation

The ability to maintain stable task performance in the face of challenges or
distractors requires attentional effort (Sarter et al. 2006). Cholinergic
neuromodulation of the prefrontal efferent projections is conceptualized to enhance
stimulus processing and to suppress the processing of irrelevant stimuli, distractors,
or noise in a top-down fashion (Sarter et al. 2005). This hypothesis was supported by
previous microdialysis studies that reported sustained increases in cholinergic activ-
ity during attentional challenges. For instance, steady increases in ACh efflux in
medial PFC of SAT-performing rats were observed when animals moved from
non-performing (baseline) stage to the performing (task) stage; however, ACh levels
increased further with the presentation of visual distractors despite a reduction in hits
(Kozak et al. 2006; St Peters et al. 2011). Human fMRI studies conducted in subjects
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performing SAT reported comparable increases in right PFC activity from baseline
to SAT and then to the distracting condition (Berry et al. 2017; Demeter et al. 2008,
2011). Furthermore, SAT-associated ACh release in the medial PFC was attenuated
in sign-tracking rats that show poor attentional control (Paolone et al. 2013).

Extracellular ACh efflux measured using microdialysis reflects a slower (tonic)
component of cholinergic signaling that ranges from hundreds of seconds to tens of
minutes. Tonic cholinergic activity is proposed to reflect a top-down
neuromodulatory role of BF-cholinergic neurons to regulate cortical detection cir-
cuitry in an attempt to maintain task performance under conditions of distraction
(Sarter and Lustig 2019). Although the dissociation between phasic and
neuromodulatory (tonic) components of cholinergic signaling appears to be distinct
in terms of cognitive operations; the two modes may interact to support overall
attentional performance. This notion is supported by a previous in vivo amperometry
study that reported a positive correlation between the magnitude of slower (time-
scale of minutes) session-related increases in tonic cholinergic activity and the
amplitudes of phasic cholinergic signals in animals performing the cued-appetitive
response task (Parikh et al. 2007). Given the constraints imposed by AChE on
cholinergic signaling, the view that neuromodulatory/tonic cholinergic activity is
driven by “volume transmission” is debated (Sarter et al. 2009b). It remains to be
seen whether cholinergic neuromodulation is a consequence of sustained activity of
BF cholinergic neurons, local presynaptic regulation in the cortical microcircuits, or
another population of BF cholinergic neurons that produce tonic discharges (Sarter
and Kim 2015; Sarter et al. 2014; Unal et al. 2012).

4 Cellular Regulation of Cholinergic Signaling Modes

4.1 High-Affinity Choline Transporters (CHTs)

Cholinergic terminals recover choline from the synaptic cleft following ACh degra-
dation by AChE, through a hemicholinium-3 (HC-3)-sensitive high-affinity choline
transporter (CHT). Because cholinergic synapses rely heavily on choline for ACh
production, the capacity to import choline into presynaptic cholinergic compart-
ments via CHTs dictates the rate of ACh synthesis and release (Ferguson and
Blakely 2004; Sarter and Parikh 2005). CHT-mediated choline uptake was enhanced
in the synaptosomes isolated from the medial PFC of SAT-performing rats; such
increases in choline uptake were not observed in animals that completed a behavioral
control session (Apparsundaram et al. 2005). The same study also reported attention
performance-associated increases in the densities of CHTs on the surface membrane
of prefrontal synaptosomes relative to the intracellular pools (outward CHT traffick-
ing). Another study found a decline in the capacity to generate prefrontal cholinergic
transients following sustained BF stimulation in CHT heterozygous mice (Parikh
et al. 2013). Moreover, these mutants displayed high vulnerability to the effects of
visual distractors in SAT and disrupted trafficking of subcellular CHTs. Likewise, a
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recent fMRI study that involved human subjects expressing a I89V variant of CHT
(low CHT capacity) did not find increases in right prefrontal activity in these subjects
during increases in attentional demands that is typically seen in normal subjects
(Berry et al. 2015). Taken together, these interesting findings point toward an
important role of CHT function in regulating presynaptic cholinergic
neuromodulation and in sustaining phasic cholinergic signaling under situations
that impose increased demands on BF cholinergic neurons, such as top-down
attentional control.

4.2 nAChRs

Substantial evidence indicates that the administration of nicotine and nAChR ago-
nists, specifically those that activate α4β2 nAChRs, exert beneficial effects on
attention and related cognitive abilities (Allison and Shoaib 2013; Howe et al.
2010; Newhouse et al. 2004; Sarter et al. 2009a; Stolerman et al. 2000; Wilens
and Decker 2007). α4β2 nAChRs situated on thalamic glutamatergic projections in
the medial PFC are an important component of attention circuitry and that stimula-
tion of these receptors increase glutamatergic activity (Lambe et al. 2003; Lucas-
Meunier et al. 2009). Moreover, neuropharmacological studies employing in vivo
amperometry demonstrated that the stimulation of α4β2 nAChRs produces transient
increases in glutamate and ACh release in the medial PFC and that thalamocortical
glutamatergic terminals are necessary for the generation of cholinergic transients
(Parikh et al. 2008, 2010). Moreover, systemic administration of a full α4β2 nAChR
agonist S38232 improved attentional performance following the presentation of
distractor in rats (Howe et al. 2010). As noted above, attention control requires
cholinergic neuromodulation, and it is possible that α4β2 nAChR activation facili-
tates phasic cholinergic signaling by tonically modulating glutamatergic-cholinergic
interactions (Hasselmo and Sarter 2011). Although α7 nAChR agonists have also
been reported to augment prefrontal glutamatergic transmission, they did not pro-
duce faster cholinergic transients as observed with the stimulation of α4β2 nAChRs
(Bortz et al. 2013; Parikh et al. 2010). It is possible that α7 nAChRs recruit other
ascending modulators such as monoamines which impact the dynamics of BF
cholinergic signaling in a different way resulting in more complex effects on
attention.

4.3 mAChRs

Systemic administration of mAChR antagonist scopolamine has consistently been
shown to produce attentional impairments indicating that mAChRs may be impor-
tant for cholinergic mediation of attention (Callahan et al. 1993; Chudasama et al.
2004; Young et al. 2013). However, the beneficial effects of mAChR agonists on
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cognitive processes have remained complex and could not be reliably demonstrated
in clinics presumably due to lack of the availability of specific ligands targeting
specific mAChR subtypes. It has been suggested that postsynaptic M1 receptors
localized on cortical pyramidal neurons enhance voltage-dependent Ca2+ influx and
action potential output in response to phasic release of ACh (Dasari et al. 2017).
Moreover, a recent study reported that cue-evoked cholinergic transients in the
medial PFC of animals performing the Pavlovian cued-approach task triggered
theta-gamma coupling, and this synchronization and cue detection was disrupted
following M1 receptor blockade (Howe et al. 2017). Thus, M1 receptor activation
may regulate phasic ACh-induced prefrontal network synchrony required for cue
detection.

5 Sex Differences and the Cholinergic Mediation
of Attention

5.1 Neurochemical Sex Differences

The synthesis, release, and postsynaptic effects of many neurotransmitters systems
are influenced by biological sex, and the BF corticopetal cholinergic system is no
exception. As noted, a critical ACh-producing region within this circuit is the nBM.
In rats, although a sex difference is not always observed (Gibbs 1996), there are
reports that the nBM of females has more neurons containing the cholinergic
synthetic enzyme, choline acetyltransferase (ChAT), than the nBM of males (Takase
et al. 2007, 2009). The sex difference in ChAT neurons may be specific to the nBM,
as it does not occur in the HDB (Takase et al. 2009), suggesting that the regions
within the BF corticopetal cholinergic system are differentially influenced by sex.
An increase in ChAT in the female nBM could facilitate their production of ACh
relative to males. Consistent with this idea, the females have higher tonic ACh
release than males in the mPFC (Takase et al. 2007, 2009). This sex differences in
cortical ACh is observed across the circadian release profile for ACh (Takase et al.
2009). The enhanced tonic cortical ACh release in females may facilitate their
top-down attentional control relative to males. However, sex differences in phasic
ACh release have not been assessed. Given the greater capacity of females to
synthesis of ACh, it is possible that a similar sex difference in phasic cholinergic
signals would be detected, but further studies are needed.

Sex differences in ACh production and release likely result from circulating
ovarian hormones. Cholinergic neurons in the BF contain estradiol receptors (ER),
including ERα and the G-protein coupled ER (Gibbs 1996; Miettinen et al. 2002).
Although ER levels in the BF cholinergic neurons are comparable in male and
female rats (Gibbs 1996), the higher circulating levels of estradiol in females
could preferentially influence their BF. One mechanism by which estradiol could
influence cholinergic neurons is via the regulation of ChAT. Estradiol administration
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to ovariectomized female rats increases ChAT levels in nBM, but not the HDB
(Gibbs 1997; Gibbs et al. 1994). In contrast to the role of estradiol, manipulation of
testosterone in males does not affect ChAT in the nBM (Nakamura et al. 2002).
Collectively, these studies suggest an increased nBM production and release of ACh
in females that is driven by estradiol regulation of ChAT.

As noted, ACh exerts its effects through nAChRs and mAChRs. In humans,
women have more β2-containing nAChRs and mAChRs in the frontal cortex than
men (Cosgrove et al. 2012; Yoshida et al. 2000). These receptors also appear to be
regulated by estrogens. Estradiol potentiates the human alpha4beta2 subtype of the
nicotinic receptor (Curtis et al. 2002). In rats, mAChR binding is highest in females
in the proestrous stage of the estrous cycle, which is the stage when estradiol levels
are highest (van Huizen et al. 1994). Additional evidence for estrogenic regulation of
cholinergic receptors comes from studies associating the loss of estrogens in men-
opause with a reduction in nAChRs and mAChRs (Norbury et al. 2007; Tinkler and
Voytko 2005). Interestingly, postmenopausal women receiving estrogen replace-
ment therapy have higher mAChR density in the lateral frontal cortex than untreated
postmenopausal women (Norbury et al. 2007), indicating that restoring estrogen
levels can mitigate against the negative effect of hormone loss on cholinergic
receptor levels. When these findings are considered with the aforementioned studies
on ACh production and release, it appears that, compared to males, the basal
forebrain corticopetal system of females has a greater capacity for producing and
responding to ACh, which could improve attention in females.

5.2 Behavioral Sex Differences

Psychiatric disorders with attention dysregulation often occur at different rates in
men and women. For example, men are more likely to be diagnosed with ADHD and
schizophrenia (Mendrek and Mancini-Marïe 2016; Ramtekkar et al. 2010). These
disorders can also present differently in men and women, such that men with
schizophrenia, for example, have greater deficits in cognitive processes, including
attention (Goldstein et al. 1998; Mendrek and Mancini-Marïe 2016; Zhang et al.
2012). In aging populations, there is evidence that women have higher rates of
Alzheimer’s disease than men (Gao et al. 1998; Mazure and Swendsen 2016). This
sex difference has been attributed to a loss of estradiol in women, and there is some
evidence that hormone replacement therapy reduces Alzheimer’s disease risk, espe-
cially when hormone replacement therapy is initiated within a short period of
oophorectomy or natural menopause (Mielke et al. 2014; Rocca et al. 2011; Whitmer
et al. 2011).

In healthy populations, there is also evidence for sex differences in certain aspects
of attention. For example, women outperform men on a divided attention paradigm
and their enhanced capacity to rapidly switch attention is thought to explain their
better ability to multitask than men (Seçer and Yılmazoğulları 2016; Stoet et al.
2013). In rodents, females also do better at certain tasks of attention than males. For

80 V. Parikh and D. A. Bangasser



example, auditory distractors are less disruptive in female than male mice in an
interval timing task (Buhusi et al. 2017). However, sex differences in attention may
be specific to certain attentional processes because they are not observed in every
attention task. For example, male and female rats perform similarly under baseline
parameters in task of spatial divided attention (Bayless et al. 2012; Jentsch and
Taylor 2003). When the task is made more difficult (e.g., by increasing the intertrial
interval, decreasing the visual stimulus), females make more vigilance errors, while
males make more errors of inhibitory control (Bayless et al. 2012, Jentsch and Taylor
2003). Similarly, performance on the SAT is comparable between male and female
rats, even on the signal trials that require the release of ACh in the mPFC (Bangasser
et al. 2017; Cole et al. 2016). These studies indicate that sex differences in attention
differ based on the attentional process examined and often do not emerge until tested
under challenging conditions.

There are some reports of estradiol regulating attentional processes. On a task of
divided attention, a loss of estrogens impaired performance when conditions were
challenging and this decrement was rescued by the administration of estradiol
(Barnes et al. 2006). In contrast, performance in the sustained attention did not
change across the estrous cycle (Cole et al. 2016), and ovariectomy did not impair
performance on the task and, surprisingly, prevented a decrease in performance
across the session (McGaughy and Sarter 1999). However, if BF cholinergic neurons
were damaged with a selective neurotoxin, high levels of estradiol improved aspects
of performance on the sustained attention task (McGaughy and Sarter 1999). These
data suggest that when task parameters are easy the effects of estradiol on attention
are difficult to detect; however, when the system is challenged, estradiol improves
attention. In support of this, we challenged male and female rats with the stress
neuropeptide, corticotropin-releasing factor (CRF), and assessed their performance
on the sustained attention task (Cole et al. 2016). We found a significant dose-
dependent impairment in all aspects of attention that was similar between the sexes.
However, when the estrous cycle stage was assessed in females, we found that CRF
impaired attention during estrous cycle phases with low levels of ovarian hormones
but had little effect during phases with high levels of ovarian hormones (Cole et al.
2016). Functional connectivity analysis on brain networks activated (as measured
with cFOS) by CRF revealed that female in the proestrous phase of their cycle that is
characterized by high ovarian hormone levels had higher connectivity between the
nBM and mPFC than females in the phase of their cycle with low ovarian hormones
and males (Wiersielis et al. 2016). This finding indicates that estradiol may promote
stress resilience by increasing the coupling of brain regions within the of the BF
corticopetal cholinergic system. The mechanism by which this occurs, however,
remains to be determined.

In sum, females appear to produce and release more ACh in the BF corticopetal
system, and this effect is linked to estradiol. When it comes to behavior, which is
more complex and often involves many regions, neurotransmitter, and hormones
systems, there tends to be a bias toward females being better than males in certain
aspects of attention, but this does not occur for all endpoints tested. When the system
is challenged, however, estradiol can help promote resilience to attention deficits.
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This finding suggests that treatment with estrogens may be a method to improve
attention in people diagnosed with psychiatric disorders. In support of this idea, the
selective estrogen receptor modulator, raloxifene, improved attention/processing
speed for both men and women with schizophrenia (Weickert et al. 2015). More
work is needed, but understanding sex differences and hormonal regulation of the
BF corticopetal cholinergic system will likely lead to novel therapies to improve
cognition in psychiatric patients.

6 Conclusions

The presented evidence in support of the view that cortical cholinergic signaling
mediates discrete components of attentional processing challenges the traditional
conceptualizations that view ACh as a slow neuromodulator of cortical arousal. The
findings that phasic ACh release mediates the detection of signals in attention-
demanding contexts have major implications in understanding the role of cholinergic
dysfunction in the manifestation of cognitive symptoms of neuropsychiatric disor-
ders and age-related dementias. Dysregulated phasic cholinergic transients could
disrupt attentional abilities of patients suffering from schizophrenia and attention-
deficit hyperactivity disorder (Sarter and Paolone 2011; Sarter et al. 2012). Abnor-
malities in the orchestration of phasic cholinergic signaling may precede global and
structural decline in cholinergic function and consequently the loss of cholinergic
neurons in Alzheimer’s disease (Mesulam 2004).

The development of procholinergic drugs to improve cognitive symptoms of
psychiatric and neurological conditions may benefit tremendously by moving
away from previous views concerning volume transmission of ACh and not focusing
on drugs that produce generalized increase in cholinergic transmission (such as
AChE inhibitors). As discussed above, the new evidence from neuropharmacology
and behavioral studies indicate that drugs that specifically amplify cholinergic
transients via tonic neuromodulation of cholinergic synapses (e.g., α4β2 nAChR
agonists) may improve attentional control. Likewise, M1-selective mAChR agonists
may exert beneficial effects on cue detection by enhancing the efficiency of phasic
ACh for synchronizing the activity of prefrontal networks. At the presynaptic level,
drugs that influence molecular mechanisms to enhance the capacity of cholinergic
synapses to sustain phasic cholinergic signaling (e.g., choline transporter-mediated
choline uptake mechanisms) may enhance attentional performance. Finally, research
on the hormonal regulation of cholinergic transmission is just beginning to answer
specific questions concerning sex differences in the cholinergic-attention system.
This research will greatly benefit the development of procholinergic drugs for
sex-specific treatment of the cognitive symptoms of psychiatric disorders.
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Abstract The prefrontal cortex underlies our high order cognitive abilities and is the
target of projections from many neuromodulatory nuclei. The dorsolateral prefrontal
cortex is particularly critical for rule representation and working memory, or the ability
to hold information “in mind” in the absence of sensory input. Emerging evidence
supports a prominent and permissive role for acetylcholine in these excitatory circuits,
through actions at cholinergic nicotinic receptors. Here we review the involvement of
acetylcholine in working memory via actions at nicotinic receptors.
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1 Introduction

The prefrontal cortex (PFC) is the most newly evolved cortical region, showing the
greatest expansion across primate evolution, and subserves our higher cognitive
functions. The PFC is innervated by many neuromodulators, which act to gate or
fine-tune the activity of PFC networks. One of these neuromodulators, acetylcholine
(ACh), plays a particularly important role in dorsal PFC areas involved in attention,
top down control of actions, and working memory. This chapter will focus on the
cholinergic mechanisms influencing the attention, working memory, and rule repre-
sentation functions of the dorsolateral PFC (dlPFC). All of these functions require
the ability to maintain information in mind – e.g., a goal or rule for future actions –
and to protect this information from the distraction of intervening events. Recent
research shows that cholinergic mechanisms play a key role in these dlPFC functions
and provide a physiological link between arousal state and strength of cognitive
operations.

2 Cholinergic Nuclei and Projections

ACh is synthesized and released in eight primary nuclei in the primate brain. Four of
these nuclei reside in the brainstem and midbrain and project to the thalamus, the
dopamine-producing midbrain nuclei, interpeduncular brain stem nuclei, and the
superior colliculi. Two of these brainstem and midbrain cholinergic nuclei, the
pedunculopontine nucleus (PPT) and the laterodorsal tegmental nucleus (LDT),
play a critical role in arousal and sleep circuitry, with dense projections to the
brainstem reticular formation and to thalamic relay nuclei (Steriade et al. 1990;
Steriade et al. 1988; Yeomans 2012). The remaining four cholinergic nuclei com-
prise the basal forebrain (BF) and project to olfactory bulb, hippocampus, amygdala,
and cortex. The four distinct nuclei comprising the BF are distinguished based on
projection patterns. The nucleus basalis of Meynert (CH4) contains >90% cholin-
ergic neurons and innervates the entire cortical mantle and amygdala. This nucleus
can itself be divided into four distinct subregions based on innervation targets. The
horizontal limb of the diagonal band (Ch3) contains ~1% cholinergic neurons and
heavily innervates the olfactory bulb. The vertical limb of the diagonal band (CH2)
and the medial septum (CH1) express ~70% and 10% cholinergic neurons respec-
tively, and both primarily target the hippocampal formation and the hypothalamus
(Mesulam et al. 1983).

ACh acts via two classes of receptors, nicotinic and muscarinic. The muscarinic
class of receptors are metabotropic, of which there are five types (M1–M5) that can
be split into two groups based on their G-protein coupling to either Gαq (M1, M3,
M5) or Gαi (M2, M4). The nicotinic class of receptors are ionotropic receptors
comprised of either homomeric alpha (1–9) subunits or a heterogeneous combina-
tion of alpha and beta (1–4) subunits. These nicotinic receptors differ in their affinity
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for acetylcholine, their sensitization following ACh binding, and their permeability
to different ion species (for review see Albuquerque et al. 1997). The two most
studied of these nicotinic receptors, the homomeric α7 receptor (Nicα7R) and the
heteromeric α4β2 receptor (Nicα4β2R), both influence working memory microcir-
cuits in the dlPFC and will be the focus of this chapter. We will also discuss the
emerging field of muscarinic actions in dlPFC, with focus on M1.

3 Cholinergic Regulation of Arousal State

Accumulating evidence points to a key role for ACh projections in conscious
wakefulness, where studies in cats have shown high firing rates in the ACh brain
stem nuclei during conscious wakefulness and paradoxical or REM sleep but very
low firing rates during deep/slow wave sleep (Kayama et al. 1992; Steriade et al.
1990). Studies in rats have also implicated an important role for ACh in circadian
rhythm and sleep onset, where injection of the nicotinic antagonist α-bungarotoxin
into the superchiasmatic nucleus blocked the effects of light exposure in the pineal
gland, which rapidly reverses high levels of serotonin N-acetyltransferase (Zatz and
Brownstein 1981). These studies are supported by research in patients with temporal
lobe epilepsy where imaging and intracranial electroencephalography has indicated
a key role for the cholinergic midbrain pedunculopontine tegmental nucleus in loss
of consciousness during seizure (Andrews et al. 2019; Englot et al. 2010). While the
percentage of cholinergic cells within the BF appears to be much lower in rodents
(Gritti et al. 1997) (for review of species difference see Coppola and Disney 2018)
these circuits have also been shown to play a critical role in sleep-wake cycles and
PFC arousal in mice (Xu et al. 2015).

4 Acetylcholine in PFC and Attention

Consistent with its role in cortical arousal, ACh has been shown to play an important
role in attentional modulation (Voytko et al. 1994), e.g., in the primary visual cortex
(Herrero et al. 2008), and in the PFC. Studies in rodents have found an increase in
ACh release in both PFC and parietal cortex during visually detected cues, and PFC
guided attention can cause release of ACh in parietal cortex, but parietal guided
cannot initiate ACh release in PFC, highlighting the importance of cholinergic tone
in PFC for top-down cognitive processes (Nelson et al. 2005; Parikh et al. 2007).

Attention can be driven either by bottom-up processes (such as salient visual
stimuli in the environment) or from top-down processes in the PFC directing
attentional resources (Buschman and Miller 2007), the latter of which mediates
cholinergic release in other cortical areas. Evidence in humans suggests that this
PFC-initiated ACh release in visual areas is only critical for top-down attentional
modulation, but not bottom-up salient cue detection (Rokem et al. 2010). The actions
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of ACh following the transient release in PFC during cued detection tasks in rodents
are through both Nicα7R and Nicα4β2R, where Nicα4β2R are critical for regulating
the amplitude of ACh release, and Nicα7R contribute to the decay of such transients
in PFC (Parikh et al. 2010). This distinct contribution of different nicotinic receptors
for cholinergic release and modulation of neuronal activity is also seen in working
memory circuitry in the dlPFC.

5 Acetylcholine in Working Memory

The dlPFC is critical for working memory. It has been appreciated for almost a
century that lesions to the frontal lobe produce marked, permanent deficits on
working memory tasks (Jacobsen 1936), with lesions restricted to the dlPFC region
surrounding the principle sulcus specifically impairing visual spatial working mem-
ory (Goldman and Rosvold 1970). The importance of ACh for working memory in
primates was clearly shown in 2011 by Croxson and colleagues, where depletion of
ACh selectively in PFC caused a dramatic reduction in performance of a visuospatial
working memory task while showing no deficit in other PFC-dependent tasks. This
deficit in working memory performance was equitable to the behavioral effect of
complete dlPFC tissue ablation (Croxson et al. 2011; Goldman and Rosvold 1970;
Goldman et al. 1971). Recent work has focused on uncovering the physiological
basis for these important actions.

The neural microcircuits that underlie spatial working memory are thought to
reside in deep layer III of dlPFC and are comprised of glutamatergic pyramidal
neurons and GABAergic interneurons (Goldman-Rakic 1995; Kritzer and Goldman-
Rakic 1995). This lamina also shows the greatest expansion across primate evolu-
tion, showing particularly significant expansion of pyramidal cell dendrites and
increases in dendritic spine density (Elston et al. 2005; Elston et al. 2006; Elston
and Fujita 2014). The excitatory neurons in these circuits show extensive horizontal
projections, allowing for connections between distal columns of layer III neurons
(Gonzalez-Burgos et al. 2000). Neurons within dlPFC increase their firing across the
delay epoch in a working memory task (Funahashi et al. 1989). These neurons,
termed “Delay cells,” show this persistent activity for particular spatial locations,
with distinct spatially tuned preferred locations in visual space. The extensive
horizontal projections of these neurons in deep layer III are thought to create
networks of interconnected neurons with similar spatial tuning, forming a circuit
able to support recurrent excitation to maintain representation of visuospace in the
absence of continued sensory input, sculpted by GABAergic inhibition to limit
activity to preferred directions (Goldman-Rakic 1995).

The excitatory connections between these similarly tuned pyramidal neurons
critically rely on NMDA receptors (NMDARs), and particularly rely on NMDARs
containing NR2B subunits. Unlike classic excitatory synapses, these glutamatergic
connections express the slower closing, NR2B subunits in the adult post-synaptic
density (PSD), and computational modeling has shown that the slower kinetics of
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NR2B are critical for maintaining persistent activity through recurrent excitation
(Wang et al. 2013). Blockade of NMDAR in general, or selective targeting of either
NMDAR-NR2B or NMDAR-NR2A, markedly reduces Delay cell firing. Impor-
tantly, blockade of AMPAR had only subtle effects on Delay cell firing, indicating
that the classic, permissive role of AMPAR must be carried out by other receptors in
or near the PSD. As detailed below, ACh appears to play this critical role in
activating these NMDAR-dependent circuits for delay-related activity in dlPFC.

Nicα7Rs are highly expressed in dlPFC layer III, and immunoEM localized these
receptors within the PSD of presumed glutamatergic synapses on dendritic spines
(Yang et al. 2013). Activation of Nicα7R using selective agonists caused a signif-
icant increase in delay-related firing for the preferred direction and not for other
non-preferred directions, enhancing spatial tuning. Application of Nicα7R selective
antagonists had the reverse effect, dramatically and significantly eroding delay-
related firing and reducing spatial tuning. Consistent with a permissive effect of
Nicα7R for NMDAR activation (Fig. 1), these experiments showed that delay
activity was increased with direct application of NMDA, but not under conditions
when Nicα7R were blocked (Yang et al. 2013). Thus, Nicα7R stimulation was
needed for excitatory NMDA actions.

The enhancing effect of activating Nicα7R showed an inverted-U dose-response,
both at the cellular level on delay-related activity and at the behavioral level when

Fig. 1 Nicotinic α7 receptors are permissive for NMDA receptor activation in dlPFC circuits
underlying working memory. The recurrent excitatory connections between glutamatergic pyrami-
dal neurons underlying spatial working memory require NR2B-NMDA receptor activation. NMDA
receptors require both agonist binding and membrane depolarization for receptor activation.
Glutamatergic AMPA receptors play a minimal role in these circuits, and instead ACh plays this
permissive depolarization role in dlPFC for NMDA receptor activation via actions at Nicα7
receptors present within the PSD of dendritic spines
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given systemically to primates. While low doses of Nicα7R agonists enhance Delay
cell activity, iontophoresis of high doses to Delay cells causes increased firing for
both the preferred direction and the non-preferred directions, an increase in overall
firing that reduces the signal-to-noise ratio. This inverted-U was also seen in
systemic behavioral studies in primates, where improvement was seen with lower
doses, but at higher doses this enhancement was lost (Yang et al. 2013). These
findings highlight the difficulties in translating cognitive-enhancing effects to human
studies, as the dose of Nicα7R agonist must be very low to avoid these nonspecific
excitatory actions.

In addition to Nicα7R, the most highly expressed nicotinic receptor, Nicα4β2s are
also present in PFC (Quik et al. 2000), and have the highest affinity for nicotine, and
expression of these receptors in the dopamine reward pathway underlie the
reinforcing and addicting properties of nicotine (Picciotto et al. 1998). In PFC,
experiments investigating the role of these receptors in working memory found a
key role in attention-related activity and resistance to distractors (Sun et al. 2017).
Iontophoretic activation of these receptors in dlPFC with a selective agonist did not
significantly increase delay-related firing, but could prevent the significant reduction
in delay activity seen during presentation of distracting stimuli during the delay
period. Blockade of these receptors also does not significantly impact Delay cell
activity, but does significantly reduce activity of neurons showing elevated persistent
activity across the entire duration of each trial, termed “Fixation” cells (Sun et al.
2017). These neurons are thought to represent visual attention during spatial working
memory tasks, required for the duration of each trial. A critical role for ACh actions
at Nicα4β2Rs for attention is also supported by studies in rodents, where attentional
deficits in α4β2 KO mice were restored by lentiviral expression of α4β2 exclusively
in PFC (Guillem et al. 2011). Thus, the interplay of attention and working memory
processes is intimately intertwined in these circuits, e.g., protecting the contents of
working memory from distraction. The circuit basis for Nicα4β2R actions is
unknown, but may provide clues regarding the mechanism by which dlPFC can
suppress irrelevant information from the contents of working memory.

6 Cholinergic Modulation of Cognitive Control

There is also recent evidence that ACh acts on muscarinic receptors in dlPFC during
both spatial working memory and cognitive control tasks in primates (Major et al.
2015, 2018; Vijayraghavan et al. 2018; Zhou et al. 2011). Both behavioral perfor-
mance on a working memory task and Delay cell activity are impaired in primates
administered the general muscarinic antagonist scopolamine (Zhou et al. 2011). To
determine if these effects of systemic muscarinic antagonism were due to local
actions on receptors in dlPFC, further studies have investigated the role of local
modulation of muscarinic receptors. Activity during the delay period in a cognitive
control task was also found to be reduced when scopolamine was administered
locally to dlPFC via iontophoresis (Major et al. 2015). In these experiments, subjects
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must make an eye saccade either toward or away from a target based on a rule
indicated by a particular cue. Neurons in dlPFC with preferential activity for one rule
or saccade direction showed reduced firing following scopolamine application
(Major et al. 2015). These neurons also showed reduced rule selectivity following
high doses of the general muscarinic agonist, carbachol (Major et al. 2018), either
via exciting or suppressing activity, suggesting an inverted-U effect of cholinergic
actions in PFC for muscarinic activation similar to nicotinic receptors (Yang et al.
2013). As carbachol also stimulates nicotinic a7 receptors (Li et al. 2010), these
effects of destruction of rule representation seen with carbachol application may also
be influenced by local nicotinic actions.

Muscarinic M1 receptors are the most highly expressed in cortex (Levey 1993)
and have been localized postsynaptically on neurons in primate dlPFC (Mrzljak et al.
1993). Thus, these receptors may be the prominent substrate in PFC for the actions of
general muscarinic drugs. To investigate this, Vijayraghavan and colleagues
assessed alterations in neuronal firing in dlPFC during the above-mentioned cogni-
tive control task using M1-selective compounds, with mixed effects (Vijayraghavan
et al. 2018). Both the M1 selective positive allosteric modulator used, an M1
selective agonist, and M1 selective antagonist all inhibited a proportion of neurons
and excited a proportion of neurons. These results seemed to be similar for both
presumed pyramidal broad spiking neurons and presumed GABAergic narrow
spiking cells. The proportion of inhibited neurons over excited neurons increased
dose dependently with M1 receptor stimulation, but showed no significant change
across doses with M1 receptor antagonist application. These data suggest there may
be high endogenous ACh tone in primate PFC during engaged cognitive behavior in
young adult monkeys, and thus additional M1 agonist application overstimulates
receptors and reduces rule selectivity, as seen with general muscarinic antagonism
with carbachol (Major et al. 2018; Vijayraghavan et al. 2018). Given the therapeutic
potential of M1R agonists, this remains an area of continued research.

7 Relevance to Disease

In addition to deepening our knowledge of the biological basis for healthy cognitive
functioning, understanding the role of ACh in cognitive processes such as working
memory is also critical for our understanding of psychiatric disorders with cognitive
deficits. One disease with prominent working memory deficits and PFC atrophy is
schizophrenia. Onset of this disorder appears in late adolescence to early adulthood,
and among other symptoms is characterized by significant cognitive dysfunction,
including working memory deficits. Our understanding of ACh actions is particu-
larly relevant to schizophrenia, as the gene locus for the nicotinic α7 subunit has
been found in genetic association studies to represent increased risk (Bakanidze et al.
2013), and there is evidence of reduced receptor protein for the α7 subunit in PFC of
patients (Guan et al. 1999). Additionally, schizophrenic patients show a significantly
higher rate of tobacco smoking than the general population (Hughes et al. 1986)

Involvement of Nicotinic Receptors in Working Memory Function 95



which may indicate a mechanism for self-medicating to boost dlPFC circuits critical
for working memory and attention in the brain. Nicα7R agonists and PAMs have
been a focus for therapeutic drug development, but the narrow inverted-U dose-
response has made this challenging.

The cholinergic system has also been implicated in the pathophysiology of
Alzheimer’s disease (AD), where over-progression of the disease pyramidal cells
in association cortex is most susceptible to degeneration, leading to significant
cognitive impairments through advancing stages (Bussiere et al. 2003; Morrison
and Hof 2007). AD is associated with a loss of BF volume in advancing stages of
cognitive deterioration (Grothe et al. 2012) and BF neurons exhibit both amyloid β
deposits and neurofibrillary tangle pathology in various stages of AD (Sassin et al.
2000). The known association of cholinergic degradation in AD led to the develop-
ment of currently available treatments for the disease (such as galantamine,
rivastigmine, and donepezil), all of which primarily inhibit the activity of the enzyme
that degrades ACh, acetylcholinesterase (Galimberti and Scarpini 2016). These
drugs all boost cognition in patients initially, but do not halt or alter the progression
of the disease, and as such are only able to boost remaining neurons based on
remaining ACh release, but as BF cells and cortical neurons themselves die, these
drugs lose efficacy (Bullock and Dengiz 2005).

8 Conclusion

ACh plays a critical role in conscious arousal and PFC-dependent processes. As
detailed here, one of these PFC-dependent cognitive processes in dlPFC, working
memory, requires ACh release for circuit function. In these dlPFC circuits, ACh acts
on both muscarinic M1 and nicotinic α7 and α4β2 receptors to regulate the neurons
underlying working memory, with permissive actions for Delay cell activation at
Nicα7Rs and resistance to distractors via actions at Nicα4β2Rs. ACh also acts on
Nicα4β2Rs to contribute to attention, significantly modulating Fixation cell activity
during cognitive tasks. Understanding the intricacies of cholinergic modulation of
PFC not only advances our understanding of cognitive processes in the brain, but
also strengthens our understanding of disorders of the brain, and closer to finding
effective treatments and potential causes. Highlighted here is the relevance of our
understanding of cholinergic actions in working memory for schizophrenia, though
this information is also relevant for many other disorders with cognitive symptoms.
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Abstract Nicotine underlies the reinforcing properties of tobacco cigarettes and
e-cigarettes. After inhalation and absorption, nicotine binds to various nicotinic
acetylcholine receptor (nAChR) subtypes localized on the pre- and postsynaptic
membranes of cells, which subsequently leads to the modulation of cellular function
and neurotransmitter signaling. In this chapter, we begin by briefly reviewing the
current understanding of nicotine’s actions on nAChRs and highlight considerations
regarding nAChR subtype localization and pharmacodynamics. Thereafter, we
discuss the seminal discoveries derived from genetically modified mouse models,
which have greatly contributed to our understanding of nicotine’s effects on the
reward-related mesolimbic pathway and the aversion-related habenulo-
interpeduncular pathway. Thereafter, emerging areas of research focusing on mod-
ulation of nAChR expression and/or function are considered. Taken together, these
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discoveries have provided a foundational understanding of various genetic, neuro-
biological, and behavioral factors underlying the motivation to use nicotine and
related dependence processes, which are thereby advancing drug discovery efforts to
promote long-term abstinence.

Keywords Addiction · Brain · e-cigarette · Nicotine · Nicotinic acetylcholine
receptors (nAChRs) · Tobacco cigarette

1 Introduction

Nicotine is the primary active constituent in tobacco-containing products, which is
responsible for maintaining smoking behavior in humans (Stolerman and Jarvis
1995). Recently, nicotine has also been formulated for vapor inhalation via
e-cigarette devices (Electronic Nicotine Delivery Systems, or ENDS (St Helen
et al. 2016)). Concomitant with a decrease in combustible tobacco cigarette use,
the use of e-cigarettes, especially among adolescents, has drastically risen in recent
years (Wang et al. 2018). Indeed, from 2017 to 2018, there was a rapid increase in
vaping prevalence among adolescents aged ~13–18 years old, with nicotine vaping
rates translating to roughly an additional 1.3 million adolescent users in 2018
compared to 2017 (Miech et al. 2019). Although e-cigarettes may have value as a
nicotine replacement strategy for current tobacco smokers (Hajek et al. 2019), the
increasing patterns of e-cigarette use among adolescents have become of high
concern and warrant further investigation. As well, among current smokers, some
studies show that e-cigarettes are not liked as much as tobacco cigarettes (Strasser
et al. 2016), and, therefore, additional research is needed to determine the ability of
e-cigarettes to accomplish nicotine replacement and harm reduction to act as a quit
aid (Rennie et al. 2016; Selya et al. 2018).

Chronic exposure to nicotine or nicotine-containing products is associated with
detrimental health effects, including enhanced brain injury and/or stroke risk (Sifat
et al. 2018); altered blood-brain barrier permeability (Hawkins et al. 2004); promo-
tion of tumor growth via nicotine and its carcinogenic metabolites cotinine,
N0-nitrosonornicotine (NNN), and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK (Ginzkey et al. 2012, 2013; Jacob et al. 2009; Nakada et al. 2012); and early
onset of menopause in women (Bellavia et al. 2016), among others. Of importance,
recent research has found that e-cigarette smoke may be carcinogenic and lead to
increased risk of lung and bladder cancer, as well as heart disease, due to DNA
damage (Lee et al. 2018). Given the harmful health effects associated with chronic
use of nicotine-containing products, understanding the mechanisms that drive nico-
tine use is essential.

Nicotine is an agonist at nicotinic acetylcholine receptors (nAChRs), the structure
and function of which were discovered in the early 1980s using ligand-binding
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assays (Clarke et al. 1985; Patrick and Stallcup 1977). The nAChRs are members of
a large family of cys-loop homologous receptors, which also includes muscle
acetylcholine receptors, GABAA/C, glycine, and serotonin type 3 receptors (Miller
and Smart 2010). The nAChRs are pentameric ion channels, whereby either
homomeric or heteromeric subunits combine together to form a central pore (Zoli
et al. 2015). The subunit composition and stoichiometry of nAChRs determine its
unique pharmacological binding profile, as well as its susceptibility to desensitiza-
tion (Picciotto et al. 2008).

Decades of research have uncovered important neural mechanisms that drive
nicotine self-administration behavior. Specifically, nicotine engenders self-
administration through activation of high-affinity β2 subunit-containing (denoted
β2�) nAChRs localized on dopamine-containing cell bodies within the ventral
tegmental area (VTA (Klink et al. 2001; Picciotto et al. 1998)) and by altering
glutamatergic and GABAergic tone in the VTA (Mansvelder et al. 2002). The net
result of nicotine-induced activation of nAChRs is increased levels of extracellular
dopamine within the nucleus accumbens (NAc (Pontieri et al. 1996)), which is
hypothesized to contribute to its reinforcing effects. Although activation of nAChRs
can lead to motivated behavior, it is also through desensitization/inactivation that
nAChRs can alter acetylcholine signaling and neuronal function (Colombo et al.
2013), which may contribute to modulation of nicotine-motivated behavior. Impor-
tantly, both acetylcholine and nicotine lead to nAChR desensitization; however,
nicotine leads to prolonged inactivation of these receptors, with a slower rate of
recovery than the endogenous ligand (Giniatullin et al. 2005). Interestingly, α4β2
nAChR desensitization occurs following cigarette smoking, which is correlated with
reductions in cigarette craving (Brody et al. 2006).

It is important to note that nAChRs are expressed neuronally, on both pre- and
postsynaptic terminals as well as on postsynaptic somatodendrites (Albuquerque
et al. 2009). Additionally, some nAChRs (e.g., homomeric α7) are localized on
astrocytes and microglia in the brain (Graham et al. 2003; Jensen et al. 1997; Noda
and Kobayashi 2017; Shen and Yakel 2012; Shytle et al. 2004), which have
important functions at glutamatergic neuronal synapses that impact synaptic plas-
ticity (Wang et al. 2013). Subunit composition of nAChRs in the brain can vary
depending on region- and cell type-specific localization, the topography of which
continues to be studied (Gaimarri et al. 2007; Gotti et al. 2006; Hendrickson et al.
2013), and is important in understanding neurobehavioral processes modulated by
nAChRs.

In this chapter, we describe the current state of the knowledge regarding nAChR
subtype expression in a brain region- and pathway-specific manner as it relates to
nicotine dependence and comorbid pathologies. To accomplish this goal, we address
current tools in the field that have allowed for exploration of the role of nAChR
function and expression in addiction-related processes, with a focus on findings
garnered from transgenic mouse models. As well, we illuminate novel areas of
research focusing on modulating nAChR expression and/or function, which may
have important implications for nicotine dependence processes. Given the evolving
landscape of nicotine-containing product use (Fowler et al. 2017), a better
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understanding of the neural processes underlying the motivation to use nicotine is
needed to enhance drug discovery efforts to promote cessation from nicotine-
containing products.

2 nAChR Function and Signaling

As noted above, the nAChR receptor composition plays an important role in
response to pharmacological agents. When an agonist (e.g., acetylcholine or nico-
tine) is bound to nAChRs, the receptors are first activated and then can desensitize,
followed by recovery once the agonist is unbound. The EC50 value, which represents
nAChR activation for the concentration of agonist producing half-maximal response
amplitude, varies based on subunit composition. For example, the acetylcholine
EC50 value is 513 for rat α7 (Papke and Porter Papke 2002) but is 14 for rat α3β4
(Bohler et al. 2001). Conversely, the measure for desensitization, or the concentra-
tion of agonist required to reduce the amplitude of the response by 50%, is termed
the IC50. Based on subunit composition, desensitization-induced inhibition of recep-
tors can vary when activated by the same agonist; for instance, the rat α4β2 IC50 with
nicotine is<0.01 (Paradiso and Steinbach 2003), whereas rat α7 is 1.3 (Fenster et al.
1997; Giniatullin et al. 2005). These values represent different rates of activation and
inhibition, which have profound effects on nAChR modulation of neuronal function.
It should be noted that the same receptor subtype can desensitize at different rates
based on the agonist present. For example, the rat α7 IC50 value is 1.3 for nicotine
but is>10,000 for acetylcholine (Fenster et al. 1997; Papke and Porter Papke 2002).
This is important because recovery rates are dependent upon the agonist present,
with the recovery rate from nicotine taking longer than acetylcholine in some cases
(e.g., α4β2 (Paradiso and Steinbach 2003)). Given the important role of nAChR
subtypes such as α4β2 in the reinforcing effects of nicotine (Changeux et al. 1998)
and in modulating dopamine release (Mansvelder and McGehee 2002), different
rates of desensitization and recovery of different nAChRs likely play key roles in the
neural circuitry underlying nicotine addiction.

There are generally two binding sites for neuronal heteromeric nAChRs, each of
which is formed by a pocket between subunits extracellularly at the ligand-binding
N-terminal domain (Karlin 2002; Sine et al. 2002). Neuronally, α7 nAChRs are
mainly homomeric and have five potential binding sites between the ɑ subunits
(Drisdel and Green 2000). Recently, additional binding sites for heteromeric
nAChRs have been identified which are dependent on subunit composition (Jain
et al. 2016). When a ligand is bound, the channel opens within microseconds
(Albuquerque et al. 2009), indicative of the rapid responsivity of these channels. A
sequence of events occurs to alter the conformational state of the channel in order to
open. Through computer-generated modeling, it has been determined that when
acetylcholine or nicotine is bound, hydrogen bonds among amino acids rearrange
near the binding pocket. Subsequently, the C-loop moves toward the central pore,
which then allows the Cys-Cys pair to interact with the bound ligand and results in
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the ligand being trapped deep within the pore between the subunits (Gao et al. 2005;
Hansen et al. 2005).

As mentioned above, neuronal nAChRs can be expressed somatodendritically,
presynaptically or postsynaptically (Broide and Leslie 1999; McGehee et al. 1995;
Wonnacott 1997). Nicotine binds to nAChRs located in the brain, which have
identified subunits of α2–7, and β2–4 (Boulter et al. 1987; Couturier et al. 1990;
Picciotto et al. 2008). Somatodendritically expressed nAChRs play a modulatory
role in the neurotransmission of other systems in response to nicotine (Wonnacott
et al. 2006), such as dopamine (Nisell et al. 1994). nAChRs that are expressed
somatodendritically and modulate dopamine release appear to contain α6 and β3
subunits and differ in pharmacological response to nicotine and epibatidine com-
pared to those expressed on terminals in the striatum (Reuben et al. 2000). Presyn-
aptic nAChRs are also important in modulating neurotransmitter release. For
instance, α7 nAChRs are Ca2+-permeable, rapidly desensitize following activation,
and are expressed on many cell types including at glutamatergic terminals in brain
regions such as the hippocampus and NAc (Fabian-Fine et al. 2001; Kaiser and
Wonnacott 2000). Thus, nAChRs can enhance release of neurotransmitters from
synaptic terminals and may provide a feedforward mechanism by which cholinergic
signaling gates neurotransmitter release. Postsynaptically, nAChRs modulate many
functions within the brain, including the flow of auditory information in the thala-
mus. Specifically, β2-containing heteromeric nAChRs are located on neurons within
the medial geniculate body and receive cholinergic input from the
pontomesencephalic tegmentum, and these receptors undergo an age-related decline
in their expression and function (Sottile et al. 2017). As well, postsynaptic nAChR
subunits such as α6, α7, β2, and/or β4 within the laterodorsal tegmentum undergo
changes in subunit composition due to age, which results in differential nicotine-
induced neuronal excitability (Christensen and Kohlmeier 2016; Kaneda 2017;
Kaneda et al. 2016; Shinohara et al. 2014; Taoka et al. 2016).

For decades, research has shown that chronic exposure to nicotine significantly
alters expression and function of neuronal nAChRs (Fenster et al. 1999a, b; Gentry
and Lukas 2002; Quick and Lester 2002). One nAChR subunit heavily involved in
nicotine-induced striatal dopamine release and nicotine self-administration behavior,
β2 (see a more thorough description below), is upregulated and desensitized after
chronic nicotine exposure, as measured via binding assays in intact oocytes (Fenster
et al. 1999b). Following chronic activation due to nicotine, different subunit-
containing nAChRs appear to desensitize at different rates, which is thought to
underlie their ability to modulate different neurotransmitter systems. Further,
changes in receptor expression with chronic nicotine appear to be cell type- and
nAChR subtype-dependent (Benwell et al. 1988; Lallai et al. 2019; Marks et al.
1992; Perry et al. 1999). Both neuronal and non-neuronal cholinergic signaling
involve some of the same subtypes of nAChRs and are associated with pathologies
such as lung cancer (Mucchietto et al. 2016). One such subunit is α5, which is
expressed in non-neuronal tissues (Chini et al. 1992) such as the lung, pancreas,
stomach, and gliomas (Jia et al. 2016; Yoshikawa et al. 2005; Zia et al. 1997), and
may mediate nicotine-induced lung cancer cell proliferation (Ma et al. 2014; Sun and
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Ma 2015). This subunit forms functional complexes with ɑ4β2 or ɑ3β4 subunits, and
polymorphism of the human α5 gene, CHRNA5, is associated with nicotine depen-
dence and lung cancer (Bierut et al. 2008; Chen et al. 2009; Saccone et al. 2007,
2009). Importantly, the variant of α5, characterized by a change in the 398th amino
acid from aspartic acid to asparagine (D398N), has been associated with a reduction
in the function of the human α3β4α5 nAChR (George et al. 2012), which has
important implications for smoking cessation outcomes as well as other health
pathologies.

3 nAChRs Mediating Nicotine Reinforcement

Genetically modified mouse models have allowed for the interrogation of receptors
and circuits underlying complex behaviors. In the tobacco and nicotine field,
groundbreaking initial studies by Picciotto, Changeux, and colleagues (Picciotto
et al. 1995, 1998) have provided an important foundation for the further progression
of these animal models. Beginning with knockout mice, subsequent approaches have
incorporated various genetic and technical tools to achieve more select manipulation
of target protein or neurotransmitter function. These advances include, but are not
limited to, humanized knockin genes, modified receptors, Cre driver lines with
floxed viral approaches, optogenetic and chemicogenetic expression of receptors
in a cell type-specific manner, promoter-driven fluorescent reporter lines, and, most
recently, CRISPR-Cas9 directed genetic modifications. Findings derived thus far
from such approaches within each circuit are discussed in the following paragraphs.

3.1 Mesolimbic Pathway

The positive rewarding effects of nicotine involve the brain’s mesolimbic pathway
(Kenny and Markou 2005; Rice and Cragg 2004), consisting of dopaminergic
projections from the VTA. The VTA integrating circuits and projection regions
contain various nAChR subtypes expressed on dopaminergic, glutamatergic, and
GABAergic neurons (Charpantier et al. 1998; Klink et al. 2001; Mameli-Engvall
et al. 2006; Mansvelder and McGehee 2002). For instance, inhibitory GABAergic
projections from the rostromedial tegmental nucleus (RMTg) express terminal
α4β2� nAChRs. VTA dopaminergic cells projecting to both the NAc and prefrontal
cortex (PFC) express α4α6β2, α4β2, and α6β2 nAChRs, allowing for regulation of
dopamine signaling through either somatic or presynaptic expression. These VTA
dopaminergic neurons may also co-express glutamate or GABA, and it has been
recently shown that heteromeric nAChRs mediate excitatory signaling in the
dopaminergic-glutamate co-expressing cells (Yan et al. 2018). Within the NAc,
the dopaminergic terminal nAChRs become activated by cholinergic interneurons
and modulate dopamine’s activation of GABAergic medium spiny neurons
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expressing dopamine D1 or D2 receptors. Intra-VTA glutamatergic circuits also
appear to modulate GABAergic signaling via axoaxonic connections onto RMTg
terminals. Further, glutamatergic projections from other brain regions, such as the
PFC and subiculum, express presynaptic α7 nAChRs and have been found to
terminate on the soma of dopaminergic neurons. Moreover, expression of the α2,
α5, and β3 nAChR subunits has also been localized within the VTA. Together, this
complicated pattern of nAChR expression makes defining the specific subtype
contribution to nicotine reward and reinforcement challenging. However, significant
advances have been made in this regard.

Initial studies in knockout mice have supported pharmacological findings impli-
cating nAChRs expressing the β2 nAChR subunit in mediating reward- and
reinforcement-related processes. In the striatum, nicotine application induces a
robust increase in dopamine release, which can be blocked by administration of
the nAChR antagonist mecamylamine (Mifsud et al. 1989). However, this nicotine-
mediated increase in dopamine release was absent in the striatum of mice lacking the
β2 nAChR subunit (Picciotto et al. 1998). To examine the involvement of this
subunit on nicotine reinforcement, mice were assessed in an intravenous nicotine
self-administration protocol, a technique with high translational validity to patterns
of nicotine consumption in humans. Interestingly, while the wild-type mice
exhibited sustained nicotine self-administration behavior, the β2 knockout mice
did not self-administer nicotine (Picciotto et al. 1998). A further study revealed
similar findings with a lack of sustained self-administration behavior in the absence
of the β2 nAChR subunit with nicotine infusions directly into the VTA (Maskos
et al. 2005). More recently, viral-mediated re-expression of the β2 nAChR subunit in
the VTA of the knockout mice was shown to “rescue” the behavioral phenotype, in
which this site-specific re-expression led to the mice acquiring nicotine self-
administration (Orejarena et al. 2012). Additional support from studies with β2
knockout mice demonstrates that the β2� nAChR is necessary for the formation of
a conditioned place preference to a nicotine-paired environment and the discrimina-
tive stimulus properties of nicotine (Shoaib et al. 2002; Walters et al. 2006). In a
cutting-edge approach, Mourot and colleagues used a viral technique to express
light-controllable β2� nAChRs in the VTA, and, during light exposure, the VTA β2�
nAChRs became inhibited, which thereby was sufficient to prevent the formation of
a nicotine-induced conditioned place preference (Durand-de Cuttoli et al. 2018).

In addition to the β2 subunit, lack of sustained nicotine self-administration has
also been found in mice with knockout of the α4 and α6 nAChR subunits, and,
importantly, the behavioral phenotype could be restored with re-expression of these
subunits in the VTA of each respective knockout line (Exley et al. 2011; Maskos
et al. 2005; Picciotto et al. 1998; Pons et al. 2008). Further, dopaminergic neuron-
specific deletion of the α4 subunit was found to prevent the formation of a nicotine-
mediated conditioned place preference (McGranahan et al. 2011). In a complemen-
tary approach, transgenic α4 and α6 nAChR hypersensitive knockin mice were
generated, in which a single point mutation renders the receptor subtype more
responsive to nicotine. For the α4 subunit, this genetic modification led to an
enhancement of the rewarding effects of nicotine, as assessed with conditioned
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place preference (Tapper et al. 2004), and, for the α6 subunit, mice exhibited a
potentiation of nicotine-mediated locomotor effects and increased glutamatergic
transmission with VTA neurons (Berry et al. 2015). As further evidence for these
specific receptor subtypes, pharmacological administration of the relatively selective
α4β2 nAChR antagonist, DHβE, also decreased nicotine self-administration in rats
(Corrigall and Coen 1989; Harvey et al. 1996; Watkins et al. 1999). These findings
are paralleled by studies demonstrating that DHβE attenuates the stimulatory effects
of nicotine on brain reward systems (Harrison et al. 2002). Together, these findings
support the notion that α4β2 and/or α4α6β2 nAChRs on dopaminergic circuits in the
VTA mediate the reinforcing properties of nicotine.

The involvement of the α7 nAChR in nicotine dependence has been somewhat
controversial. As noted above, glutamatergic axons containing presynaptic α7
nAChRs terminate on the soma of dopaminergic neurons in the VTA, suggesting a
regulatory role for downstream dopaminergic signaling. Initial pharmacological
studies demonstrated that administration of the α7-selective antagonist,
methyllycaconitine, attenuates nicotine self-administration in rats (Markou and
Paterson 2001), a finding that was further substantiated with site-specific VTA
injections in wild-type mice (Besson et al. 2012). However, studies in α7 nAChR
knockout mice failed to find differences with intravenous nicotine self-
administration and nicotine-mediated conditioned place preference compared to
wild-type littermates (Pons et al. 2008). More recently, Granon and colleagues
(Besson et al. 2012) were able to establish a dose-dependent effect with intra-VTA
nicotine self-administration, in which the α7 nAChR knockout mice exhibited
decreased self-administration at a low, but not high, nicotine dose. Further, when
administered a peripheral injection of nicotine, nicotine-induced dopamine outflow
in the NAc was sustained over a longer period of time in the α7 knockout mice
(120 min), as compared to the wild-type mice (15 min) (Besson et al. 2012). In
consideration of α7 nAChRs’ presynaptic circuit localization, lower affinity for
nicotine, and rapid recovery from desensitization, the receptor’s effects on the
mechanisms underlying nicotine reinforcement appear to be more nuanced.

3.2 Habenulo-Interpeduncular Pathway

As a drug of abuse, nicotine is distinctive in that the aversive properties appear to
sharply contrast the rewarding properties of the drug, thereby limiting the range of
doses that promote reinforcement and drug consumption. Nicotine’s aversive effects
are mediated by the medial habenula (MHb), a brain structure that directly projects to
the interpeduncular nucleus (IPN). The MHb-IPN circuit has been characterized as
containing the densest expression of cholinergic fibers and various nAChR subunits
within the brain, including the α5, α3, and β4 nAChR subunits (Marks et al. 1992;
Villani et al. 1983). The aversive signaling of this circuit has been demonstrated in
several studies with genetically modified rodents. For instance, α5 nAChR subunit
knockout mice exhibit a high level of motivation to consume large quantities of

108 C. D. Gipson and C. D. Fowler



nicotine, and viral-mediated re-expression of α5 subunits within this pathway
restores nicotine intake to wild-type levels (Fowler et al. 2011). In addition, while
wild-type mice exhibit inhibitory motivational effects at high doses of nicotine, the
α5 nAChR knockout mice continue to exhibit reward-related effects, as assessed
with both conditioned place preference and intracranial self-stimulation (Fowler
et al. 2013; Jackson et al. 2010). The conclusions drawn from the knockout mice
are supported by complementary studies using viral-mediated knockdown of the α5
nAChR subunit in rats, in which decreased expression of α5 nAChR subunits
selectively in the habenula similarly increases nicotine intake and also decreased
the inhibitory effects of higher nicotine doses on the activity of the brain reward
circuitry (Fowler et al. 2011). Presynaptic α5� nAChRs on MHb terminals appear to
facilitate glutamate release from cholinergic and glutamatergic co-expressing axons
in the IPN (Fowler et al. 2011; Girod and Role 2001), which is thought to mediate
this effect. Further, chronic nicotine appears to mitigate the activation of a subpop-
ulation of α5-expressing neurons in the IPN, which subsequently provide negative
feedback onto habenular terminals and mitigate nicotine reward, as assessed with
conditioned place preference (Ables et al. 2017). The presence of the α5 nAChR
subunit in α4β2, α3β2, and α3β4 nAChR receptors has been shown to alter nicotine
binding and/or desensitization kinetics in vitro (Ramirez-Latorre et al. 1996; Wang
et al. 1996), and all of these subtypes are expressed in the MHb-IPN pathway.
Furthermore, the β4 nAChR subunit has also been shown to mediate aversive
processing for nicotine. Under conditions of β4 nAChR subunit overexpression,
mice consume less nicotine solution (Frahm et al. 2011), thereby suggesting that an
α5β4� nAChR subtype may underlie an inhibitory motivational signal for nicotine in
the MHb-IPN pathway. These findings in mouse models are further supported by
human genome-wide association studies demonstrating that allelic variation in the
CHRNA3-CHRNA5-CHRNB4 gene cluster, which encodes α3, α5, and β4, respec-
tively, increases vulnerability to developing tobacco dependence (Bierut et al. 2008;
Kapoor et al. 2012; Wang et al. 2009). Recently, the non-synonymous SNP in the α5
gene that has been implicated in nicotine dependence in humans was inserted into
the genome of rats to generate a transgenic humanized α5SNP model (Forget et al.
2018). The behavior of the α5SNP rat closely parallels the mouse knockout model,
in which greater levels of nicotine are self-administered at high doses. In addition, an
increase in nicotine-induced reinstatement was found in the α5SNP rats (Forget et al.
2018), suggesting a role for this genetic variant in relapse-related behavior.

4 nAChRs in Other Aspects of Nicotine Dependence

4.1 Nicotine Enhancement of Cue Association

Nicotine administration has been shown to enhance the acquisition of certain learned
behaviors, such as contextual fear conditioning and trace cued fear conditioning.
These findings may underlie nicotine’s cue-related conditioning effects with drug
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use, in that later exposure to the cue during abstinence may promote drug relapse.
Nicotine’s enhancing effect on contextual fear conditioning is prevented in mice
with knockout of the β2, but not α7, nAChR subunit (Davis and Gould 2007;
Portugal et al. 2008). These effects likely involve the hippocampus since systemic
or site-specific hippocampal administration of the β2 nAChR antagonist DHβE
mitigates contextual fear learning in wild-type, but not β2 subunit knockout, mice
(Davis and Gould 2007; Portugal et al. 2008). An enhancement of nicotine-mediated
cued, but not trace or contextual, fear conditioning was also found in female, but not
male, α2 nAChR subunit knockout mice (Lotfipour et al. 2013). Interestingly, mice
with a hypersensitive α2� nAChR exhibit impaired contextual fear conditioning, an
effect which could be rescued with pretreatment of nicotine (Lotfipour et al. 2017).

4.2 Nicotine Withdrawal

Following chronic nicotine administration, wild-type mice exhibit a range of behav-
iors indicative of the withdrawal state, including somatic signs (such as shaking, paw
tremors, writhing), increased anxiety-like behavior in the elevated plus maze,
increased brain reward thresholds, learning deficits in a contextual fear conditioning
paradigm, and development of a conditioned place aversion to a withdrawal-
associated environment. Studies with the β2 knockout mouse indicate that β2�
nAChRs are involved in withdrawal-related anxiety-like behavior and conditioned
place aversion, but not in the expression of somatic withdrawal signs (Jackson et al.
2008; Salas et al. 2004). Further, α7 nAChRs have been implicated in the initial
expression of withdrawal symptomology, including anhedonia and somatic signs,
but the α7 subunit knockout mice do not differ from wild-type mice at later time
points (e.g., 24+ h) (Grabus et al. 2005; Salas et al. 2007; Stoker et al. 2012).
Moreover, decreased somatic withdrawal signs have been found in α2, α5, and β4
nAChR subunit knockout mice, as compared to their respective wild-type littermates
(Lotfipour et al. 2013; Salas et al. 2004, 2009). Interestingly, all of these subunits
exhibit selectively dense expression in the MHb-IPN pathway, which has also been
specifically implicated in somatic aspects of nicotine withdrawal. Administration of
the general nAChR antagonist mecamylamine into the MHb-IPN pathway is suffi-
cient to precipitate withdrawal, whereas injections into the cortex, VTA, or hippo-
campus are ineffective (Salas et al. 2009), and re-exposure to nicotine during
withdrawal results in increased activity of MHb and IPN neurons (Arvin et al.
2019; Gorlich et al. 2013). Further, injections of antagonists for α4β2� or α6β2�,
but not α3β4�, nAChRs in the MHb decrease the expression of anxiety-related
behavior under conditions of nicotine withdrawal in mice (Pang et al. 2016).
Together, these findings suggest that nAChRs are involved in various aspects of
nicotine withdrawal based on their localization and expression patterns within the
brain.
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5 Modulators of nAChRs Influencing Expression
and Function

The expression and function of nAChRs may be modulated at various points from
protein translation to membrane insertion to subsequent function. Early receptor
binding studies in humans found increased expression of nAChRs in chronic
smokers (Benwell et al. 1988; Perry et al. 1999), suggesting a change in cellular
activation following prolonged nicotine exposure. Given that chronic agonist recep-
tor activation typically results in receptor downregulation, this finding was unex-
pected, although it was also evidenced in more controlled rodent studies (Marks et al.
1983, 1992). The likely mechanism underlying receptor upregulation was recently
elucidated as it was found that nicotine and nAChR ligands can act as “chaperones”
for α4 and β2 nAChR subunits (Henderson et al. 2014; Kuryatov et al. 2005;
Srinivasan et al. 2011), thereby allowing for increased expression of the high-
affinity nAChR subtype in the membrane. As the nAChR subunit protein is trans-
lated in the endoplasmic reticulum, the chaperone mechanism is thought to facilitate
transport by promoting the trafficking of the protein to the plasma membrane and
subsequent insertion of the assembled nAChR.

Intracellular proteins have also been shown to stabilize nAChR subunits in the
endoplasmic reticulum and regulate subunit assembly into specific nAChR subtypes,
resulting in either an increase or decrease in nAChR subtype-specific membrane
expression (Dau et al. 2013; Wanamaker and Green 2007). For instance, α7 nAChRs
are selectively targeted to the dendritic membrane by Ric-3, thus facilitating receptor
expression (Alexander et al. 2010). In contrast, members of the Ly-6/neurotoxin
gene superfamily, which includes lynx1 and lynx2, have been demonstrated to
decrease receptor expression by acting as inhibitory chaperones during protein
translation and trafficking, and, moreover, lynx proteins also bind directly to the
extracellular face of nAChRs on the cell membrane, resulting in a decrease in ligand-
binding efficiency and increase in the desensitization rate for nAChRs containing the
α4, α3, α5, α7, β2, and/or β4 subunits (George et al. 2017; Ibanez-Tallon et al. 2002;
Lyukmanova et al. 2011; Miwa et al. 1999; Nichols et al. 2014). In the cortex, lynx1
is expressed in both glutamatergic and GABAergic neurons, whereas lynx2 has been
mainly localized in glutamatergic neurons (Demars and Morishita 2014). Lynx1 also
appears to exhibit preferential binding affinity to the α:α interface, which would
allow for increased interaction with the stoichiometry present in the lower sensitivity
α43β22 nAChRs (Nichols et al. 2014). In addition to intracellular proteins, other
endogenous factors may interact with nAChRs to modulate function. For instance,
estradiol has been shown to bind to the C-terminal tail of the α4 subunit to potentiate
the activation of α4� nAChRs in the presence of acetylcholine, an effect that was
selective for α4 as differences were not found with the α3 subunit (Curtis et al.
2002). More recently, phosphorylation sites have been identified on α4β2� nAChRs,
suggesting a direct role for the receptor in mediating calcium-/calmodulin-dependent
protein kinase II and protein kinase A intracellular signaling (Miller et al. 2018).
Together, these nAChR subtype-specific interactions, along with cell type-specific
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expression patterns, may allow for selective modulation of various aspects of
cholinergic signaling, thereby permitting each endogenous modulator to differen-
tially regulate neural processes.

6 Beyond Nicotine Dependence

Although heavily involved in processes of nicotine dependence, nAChRs have also
been implicated as mechanisms underlying other disease states, including
Alzheimer’s disease (AD (Lombardo and Maskos 2015)), schizophrenia (specifi-
cally, α7 (Jones 2018)), Parkinson’s disease (PD (Jurado-Coronel et al. 2016)), and
overeating/weight gain (Shariff et al. 2016), among others. Discovery of these
mechanisms has led to multiple phase II clinical trials for nAChR compounds that
have pro-cognitive effects (although many of these attempts have failed, see Lewis
et al. 2017). Varenicline, a full agonist at α7 and a partial agonist at α4β2 nAChRs, is
prescribed as a smoking cessation agent but also has efficacy in decreasing sucrose
consumption and producing pro-cognitive effect in rodent models (Potasiewicz et al.
2018; Shariff et al. 2016). Interestingly, varenicline may improve cognitive function
in patients with schizophrenia (Shim et al. 2012). In AD, medications have been
developed that inhibit breakdown of the enzymes that metabolize acetylcholine
(inhibition of acetylcholinesterase and/or butyrylcholinesterase), such as donepezil
or rivastigmine. Additionally, drug development efforts have included compounds
that act as positive allosteric modulators at α7 nAChRs in addition to AChE
inhibition, including galantamine. Galantamine slows progression of plaque forma-
tion preclinically (Bhattacharya et al. 2014) and has shown efficacy in improving
cognition and global functioning in patients with AD (Deardorff et al. 2015).
Although statistically significant, these benefits are modest, and thus additional
drugs are needed. Taken together, these studies illustrate a need for refinement of
medications that target nAChRs for indications beyond nicotine dependence.

7 Conclusions

Since the mid-1990s, significant advances have been made with transgenic animal
models to allow for better interrogation of specific nAChRs and circuits underlying
nicotine dependence. Studies have built upon prior findings to reveal integral roles
for various subunits in the mechanisms underlying nicotine’s actions in the brain,
with relevance to addiction. The α4α6β2� nAChRs in the mesolimbic pathway
appear to be important in mediating the reinforcing properties of nicotine, whereas
the α5 and β4 nAChR subunits in the MHb-IPN mitigate the aversive properties of
higher nicotine doses that thereby limit drug intake. In addition to these effects on
drug consumption, nAChRs have also been implicated in other aspects of the
dependence processes, including withdrawal, cue-associated learning, and
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psychiatric comorbidity. This foundation holds the promise to provide the field with
a basis for new discoveries to formulate more efficacious therapeutics. For instance,
in consideration of the involvement of the α4β2� nAChRs in nicotine reinforcement,
it is perhaps not surprising that varenicline has similar or greater effectiveness in
promoting smoking cessation compared to nicotine replacement therapy and other
approved therapeutics, such as bupropion (Gonzales et al. 2006). Drug development
efforts are also focused on modulating the MHb-IPN circuit to enhance nicotine-
mediated aversion and thus decrease further drug intake (Fowler and Kenny 2014;
Jin et al. 2014). For instance, GLP-1 receptors have been shown to alter nicotine
intake via modulation of the MHb-IPN circuit (Tuesta et al. 2017), and a GLP-1
receptor agonist, liraglutide, is currently being tested for smoking cessation in a
clinical trial (Ashare 2019). In another approach to minimize nicotine entry into the
brain, NicA2-J1 has been developed as a reengineered nicotine-degrading enzyme
(Kallupi et al. 2018). Interestingly, while NicA2-J1 does not appear to induce
significant differences in nicotine intake, decreased withdrawal and relapse-related
behaviors were found in rats (Kallupi et al. 2018). Therefore, the field will certainly
continue to advance by better defining the various genetic, behavioral, and biological
mechanisms underlying addiction so that long-term abstinence can be readily
achieved by those seeking to quit tobacco and e-cigarettes.
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Abstract Human behavior can be controlled by physical or psychological depen-
dencies associated with addiction. One of the most insidious addictions in our
society is the use of tobacco products which contain nicotine. This addiction can
be associated with specific receptors in the brain that respond to the natural neuro-
transmitter acetylcholine. These nicotinic acetylcholine receptors (nAChR) are
ligand-gated ion channels formed by the assembly of one or multiple types of
nAChR receptor subunits. In this paper, we review the structure and diversity of
nAChR subunits and our understanding for how different nAChR subtypes play
specific roles in the phenomenon of nicotine addiction. We focus on receptors
containing β2 and/or α6 subunits and the special significance of α5-containing
receptors. These subtypes all have roles in regulating dopamine-mediated
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neurotransmission in the mesolimbic reward pathways of the brain. We also discuss
the unique roles of homomeric α7 nAChR in behavioral responses to nicotine and
how our knowledge of nAChR functional diversity may help guide
pharmacotherapeutic approaches for treating nicotine addiction. While nicotine
addiction is a truly global problem, the use of areca nut (betel) products is also a
serious addiction associated with public health issues across most of South Asia,
impacting as many as 600 million people. We discuss how cholinergic receptors of
the brain are also involved with areca addiction and the unique challenges for dealing
with addiction to this substance.

Keywords Addiction · Areca · Betel nut · Cholinergic receptors · Partial agonists ·
Tobacco

1 Addiction

The DSM-5 criteria for the identification of a substance use disorder (Hasin et al.
2013) (i.e., addiction) have aspects that are very value-laden, implying that the use of
an addictive drug may not only be associated with a social impairment but, in most
cases, may also produce intoxication. Although the DSM-5 specifically indicates
that intoxication is not a criterion that applies to tobacco, most addictions are
associated with mood lability and impaired judgment. Maintaining that a key
component of any meaningful definition of addiction was the concept of intoxica-
tion, it was possible for tobacco industry representatives to assert that “science and
common-sense support the view that nicotine is not addictive” and rather that
smoking could be more accurately labeled as a habit rather than an addiction
(Robinson and Pritchard 1992). Indeed, while the subjective experiences related
by cigarette smokers are subtle and variable, the effects are not overtly intoxicating
or immediately debilitating, as compared to a drug like alcohol. However, the
abstemious cigarette smoker satisfies the criteria for cravings and withdrawal and
will continue the use of the drug, with full awareness of the deleterious effects of the
drug on his/her long-term health. With the current restriction on indoor smoking,
smokers can also experience significant social inconvenience. So, while the imme-
diate effects of smoking seem mild, the long-term health liability is enormous. The
insidious aspects of nicotine addiction make it the greatest preventable cause of
death in the world, accounting for 18.1% of all deaths in the United States in 2000
(Mokdad et al. 2004).

Appreciation for the long-term health liabilities of smoking, second-hand smoke
in particular, has led to the ban of smoking in most public areas. Ironically, these
bans can increase the likelihood that individuals meet criteria for a diagnosis of
“tobacco use disorder,” such as Criterion 5, “failure to fulfill major role obligations
at work, school, or home”; Criterion 6, “continued tobacco use despite having
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persistent or recurrent social or interpersonal problems caused or exacerbated by the
effects of tobacco (e.g., arguments with others about tobacco use)”; and Criterion
7, “important social, occupational, or recreational activities are given up or reduced
because of tobacco use.” For some smokers, these factors doubtlessly have helped
motivate cessation attempts. The majority of smokers express a desire to quit, and as
a testament to the addictive properties of tobacco, most have made numerous
unsuccessful attempts to do so (Picciotto and Mineur 2014).

There are two principle aspects to drug-taking behavior that together can promote
addiction: immediate reinforcement and, ultimately, dependence. We gauge the
reinforcing qualities of a drug in animal studies by determining if the drug will be
self-administered. In some cases, the drug is not immediately found to be
reinforcing, since there may be adverse effects on naïve users. However, it is often
the case that with repeated exposure to the drug, the aversive effects diminish, and
drug use increases. It is at this point that tolerance and dependence become more
important factors promoting the continued use of the drug. Tolerance takes different
forms. “Metabolic tolerance,” a term that can be related to medications as well as
addictive drugs, simply refers to an upregulation of the enzymes that determine the
half-life of a drug, so that over time higher dosages of the drug are required to
achieve the same concentrations in blood or brain.

Arguably, most relevant to addiction and dependence is “functional tolerance,”
the condition where the brain has adapted to the continued presence of the drug and
higher levels are required to obtain the same subjective reinforcing experience.
When drug concentrations fall, the brain’s functional adaptations result in the
symptoms of abstinence associated with withdrawal. In some cases, for example,
in the case of alcoholics, the symptoms of withdrawal can be quite serious, or even
life-threatening, compelling the addicted individual to seek out more of the drug. In
the case of tobacco, the overt symptoms of withdrawal listed in the DSM-5 are
irritability, frustration, or anger, anxiety, difficulty concentrating, increased appetite,
restlessness, depressed mood, and insomnia. While these conditions are admittedly
unpleasant, on their own, they do not appear to be sufficiently compelling to
overcome the desire to quit in the face of the well-known health concerns related
to tobacco use. Rather, smoking creates a “psychological dependence” that produces
irresistible cravings, especially in social settings that provide the cues normally
associated with the smoking behavior, effectively enhancing the salience of other
cues (Perkins et al. 2017; Robinson and Berridge 2003). These cues become
associated with the reinforcing effects of the drug and become reinforcers
themselves.

2 Neuronal Nicotinic Receptors

The influence on the brain’s mesolimbic reward system is a feature common to
numerous self-administered drugs, including nicotine (Corrigall et al. 1992, 1994;
Mansvelder et al. 2002). While central nervous system stimulants, such as
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amphetamine and cocaine, work directly on dopamine release and reuptake (Hall
et al. 2004; Jones et al. 1999; Uhl et al. 2002), nicotine’s effects appear to rely on the
presence of specific nicotinic receptor subtypes on the cell body and terminals of the
dopamine neurons projecting from the ventral tegmentum to the nucleus accumbens
(NAc) (De Biasi and Dani 2011; Gotti et al. 2006; Millar and Gotti 2009). Systemic
injection of nicotine causes dopamine to rise in the NAc (Corrigall et al. 1994). Ex
vivo studies of isolated dopamine-containing synaptic terminals and brain slices
have suggested that the activation of presynaptic receptors might be sufficient to
promote dopamine release (Grady et al. 2007, 2010; Threlfell et al. 2012; Wang et al.
2014) independent of dopamine neuron firing. While in vivo microdialysis studies
have indicated that the delivery of nAChR antagonists to the ventral tegmental area
(VTA) is more effective at reducing dopamine release from systemic injections than
delivery of antagonists directly to the nucleus accumbens (Rahman et al. 2007),
other studies have shown that local antagonism of both VTA and NAc neuronal
nicotinic acetylcholine receptors (nAChRs) can impact nicotine self-administration
and reward (Brunzell et al. 2010; Brunzell and McIntosh 2012; Corrigall et al. 1994;
Gotti et al. 2010; Pons et al. 2008; Sanjakdar et al. 2015). Together these data
suggest that whereas there is a prominent role of VTA nAChRs in dopaminergic
neuron activity-dependent dopamine release, nAChR on the NAc terminals as well
as in the VTA can support both dopamine release and behavior that is relevant to the
development and maintenance of nicotine use. Studies are beginning to reveal that a
diversity of neuronal nAChR subtypes differentially regulates behaviors that support
nicotine addiction. One principle effect in vivo is likely to be the increased firing of
dopaminergic neurons rather than evoked release mediated by the presynaptic
receptors. However, on a behavioral level, although VTA activity can supersede
antagonism in the NAc, it has been shown that blockade of nAChR in the NAc shell
(terminals) impacts nicotine self-administration and reward (Brunzell et al. 2010;
Brunzell and McIntosh 2012; Sanjakdar et al. 2015).

Brain nAChRs are members of the superfamily of Cys-loop ligand-gated ion
channels (Dent 2010; Jaiteh et al. 2016; Ortells and Lunt 1995), which includes
receptors for the inhibitory neurotransmitters GABA and glycine. In the peripheral
nervous system, nAChRs mediate synaptic transmission at neuromuscular junctions
and through autonomic ganglia (De Biasi 2002). Early studies of the nAChR of the
neuromuscular junction and the related receptor of the electric eel Torpedo ulti-
mately led to the isolation and cloning of the neuronal nAChR subunit genes
(reviewed in Papke 2014). All nAChRs function as pentameric assemblies of sub-
units arrayed around a central ion pore, the opening of which is controlled by the
binding of acetylcholine (ACh) or other ligands, including nicotine. Muscle-type
receptors exist in only two configurations, with the receptors at mature neuromus-
cular junctions containing α1, β1, ε, and δ subunits, with two α1 subunits in each
pentamer. In embryonic or denervated muscle, a γ subunit takes the place of ε. Early
work identified α1 as the most critical subunit for ACh-binding and channel activa-
tion, both of which could be blocked by the snake toxin, α-bungarotoxin (α-BTX).

Early site-directed mutagenesis studies identified three key subdomain domains
(designated A, B, and C) in alpha subunits (Corringer et al. 2000) and provided
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evidence that the complete binding site was located at the interface between sub-
units, with a complementary surface on the adjacent subunit containing three
additional subdomains (designated D, E, and F). The subsequent isolation and
crystallization of an ACh-binding protein with homology to a homopentamer of
nAChR alpha subunits (Smit et al. 2001) confirmed the importance of these
subdomains for agonist binding. The alpha subunit C domain takes the form of a
loop that can close down on the agonist when it is accommodated in a hydrophobic
pocket formed by converged subdomains. This C-loop has a unique pair of disulfide-
linked vicinal cysteines at the apex of the loop. This feature is the signature structure
present in all subunits subsequently designated as α subunits (α2–α10, although
α8 has been identified only in chicken). The non-alpha subunits of neuronal tissues
were designated beta subunits (β2–β4) since they could replace the β1 subunit when
co-expressed with other muscle subunits.

Autoradiographic studies of tritiated ACh and nicotine showed a wide distribu-
tion of high-affinity binding sites throughout the rodent brain (Clarke et al. 1984).
Interestingly, the neuromuscular blocker α-BTX identified a second, largely
nonoverlapping, population of an alternative nAChR subtype that lacked high
affinity to ACh and nicotine (Clarke et al. 1985). The cloning of neuronal nAChR
subunits (Heinemann et al. 1990) and studies of their expression patterns in brain
(Wada et al. 1989) suggested a primary association between the high-affinity
nicotine receptors and the overlapping co-expression of α4 and β2 subunits. The
α2 and α3 subunits, expressed at lower levels in the brain than α4, also appear to
overlap with β2 expression. Heterologous pair-wise expression of β2 with α2, α3, or
α4 in Xenopus oocytes demonstrated that each pair could form functional receptors
with unique properties (Boulter et al. 1987; Luetje and Patrick 1991). It was
subsequently shown that the alternative beta subunit β4 could also form functional
receptors when co-expressed with α2, α3, or α4 (Duvoisin et al. 1989). While the
expression of β4 is largely limited to the medial habenula and interpeduncular
nucleus (Duvoisin et al. 1989), it is strongly expressed in the adrenal gland and
autonomic ganglia (Skok 2002). The α5, α6, and β3 subunits did not readily form
receptors in pairwise co-expression studies and were for a time considered
“orphans.” It was subsequently shown that α5 and β3 subunits could co-assemble
with other subunits but did not contribute agonist binding sites (Cui et al. 2003;
Gerzanich et al. 1998). These subunits, along with α6, however, all have great
relevance to nicotine addiction, as will be discussed.

Likewise, the identity of the brain’s α-BTX binding sites remained a mystery
until it was shown that they could be associated with the expression of α7 subunits
(Seguela et al. 1993). The α7 nAChR subunits form functional receptors without the
necessary co-expression of non-alpha subunits, and indeed, co-expression of α7 with
β2 may negatively impact the formation of functional receptors (Murray et al. 2012).
Although α7 nAChRs have five potential agonist binding sites (Palma et al. 1996),
channel activation requires binding to only a small fraction of these sites and, in fact,
occurs with very low probability (Uteshev et al. 2002; Williams et al. 2012a, 2011).
α7 nAChRs do not convert to forms with high affinity for agonist, a condition
associated with the desensitized, i.e., closed and inactive, form of heteromeric
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receptor, such as those containing α4 and β2 subunits (Papke 2014). Although α7
receptors do not adopt high affinity for agonist, they do desensitize rapidly in the
continued presence of agonist (Uteshev et al. 2002), a property that limits their
probability of activating, even in the presence of a strong, rapidly applied stimulus
(Williams et al. 2012a). Several lines of evidence suggest that the five putative
binding sites at the subunit interfaces of α7 are not equivalent (Gulsevin et al. 2019;
Helekar et al. 1994; Rakhilin et al. 1999), and indeed the limited activation of the α7
channel is best promoted by a low level of binding site occupancy (Papke and Papke
2002; Williams et al. 2011).

Although not as well studied as α7, α-BTX-sensitive receptors of the inner ear
and peripheral tissues also can form as homopentamers of α9 subunits, although
sometimes co-assembled with α10 subunits (Elgoyhen et al. 1994, 2001).

3 Special Significance of β2-Containing nAChRs

As noted above, the primary high-affinity nicotine receptors of rodent brain are
heteromeric pentamers containing α4 and β2 subunits, while in primates, α2-
containing receptors may play similar roles (Han et al. 2000). In a heterologous
expression system, the expression of two subunits would presumably permit the
formation of receptors with differing subunit stoichiometry and arrangement unless
intrinsic factors existed that excluded or limited certain combinations or arrange-
ments, at least in regard to functional detection. Based on what is known about
muscle-type receptors, it is reasonable to hypothesize that receptors with fewer than
two beta or two alpha subunits might assemble but not function efficiently. Likewise,
it is reasonable to assume that in functional receptors, there would be two alpha-beta
dimers forming the ACh-binding sites. Would there then be in a heterologous
expression system constraints on the fifth subunit, or could it be either an α or a β?
The very first study of the single-channel currents of receptors formed from the
pairwise expression of cloned subunits (Papke et al. 1989) reported that each alpha-
beta pair (α2β2, α3β2, and α4β2) generated two types of single-channel currents
distinguished by conductances and open times. To test the hypothesis that these
arose from receptors with different subunit stoichiometry, cells were injected with
RNAs for each subunit at different ratios. When α2 was co-expressed with a ninefold
excess of β2, only channels with the lower single-channel conductance were
observed, suggesting that they corresponded to a configuration with two α2 and
three β2 subunits (Papke et al. 1989). The significance of this observation went
unappreciated for a number of years, although it was well known in the author’s
(RLP) laboratory that consistent concentration-response data for, for example, α3β2
receptors relied on the quality of both α and β RNAs. If the β2 RNA was not recently
synthesized, the ACh concentration-response curves shifted to the right
(unpublished). Similar data were later published with α4β2 receptors (Moroni
et al. 2006), and it is now well accepted that α4β2 receptors have two functional
configurations: α4(2)β2(3) and α4(3)β2(2) (Fig. 1). The receptor populations can be
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shifted through mass action by overexpressing one subunit relative to the other
(Nelson et al. 2003) or, more elegantly, through the use of linked subunits
(concatamers) of β2 and α4 that each configure an ACh-binding dimer. The fifth
position in the functional pentamer can then be regulated by co-expressing the
concatamer with monomeric α4 or β2. Similar results can be obtained with β2-α2
as well as β4-α3 concatamers (Papke et al. 2013). Concatamers have also proven
useful for assessing the effects of α5 subunits (Kuryatov et al. 2011) and α6-
containing receptors (Kuryatov and Lindstrom 2011) (see below).

Comparisons of the two stoichiometries of receptors containing just α4 and β2
subunits show that receptors constrained to have three α4 and two β2 subunits
express more rapidly and give larger currents with a higher EC50 for ACh and

Fig. 1 Subunit composition of nAChR subtypes associated with nicotine addiction. The box in
yellow shows the subunit composition of the β2-containing receptors implicated in release of
dopamine in the mesolimbic reward system. These may be subdivided based on the absence
(upper three) or presence of α6 subunits (lower two). It should be noted that these represent only
a most likely subset of all the subunit configurations potentially involved for rodents and that in
primates α2-containing nAChR may also be involved. Shown below are two other nAChR subtypes
discussed in the text. The gray ovals represent the locations of binding sites for ACh or nicotine. The
purple oval represents the putative low-affinity binding site unique to the LSα4β2 (α4(3)β2(2))
subtype
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nicotine. In contrast, receptors constrained to have two α4 and three β2 subunits give
smaller currents that are not increased by higher concentrations of ACh. The α4(3)β2
(2) and α4(2)β2(3) receptors have therefore been characterized as low-sensitivity
(LS) and high-sensitivity (HS) α4β2 receptors, respectively. The differences
between these two isoforms have been attributed, at least in part, to the existence
of a putative low-affinity ACh-binding site at the α4-α4 subunit interface (Lucero
et al. 2016). This interface has also been identified as a binding site for selective
allosteric modulators (Wang and Lindstrom 2017).

Interestingly, it has been shown in vitro that long-term exposure to nicotine
selectively increases the formation of α4(2)β2(3) receptors (Kuryatov et al. 2005).
Since nicotine binding is known to be upregulated in the brains of smokers (Benwell
et al. 1988; Perry et al. 1999), it is tempting to speculate that nicotine dependence
may arise from increased receptor expression, especially that of the HSα4β2 isoform.
However, while chronic nicotine was shown to cause a transient increase in the β2/
α4 ratio in rat cortex, other brain areas were not affected, and the β2/α4 ratio in the
cortex returned to baseline after the end of the nicotine treatments (Fasoli et al.
2016).

One approach for understanding the importance of specific nAChR subtypes has
been to delete (knock out) specific nAChR subunit genes (Picciotto et al. 1998)
(Cordero-Erausquin et al. 2000; Marubio and Changeux 2000) and evaluate changes
in nicotine reinforcement/self-administration. One of the earliest studies established
the essential role for β2-containing receptors for these behaviors (Picciotto et al.
1998). Knockouts of α4 were less effective at reducing the reinforcing effects of
nicotine since it appeared that α6-containing receptors could compensate (Exley
et al. 2011; Peng et al. 2017; Pons et al. 2008), but studies using α4 subunit “gain-of-
function” transgenic mice have revealed that subthreshold doses of nicotine can
support nicotine conditioned place preference in these mice, suggesting that stimu-
lation of α4β2-containing receptors is sufficient to support nicotine reward (Tapper
et al. 2004). Lentiviral studies that rescue nicotinic receptors on a knockout back-
ground have also demonstrated a critical role for VTA α4β2- and α6β2-containing
receptors in nicotine reward (Maskos et al. 2005; Pons et al. 2008). Interestingly, the
α4α6β2 receptor subtype has been shown in the VTA to be the most sensitive to
nicotine and the only subtype to be preferentially activated, rather than desensitized,
in response to physiological levels of nicotine (Liu et al. 2012).

While much work on animal models of nicotine addiction/dependence has
focused on the α4β2 receptor subtypes, recent work has pointed toward the impor-
tance of other subtypes as well. One other important subclass of β2 subunit-
containing receptors (Fig. 1) is those containing α6 subunits, especially regarding
nicotine’s effects in the mesolimbic reward pathway. Receptors containing α6 sub-
units were difficult to express in oocytes or other systems except in chimeras (Papke
et al. 2008), until the development of α6 concatamers (Kuryatov and Lindstrom
2011) that additionally incorporated β3 subunits. Unlike α4β2 nAChR, which are
ubiquitously expressed throughout the brain, the α6 gene is more selectively
expressed in brain with a high expression in dopaminergic neurons (Charpantier
et al. 1998; Salas et al. 2003) along with the accessory subunit β3 (Cui et al. 2003).
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Multiple forms of α6-containing receptors are known to exist in the mesolimbic
dopaminergic pathway. A combination of selective pharmacology and molecular
studies has revealed that activation of α6β2 nAChR supports the acquisition, main-
tenance, and motivation for systemic nicotine self-administration (Brunzell et al.
2010; Gotti et al. 2010; Pons et al. 2008). Studies using intraventricular administra-
tion of conotoxin antagonists suggest that α6β2� nAChRs in brain are also critical
for nicotine withdrawal (Jackson et al. 2009), but given that these compounds can
target brain α3β2� nAChRs, further work needs to clarify which conotoxin-sensitive
nAChRs support withdrawal behavior. It is presumed that these behaviors are largely
influenced by dopamine release. It has been shown that α6β3� receptors are impor-
tant for the in vitro effects of nicotine for evoking dopamine release from striatal
synaptosomes (Grady et al. 2007) and the primary receptors on terminals to stimulate
dopamine release (Exley et al. 2008), although α4β2 receptors are also important
and, in fact, more abundant than α6-containing receptors (Grady et al. 2007). Ex
vivo slice studies using α6 subunit “gain-of-function” transgenic mice suggest that
stimulation of α6β2� nAChR is sufficient for both ACh- and nicotine-stimulated
activation of dopaminergic neurons, and behavioral studies in these mice show that
α6β2� nAChRs are critical for nicotine-stimulated locomotor activity (Drenan et al.
2010; Wang et al. 2014).

4 Special Significance of α5-Containing Receptors

The α5 subunit is encoded by CHRNA5, a gene expressed in chromosome 15 in
humans and chromosome 9 in the mouse (Chini et al. 1992; Eng et al. 1991).
CHRNA5 is part of the CHRNA3/A5/B4 gene cluster and shares several regulatory
elements with the two genes that encode the α3 and β4 nAChR subunits (Boulter
et al. 1990; Corriveau and Berg 1993; Sivilotti et al. 1997). α5 forms receptor
complexes with either the α3 and β4 (Sivilotti et al. 1997; Vailati et al. 2003) or
the α4 and β2 subunits (Gerzanich et al. 1998), and such receptors are expressed in
both peripheral and central nervous system neurons as well as in nonneuronal cells
(De Biasi 2002; Zoli et al. 2018). α5 co-expression enhances the sensitivity of α3β2
nAChRs to nicotine and ACh (Wang et al. 1996) and increases the calcium perme-
ability of α3β2 and α3β4 nAChRs in both cell lines and ganglionic neurons
(Gerzanich et al. 1998; Ramirez-Latorre et al. 1996). ACh-evoked currents from
Xenopus oocytes expressing α4, α5, and β2 show a prominent rightward shift of the
concentration-response curves for acetylcholine, while the single-channel conduc-
tance of α4α5β2 nAChR is almost double that of α4β2 receptors (Ramirez-Latorre
et al. 1996). Furthermore, α4β2 nAChRs that include α5 show faster rates of
recovery from desensitization than α4β2 nAChRs without α5 (Grady et al. 2012).
Another study demonstrated an important effect of α5 on nicotine-evoked dopamine
release. Synaptosomal preparations obtained from mice lacking the α5 subunit
display a lower sensitivity to ACh and release less dopamine in response to nicotine
than synaptosomes from wild-type mice (Grady et al. 2010).
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The interest in the functional roles of α5 increased significantly about a decade
ago, when a series of large-scale genetic studies pointed to a role of gene variation in
the CHRNA3/A5/B4 cluster in smoking-related phenotypes – such as number of
cigarettes/day and smoking heaviness – as well as lung cancer, chronic obstructive
pulmonary disease (COPD), alcoholism, and peripheral arterial disease (Amos et al.
2008; Berrettini et al. 2008; Bierut et al. 2008; Grucza et al. 2008; Pillai et al. 2009;
Schlaepfer et al. 2008; Stevens et al. 2008). The most notable effect, replicated by
many studies in several populations (Li et al. 2010; Saccone et al. 2009), is that of a
non-synonymous single nucleotide polymorphism (SNP), rs16969968. This poly-
morphism changes an aspartic acid residue into asparagine at position 398 (D398N)
in the second intracellular loop of α5. Individuals heterozygous for the risk allele
have a 1.3-fold increased risk for nicotine dependence, while homozygous individ-
uals have almost a 2-fold increase in risk. In addition, the presence of this SNP
influences the biophysical properties of α5� nAChRs. When expressed in HEK 293T
cells, α4β2α5N398 nAChRs exhibit reduced maximal response to nicotine com-
pared to α4β2α5D398 nAChRs. This phenomenon is not due to an intrinsic inability
of the mutant α subunit to form functional nAChRs nor to an altered Ca2+ perme-
ability, but likely to changes in intracellular modulation (Bierut et al. 2008;
Sciaccaluga et al. 2015). Incorporation of α5D398 into α3β4 nAChRs also decreases
the maximal response to agonist, especially when extracellular calcium is high, a
phenomenon that may lead to distinct downstream cellular signaling (Tammimaki
et al. 2012).

5 α5 Knockout and Knock-In

The creation of mutant mice that either lack the α5 subunit or express the
rs16969948 polymorphism has provided significant insight into the functional
roles of α5. Overall, the lack of α5 does not have major effects on development or
baseline behaviors (De Biasi 2002; Gangitano et al. 2009) besides leading to reduced
anxiety in the elevated plus maze in female mice (Gangitano et al. 2009) and
reducing attention under highly demanding conditions (Bailey et al. 2011). In
contrast, the null mutation has a profound influence on the effects of nicotine. It
confers resistance to nicotine-induced hypolocomotion and nicotine-induced seizure
(De Biasi 2002), reduces the physical manifestations of nicotine withdrawal (Salas
et al. 2009), and markedly increases nicotine self-administration (Fowler et al. 2011;
Morel et al. 2014). Normal nicotine self-administration can be “rescued” by
re-expression of α5D398 in either the medial habenula (Fowler et al. 2011) or
VTA neurons (Morel et al. 2014). Interestingly, when α5N398 is re-expressed in
VTA dopaminergic neurons, mice continue to self-administer larger nicotine vol-
umes, suggesting that the rs16969948 polymorphism, similar to the null mutation,
alters dopaminergic function and creates a hypodopaminergic state that could
promote nicotine abuse (Morel et al. 2014). Mice expressing the α5 SNP exhibit
neurocognitive behavioral deficits in social interaction and sensorimotor gating tasks
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due to increased inhibitory drive over layer II/III pyramidal neurons (Koukouli et al.
2017). The decreased cortical activity observed in the mutant mice, which resembles
the hypofrontality, a state of decreased cerebral blood flow (CBF) in the prefrontal
cortex of the brain, reported in patients with schizophrenia or drug addiction, was
reversed by chronic nicotine treatment. Such findings might provide a physiological
basis for the tendency of patients with schizophrenia to self-medicate with the
nicotine contained in tobacco products (Mallet et al. 2017). It might also explain
why subjects carrying the risk allele for rs16969948 have the most success at
quitting smoking when treated with nicotine replacement therapy, and such treat-
ment would help to reduce cravings and withdrawal symptoms as well as potential
hypofrontality (Bergen et al. 2013). Finally, recent work has also shown that
rs16969948 has important transgenerational effects. Offspring born to females
carrying the α5N398 variant consumed the most nicotine at the highest concentration
presented compared to offspring born to females expressing α5D398, which drank
the least amount of nicotine at all concentrations tested (O’Neill et al. 2018). Overall,
the α5 subunit, once considered to have little impact on nAChR function, clearly has
an important role in normal nAChR function and the mechanisms of nicotine
addiction.

6 Unique Contributions of α7-Containing Receptors

With a preponderance of the evidence suggesting that stimulation of heteromeric
receptors supported nicotine use and addiction behavior, a failure to observe similar
nicotine-associated phenotypes in α7 knockout mice initially led to the conclusion
that α7 nAChRs were not critically involved in tobacco use phenotypes (Pons et al.
2008; Walters et al. 2006). More recent work supports a unique role for α7 nicotinic
receptors in tobacco dependence (Brunzell et al. 2014). Unlike β2 nAChRs, where a
loss of function reduces nicotine reward and reinforcement, selective antagonism of
α7 nicotinic receptors has been shown to significantly increase motivation to self-
administer nicotine in rats maintained on a progressive ratio schedule of reinforce-
ment (Brunzell and McIntosh 2012). Expanded dose-response curves further
revealed that knockout of the α7 subunit significantly reduced threshold doses
required to achieve nicotine conditioned place preference (Harenza et al. 2014),
demonstrating an increased sensitivity to nicotine reward. To the contrary, selective
stimulation of α7 nicotinic receptors greatly reduced how hard rats were willing to
work for a single infusion of nicotine and blocked nicotine reward as measured using
nicotine conditioned place preference in mice (Brunzell and McIntosh 2012;
Harenza et al. 2014). Mice engineered to have an α7 nAChR gain-of-function
mutation completely failed to establish nicotine place preference at any dose tested
(Harenza et al. 2014). Although it is worth noting that one study has reported that
nicotine self-administration maintained on a fixed ratio 1 schedule of reinforcement
was reduced by systemic administration of the α7 nAChR antagonist
methyllycaconitine (MLA) (Markou and Paterson 2001), it is not clear if the higher
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doses of MLA in this study may have antagonized α6β2 nicotinic receptors as well as
α7 (Mogg et al. 2002). Together, these findings support the hypothesis that stimu-
lation of α7 nAChR supports nicotine satiety. Hence, it would appear that α7
nAChRs work in opposition to β2 nAChRs to curb nicotine use. Stimulation of α7
nAChRs has been shown to inhibit β2 nAChR function on VTA dopamine neurons,
presumably via stimulation of PPARα (Melis et al. 2013). In mice, a PPARα
antagonist blocked the ability of a selective α7 nAChR agonist to attenuate nicotine
place conditioning, suggesting that stimulation of α7 nAChRs attenuates nicotine
reward via a PPARα mechanism (Jackson et al. 2017) and suggesting that PPARα,
as well as α7 nAChR, may be effective pharmacological targets for tobacco
cessation.

7 Special Considerations Related to α7 nAChR

The basic considerations related to the reinforcing effects of nicotine discussed
above focused on the mesolimbic dopaminergic reward systems. Genetic studies
suggest that CHRNA7 polymorphisms may confer vulnerability to tobacco use
(De Luca et al. 2004); however, there are factors in addition to nicotine reinforce-
ment that encourage smoking among the mentally ill. The prevalence of smoking in
psychiatric outpatients is significantly higher than in the general population and is
especially high (88%) in patients diagnosed with schizophrenia (Hughes et al. 1986).
Individuals with schizophrenia typically show impaired sensory gating, manifested
as an inability to adapt to repetitive or unexpected stimuli. This has been shown to be
normalized by nicotine (Adler et al. 1992), so that smoking in this population has
been proposed to be a form of self-medication (Kumari and Postma 2005; Leonard
et al. 2007). The defect in sensory gating has been associated with a reduction of α7
nAChR expression (Freedman et al. 2000; Guan et al. 1999), and α7 receptors have
been proposed as a specific target for managing schizophrenia (Freedman et al. 2000;
Guan et al. 1999). This has led to small-scale trials of α7-selective agonists and
allosteric modulators for the treatment of schizophrenia (Gee et al. 2017; Kem et al.
2017; Tregellas et al. 2010; Walling et al. 2016). An ideal smoking cessation therapy
that would be applicable to both the general population and psychiatric outpatients
should address this desire to self-medicate. In this regard, the fact that varenicline,
while a partial agonist for β2-containing receptors, is a full agonist for α7 nAChRs
(Mihalak et al. 2006) supports its suitability for both populations (Liu et al. 2011;
Pachas et al. 2012; Williams et al. 2012b), although at least one case of adverse
effects has also been reported (Freedman 2007). A Phase IIb clinical trial utilizing an
α7 nAChR partial agonist with nicotine patch did not improve cognition or cessation
(Schuster et al. 2018), perhaps because a partial agonist can inhibit α7 nAChRs in the
presence of full agonist. A Phase IIa clinical trial utilizing an α7-positive allosteric
modulator also did not deter smoking in individuals with schizophrenia or otherwise
healthy smokers, but only one dose was used in this short-term, double-blind cross-
over study (Perkins et al. 2017). A small but significant finding reported that PPARα
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polymorphism was associated with tobacco dependence in females with schizophre-
nia diagnosis (Nadalin et al. 2016), suggesting that PPAR may be a novel target to
support tobacco cessation in individuals with schizophrenia diagnosis. Early find-
ings show that a PPARγ agonist effectively reduces craving in smokers (Jones et al.
2017), but these studies need to be expanded and repeated in smokers with
schizophrenia.

8 Pharmacotherapies for Smoking Cessations

While there are no truly effective therapies to manage nicotine addiction/depen-
dence, a few approaches have been developed, largely based on the hypothesis that
addressing the functional tolerance to nicotine with drugs that act upon the receptors
will alleviate withdrawal and cravings. Arguably, the most straightforward approach
to achieve this has been with nicotine replacement (Benowitz 2009), typically with
formulations such as patches or lozenges that would be intrinsically less rewarding
(Atzori et al. 2008; Rose et al. 1990). These approaches will of course target all of the
same receptors as the nicotine delivered in cigarettes, but a slower delivery of
nicotine to the brain is less likely to promote the receptor activation required to
stimulate dopamine release.

These nicotine replacement therapies have the goal of ultimately enabling
smokers to quit and should not be confused with the use of e-cigarettes, which
promote continued “smoking” with surrogate nicotine delivery systems that theoret-
ically reduce the harmful effects of combusted nicotine (Farsalinos and Niaura 2019;
Notley et al. 2018; Smith et al. 2018).

An alternative approach for aiding smoking cessation has been to utilize partial
agonists for β2-containing nAChR (Hogg and Bertrand 2007). This approach was
inspired by the identification of cytisine, a Laburnum alkaloid, as such an agent, able
to produce only weak activation of β2-containing receptors and to reduce the
activation of these receptors by full agonists such as ACh (Papke and Heinemann
1994). While cytisine itself is used as a cessation aid in Europe, (Etter et al. 2008), in
the United States, it inspired the development of the related compound varenicline
(Coe et al. 2005).

The basic concept for the use of β2 receptor partial agonists (Papke et al. 2011) is
that when present at relatively low concentrations, they can suppress the phasic
activation of the α4β2- and α6β2-containing receptors on dopaminergic neurons that
is produced by puffs of nicotine (Fig. 2), reducing the reinforcing effects while
simultaneously producing low levels of tonic activation that could diminish
cravings.

Another approved pharmacotherapy for smoking cessation is the antidepressant
bupropion (Benowitz 2009; Cryan et al. 2003). Although roughly as effective as
varenicline, its mechanism of action is less clear. It has been shown in vitro to have
some activity as nAChR antagonist (Slemmer et al. 2000) and to reduce nicotine-
evoked dopamine release in brain slice experiments (Miller et al. 2002). However,
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bupropion is also known to block dopamine reuptake, a feature common to the CNS
stimulants cocaine and amphetamine (Banks et al. 2016). Additionally, as an
antidepressant, bupropion may also help manage the depression that frequently
occurs during nicotine withdrawal.

8.1 Areca: Another Cholinergic-Based Addiction?

The previous sections focused on addiction associated with nAChRs, which function
as ligand-gated ion channels. The second major class of acetylcholine receptors
contains metabotropic receptors that couple through G-proteins with ion channels
among numerous possible downstream mediators of their effects. Just as the ion
channel-coupled receptors for acetylcholine are associated with activation by the
plant toxin nicotine, the G-protein-coupled acetylcholine receptors are identified by
their sensitivity to muscarine, a toxin first isolated from the mushroom Amanita
muscaria. The structures of acetylcholine and these eponymous agonists are shown
in Fig. 3a, along with another plant alkaloid that is also associated with addiction,
arecoline, which is well known to be a muscarinic agonist. There are five subtypes of
muscarinic receptors, and the M1 and M3 subtypes, which are widely expressed in
the brain, produce increases in intracellular calcium upon activation. This allows for
the downstream activation of calcium-dependent channels for potassium or chloride
to be used as reporters of muscarinic receptor activation. As shown in Fig. 3b, when
the M1 and M3 muscarinic receptor subtypes are expressed in Xenopus oocytes, the
application of ACh, muscarine, or arecoline, but not nicotine, produces strong
activation of calcium-dependent chloride currents in voltage-clamp experiments.

Fig. 2 Modulation of HSα4β2 (α4(2)β2(3)) receptor phasic activation by varenicline.
Two-electrode voltage-clamp recordings were made as previously described (Papke and Stokes
2010). Oocytes expressing the β2-α4 concatamer and monomeric β2 were repeatedly stimulated
with applications of 10 μM ACh to mimic the repeated effects of nicotine pulses. After the second
ACh application, 60 nM varenicline was added to the bath. After the sixth ACh application, 100 μM
of the nonselective antagonist mecamylamine was delivered to the cells to demonstrate the
inhibition of the tonically active current produced by the bath-applied varenicline. The insert
shows this inhibition at a tenfold increased scale. Shown are the averaged responses (solid lines)
of seven cells �SEM (tan area), normalized to the average of the two initial ACh responses prior to
the addition of varenicline to the bath. Each trace of 10,322 points (30 s preapplication baseline, 6 s
drug application, and 170 s of a 241 s washout in Ringer’s solution) is 206.44 s long
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Fig. 3 (a) Structures of acetylcholine and the alkaloids nicotine, muscarine, and arecoline. Note
that although nicotine and arecoline are tertiary amines, they are likely to be charged at physiolog-
ical pH. (b) Shown are the averaged responses (solid lines) of eight cells to each of the drugs shown
in A, plus and minus the standard error of the mean calculated at each of the of 10,322 points in each
trace (tan area). Drugs were applied at 100 μM. In these experiments, the currents recorded were
associated with the downstream activation of calcium-dependent chloride currents that desensitize
after a single activation, so the different drugs were applied to separate sets of cells from the same
batch of oocytes injected with RNA coding for M1 and M3 muscarinic receptors. Each trace is
206.44 s long. (c) Responses of oocytes injected with RNA for α4 and β2 nAChR subunits to
applications of the drugs shown in A at 100 μM (n� 5 for each trace). Prior to averaging, data from
each cell were normalized to the average of two initial 30 μM ACh responses from the same cells
prior to the experimental drugs. The solid lines are the averaged normalized data, and the tan areas
are the standard errors of the means calculated at each point. Each trace is 206.44 s long
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When these same ligands are applied to oocytes expressing the human α4 and β2
nAChR subunits, there is, of course, strong activation by ACh or nicotine and no
response to muscarine (Fig. 3c). However, arecoline also produces a small activation
of these receptors, which are strongly associated with nicotine addiction (Papke et al.
2015).

Arecoline is one of the four major alkaloids present in areca, along with guvacine,
guvacoline, and arecaidine (Jain et al. 2017). With an estimated 600 million users,
mostly in South Asia, areca is the fourth most commonly used addictive substance in
the world, after alcohol, caffeine, and tobacco (Gupta and Warnakulasuriya 2002).
Areca users have a twofold higher chance of oral cancer than the general population
and a 50–100-fold higher chance of precancerous disease such as oral submucosal
fibrosis (Auluck et al. 2009), making it a serious health problem in countries where
areca use is high. The chewing of preparations of areca nut (most commonly known
as betel quid or betel nut) is an ancient custom throughout much of South Asia, with
physical evidence for areca use on human dental remains predating written history
(Oxenham et al. 2002). There are references to the use and cultural importance of
betel in the most ancient Indian sutras (Raghavan and Baruah 1958). It was a custom
enjoyed by all strata of society, with nobility possessing elegant accessories for the
storage and processing of areca nut. Europeans visiting royal courts, as far back as
the time of Marco Polo, would be invited to share betel with their noble hosts as
signs of acceptance and respect. In some cases, the guests were even offered quids
that had first been partially chewed by their hosts (Rooney 1993). How could they
refuse?

The essential ingredient of all forms of “betel” is the fruit of the palm, Areca
catechu, usually referred to as a nut, although actually a drupe (Fig. 4a). Areca is
prepared in various ways by different cultures, and these preparations have many
different names (Patidar et al. 2015). As noted above, one of the most common
formulations is the “betel quid,” the preparation of which begins with a leaf of the
vine Piper betle, believed to be the source of the somewhat misleading association
between areca and “betel nut.” To prepare a quid, the betle leaf is first spread with a
paste of slaked lime (calcium hydroxide); then pieces of areca nut (Fig. 4b), often
with other spices, seeds, and flavorants, are added prior to folding the leaf into small
packet (Fig. 4c). This “quid” is then inserted into the cheek to be chewed and sucked
on for up to an hour or more. While some cultures use dry, ripe areca nuts, as popular
in India (Fig. 4b), others use fresh, often immature nuts (Fig. 4a), sometimes
including the husks (Lin et al. 2017), and chewed without betle leaf. As is often
the case with drug use habits, areca users often change their preferences over time
and with their age, starting with sweetly flavored quids, such as meetha paan masala.
The spread of tobacco products through Asia in recent centuries has also affected
betel quid use, so presently, on average, about half of adult betel chewers add
tobacco to their quid (IARC 2004). Accommodating modern mass marketing,
areca is also available in foil packets premixed with other ingredients (Gupta and
Warnakulasuriya 2002). These are sold as “pan masala” when formulated without
tobacco and as “gutka” when processed smokeless tobacco is included. Asian
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specialty stores in the United States commonly carry raw areca products and these
prepared packets (Bachman 2013; Changrani et al. 2006).

The areca alkaloid arecoline, first isolated in 1891, has been known to be a
muscarinic agonist since the time of the earliest studies of autonomic pharmacology
(Epstein 1932). Since the muscarinic activation of salivary gland is the most overt
indication of betel quid use (Fig. 4c), it has been hypothesized that the muscarinic
activity of arecoline in the brain is sufficient to account for the short-term reinforcing
effects of areca. Although the muscarinic antagonist scopolamine is considered a
deliriant hallucinogen (Graff 1969), muscarinic agonists have no history of being
drugs of abuse, aside from the unsubstantiated supposition that arecoline must
account for areca addiction (Nelson and Heischober 1999). As is the case with
tobacco, it is difficult, even for users, to identify the psychoactive effects of areca
that are likely to account for its use-promoting reward. Anecdotal accounts some-
times liken areca’s effects to a strong cup of coffee. In a survey of 370 addicted betel
quid users in Karachi (Khan et al. 2013), 47% of the subjects identified betel as a
central nervous system (CNS) stimulant. However, 14% identified it as a CNS

Fig. 4 (a) Fresh areca nuts from Vietnam, sourced from eBay and shipped to Florida. One fruit is
intact and the other split to reveal the nut inside the husk. (b) Dried areca nuts being sold in bulk at
the wholesale produce market in Yangon, Myanmar, variously whole, cut in half, or chopped into
pieces. (c) A betel quid being assembled by a street vendor in Yangon, Myanmar. The betle leaf has
been partially coated with white lime, and the vendor is adding sliced areca to a quid already
containing a small amount of tobacco. Also shown are prepared quids, ready for sale. (d) Pavement
in Yangon, Myanmar, decorated with red expectorate from a betel quid chewer. The muscarinic
action of the areca alkaloid arecoline stimulates copious amounts of saliva that acquire red pigments
from components in the nut. All photos were taken by the author (RLP)
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depressant, and 38% believed it had no CNS effects. Nonetheless, in the same study,
74% of the respondents believed that chewing betel could cause cancers of the
mouth or throat. Similar results were obtained in a recent study of betel quid users in
Yangon, Myanmar (Papke et al. 2019), although in that study more subjects (55.5%)
reported that the effects were like that of alcohol. The Yangon study also included a
survey of quid vendors and confirmed that 75% added tobacco to the quids in equal
amount to the areca.

Seriously understudied, areca use is an orphan addiction (Little and Papke 2015).
Although overlooked in the official DSM-5, a recent large-scale study of six endemic
Asian populations (8922 participants) applied DSM-5 type criteria to identify Betel-
Quid Use Disorder (BUD) (Lee et al. 2018). They found that among current users of
betel quid, 86.0% met the criteria for BUD (mild BUD, 15.5%; moderate BUD,
20.6%; and severe BUD, 50.0%). Similar results were reported for betel quid users in
Guam (Herzog et al. 2014).

While the effects of coffee and alcohol are easily appreciated by the consumer of
these beverages, the subjective CNS effects of areca, like tobacco, are relatively
subtle (Khan et al. 2013). Profuse salivation, the most obvious effect of chewing
betel quid, is certainly a cue that the betel user will associate with their drug, but not
being a CNS effect, it is unlikely to relate to the actual addiction. As noted earlier,
addictions typically have two components, the first being a short-term reinforcing
effect that targets the brain’s reward mechanism associated with neurotransmitters
like dopamine (Stolerman and Shoaib 1991). The second component of a serious
addiction is the physical dependence produced by the chronic use of the drug that
leads to withdrawal symptoms should the user try to quit. The nicotinic activity of
arecoline has been proposed to relate to this second component, as well as to
contribute to the predilection for adult betel users to add tobacco to their quid
(Papke et al. 2015).

As western societies have in recent decades been trying to deal with tobacco use,
Asian countries are now beginning to enact new public policies to deal with the
public health cost of betel use (Garg et al. 2014; Gupta and Warnakulasuriya 2002;
Mehrtash et al. 2017). However, on the level of the individual, awareness of a health
risk is generally not sufficient motivation for a person to quit an addiction (Herzog
et al. 2014; Little et al. 2014), providing a reason for developing targeted cessation
therapies. Although, as noted above, the essential reinforcing properties of areca
remain in question, it is clear that the large fraction of users that mix tobacco with
their quid is likely to develop a nicotine dependence similar to users of smokeless
tobacco alone. Any cessation therapy for this population would need to address this
aspect of the dependence in addition to unique aspects associated with areca, such as
the muscarinic activity of arecoline that produces an association between drug use
and the copious production of saliva. Salivation would also then become a cue
associated with the delivery of nicotine, and nicotine itself would augment the
salience of such a cue (Perkins et al. 2017). This suggests that an areca cessation
therapy targeted to users of betel quid with tobacco might combine a nicotine
replacement in the form of a gum with a clinically approved muscarinic agonist
like pilocarpine.
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Betel quid was once considered by Europeans as a quaint and somewhat curious
custom and by South Asians as a societal norm. Nowadays, it is largely unknown by
Americans, outside of the substantial Asian-American communities. Based on data
from the US census, there are a total of approximately nine million first-generation
immigrants in the United States from countries where areca product use is high,
including India, the Philippines, Vietnam, Pakistan, Cambodia, Taiwan, and
Bangladesh. Additionally, areca use is prevalent in the US territory of Guam
(population of 168,000). As with other cultural traditions, this use may be passed
on to second, third, and even further generations, especially in tight social commu-
nities, such as those of the Indian-Gujarati immigrants. It is reasonable to estimate
the total number of people in the United States who have a cultural tradition of areca
product use to be close to 20 million, and based on the limited survey data available
(Changrani et al. 2006; Murphy and Herzog 2015), more than one million people in
the United States may be current users, with elevated risks for oral disease and
cancers (Auluck et al. 2009). In some cases, the use of areca products may spread to
other populations. For example, in Hawaii, where Micronesian students of a betel-
using culture mix with the general student population, 2% of the high school
students identified themselves as current users of betel nut (Pobutsky and Neri
2012), although Micronesians constitute only 1% of the total population. Further-
more, as noted above, approximately 50% of the time, the use of areca products leads
to the addition of smokeless tobacco or the switch from pan masala to gutka, which
also greatly increases the likelihood of oral cancers. The sum impact of areca product
use is probably hundreds of preventable cancers in the United States every year and
much more precancerous oral disease. The path to prevention of areca-related
disease is the management of the addiction, and with these new insights into the
root causes of areca addiction, we can hope to find that path.
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Abstract Nicotinic acetylcholine receptors (nAChRs) have emerged as a novel
therapeutic strategy for pain and inflammatory disorders. In particular, α4β2�, α7,
and α9α10 nAChR subtypes have been investigated as potential targets to treat pain.
The nAChRs are distributed on the pain transmission pathways, including central
and peripheral nervous systems and immune cells as well. Several agonists for
α4β2� nAChR subtypes have been investigated in multiple animal pain models
with promising results. However, studies in human indicated a narrow therapeutic
window for α4β2� agonists. Furthermore, animal studies suggest that using agonists
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for α7 nAChR subtype and antagonists for α9α10 nAChR subtypes are potential
novel therapies for chronic pain management, including inflammatory and neuro-
pathic pain. More recently, alternative nAChRs ligands such as positive allosteric
modulators and silent agonists have shown potential to develop into new treatments
for chronic pain.

Keywords Inflammatory pain · Neuropathic pain · Nicotinic acetylcholine
receptors · α4β2 nAChRs · α7 nAChR · α9α10 nAChRs

1 Introduction

Effective and safe treatment of pain remains one of the most significant challenges in
medicine. Pain affects more than 100 million Americans (Institute of Medicine
(US) Committee on Advancing Pain Research, Care, and Education 2011) at the
cost of greater than $635 billion a year (Gaskin and Richard 2012). The current
opioid crisis, partly fueled by prescription opioids for pain control, has highlighted
the enormous challenge to the medical community of managing chronic pain.
Relatively few options are available for therapy, including nonsteroidal anti-
inflammatory drugs (NSAIDs), steroids, opioids, gabapentinoids, reuptake inhibi-
tors, and local anesthetic agents. Each of these classes of drugs possesses varying
degrees of clinical efficacy in specific patient groups, and all are associated with
untoward side effects that undermine utility. There is an urgent need to discover new
drugs to treat acute and chronic pain that are effective and also safe. While over the
last several years, there has been a major push in the identification of new targets for
pain relief, this review will focus on the recent progress in our understanding of the
cholinergic system as a target for pain modulation. More specifically, we will expand
on the new advances in our understanding of the cholinergic nicotinic system
modulation of pain at the level of neuronal and nonneuronal systems. Acetylcholine
(ACh) is one of the most abundant neurotransmitters in both the central and
peripheral nervous system. It acts primarily on two types of receptors: muscarinic
acetylcholine receptors (mAChRs) and nicotinic acetylcholine receptors (nAChRs).
mAChRs are G-protein-coupled receptors, and there are five different subtypes: M1,
M2, M3, M4, and M5. M1, M3, and M5 act through Gq increasing intracellular
calcium and M2 and M4 through Gi, inhibiting the formation of cAMP. Several
pieces of evidence support the notion that mAChRs play an important role in pain
modulation. These receptors can be found throughout the peripheral and central
nervous system. The role of ACh and mAChRs in pain transmission was reviewed
recently in an excellent paper by (Naser and Kuner 2018).
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2 nAChRs in Pain Modulation

Nicotinic receptors are members of the pentameric ligand-gated ion channels
Cys-loop superfamily consisting of five subunits surrounding an ion pore. nAChRs
are engaged throughout the peripheral and central nervous systems in signal trans-
duction of ACh-mediated signals. Furthermore, nAChRs play a significant role in
pain mediation and several reactions evoked by nicotine (Decker et al. 2004).
Multiple nAChRs were classified, including homomeric and heteromeric combina-
tions of α2–α10 and β2–β4 subunits forming different combinations of α and β
subunits or homomeric forms expressing only α subunits (Gotti et al. 2006). The
most common nAChR subtypes are the heteromeric α4β2� and homomeric α7
receptors. We will concentrate in this review on the role of subtypes α4β2�, α7,
and α9 α10 in pain modulation.

3 The α4β2� nAChRs in Pain Modulation

Although nicotine shows reinforcing properties, it has been reported that nicotine
also displays an important pain-relieving properties both in human and rodents
studies as well, especially through the α4β2� nAChRs (Damaj et al. 2014). The
lack of α4 or β2 nAChR subunit has been shown to reduce sensitivity to the
antinociceptive properties of nicotinic compounds in acute pain testing in genetically
mutated animals (Marubio et al. 1999). In addition, nicotine has been shown to
alleviate the mechanical hypersensitivity in chronic constriction injury (CCI), a
mouse model of peripheral neuropathy (Bagdas et al. 2018). Although nicotine
short-half life and side effects restrict its implication for pain treatment, it brings to
the attention that the antinociceptive properties of nicotine shadow a light into
underlying mechanisms of α4β2� nAChRs in pain and promote developing better
α4β2� therapeutic ligands. The α4β2� nAChRs are heteromeric and formed through
the combination of α4 and β2 subunits or occasionally additional subunits of either α
or β subunits to form functional receptors (represented as α4β2� in which the asterisk
denotes that another nAChR subunits either α or β could be part of the receptor
pentamer). Additionally, the α4β2 receptors are known to show different sensitivity
to agonist, i.e., high sensitive (HS), where two α and three β subunits respond to
agonist application while in case of presence of three α and two β subunits are
considered low sensitive (LS) to agonist application (for further details, see review
by Hendrickson et al. 2013). The α4β2 nAChRs are expressed on neuronal cells
centrally (spinal and supraspinal) (Nashmi and Lester 2006; Posadas et al. 2013; Zoli
et al. 2018) and on nonneuronal cells such as macrophages and microglia as well
(Saika et al. 2015). The α4β2 nAChR subtype could be modulated either through
binding by an agonist or by an allosteric modulator(s) to produce analgesia/
antinociception. For example, several agonists have been tested for potential pain
relief in animal models. Metanicotine, a selective agonist for α4β2 nAChRs has been
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reported to induce antinociception in heat and pressure tests in a postoperative
mouse model (Rowley et al. 2008). Additionally, it has been reported that
epibatidine, a nonselective agonist for α4β2 nAChRs produced antinociception in
several acute tonic, inflammatory, and neuropathic pain assays in rodents (Badio and
Daly 1994; Damaj et al. 1998; Curzon et al. 1998; Kesingland et al. 2000). Similarly,
ABT-594, a moderately selective α4β2 nAChRs agonist, has been shown to have
antinociceptive properties in acute (hot plate and tail flick) and inflammatory pain
assays in rats (Boyce et al. 2000; Kesingland et al. 2000) as well as in multiple
neuropathic pain models in rodents. For example, Bannon et al. (1998) showed that
ABT-594 produced a reversal of mechanical hypersensitivity and tactile
hyperalgesia in sciatic nerve ligation and diabetic neuropathic pain models in rats.
Likewise, Lynch et al. (2005) described that ABT-594 produced a reversal of
mechanical hypersensitivity in the rat model of chemotherapy-induced peripheral
neuropathy. Also, administration of 5-Iodo-A-85380, an agonist for α4β2 nAChRs,
showed antinociception in the Hargreaves test in rats (Rueter et al. 2000). Recently,
Kiguchi et al. (2018) reported that the systemic administration of TC-2559, an
agonist for α4β2 nAChRs, was shown to decrease the upregulated IL-1β level in
the sciatic nerve following partial sciatic nerve injury in rats and lowered the
elevated IL-1β level in cultured macrophages following incubation with lipopoly-
saccharide. Additionally, perineural administration of TC-2559 alleviated mechan-
ical hypersensitivity during early (0–3 days) and late (21–24 days) post partial sciatic
nerve ligation injury. For example, sazetidine-A, varenicline, attenuated licking
pain-like behavior of the formalin test in mice (AlSharari et al. 2012; Bagdas et al.
2015a) and NS3956 in rats (Rode et al. 2012). A growing body of evidence suggests
that positive allosteric modulators are capable of enhancing the pharmacologic effect
of the agonists for the α4β2 nAChRs. The low sensitivity, selective positive alloste-
ric modulator NS9283 produced an antinociceptive effect in the formalin test in rats
when co-administered with NS3956, a partial agonist for the α4β2 nAChRs. Addi-
tionally, NS9283 has been shown to alleviate carrageenan-induced thermal
hyperalgesia, reverses the mechanical hypersensitivity in a rat paw skin incision
model of postoperative pain, and reduces monoiodo-acetate induced knee joint pain
when co-administered with ABT-594 (Zhu et al. 2011). Likewise, NS9283 potenti-
ated the attenuation of mechanical hypersensitivity of ABT-594 in spinal nerve
ligation, a model of neuropathic pain in rats (Lee et al. 2011).
Desformylflustrabromine, another α4β2 low sensitivity PAM, potentiated nicotine’s
mechanical antihypersensitivity in a mouse model of peripheral neuropathy (Bagdas
et al. 2018). Similarly, desformylflustrabromine alleviated pain-like behavior in
CD-1 mice in both formalin and acetic acid-induced writhing response tests (Weggel
and Pandya 2019).

To date, the clinical utility of α4β2� agonists as analgesics has been limited.
ABT-594, the relatively selective α4β2� agonist, have shown efficacy in treating
diabetic neuropathic pain in a phase II trial but was plagued by side effects including
dizziness, nausea, vomiting, and unpleasant dreams (Rowbotham et al. 2009).
However, when ABT-894, a highly selective α4β2� agonist, was tested in patients
with diabetic peripheral neuropathic pain, it was well tolerated but failed to show
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significant analgesic efficacy (Rowbotham et al. 2012). These results suggest that the
direct activation of the α4β2� subtype nicotinic receptor may modulate pain trans-
mission, but the identity of the α4β2� nAChR subtype(s) mediating the analgesic
properties of nicotinic agonists is still unclear. In that regard, α5 and α6 nicotinic
subunits are accessory subunits that can form functional receptors when
co-expressed with α4β2 to form α4β2α5 or α4β2α6 subtypes (Brown et al. 2007).
A possible role for the α5 nAChR subunit in the processing of nociceptive informa-
tion in neuropathic pain has been suggested (Vincler and Eisenach 2004), and
nicotine’s antinociceptive properties are reduced or absent in α5 subunit knockout
mice (Bagdas et al. 2015a). In addition, the expression levels of CHRNA6, which
encodes the α6 nicotinic subunit, were highly associated with mechanical allodynia
in a chronic neuropathic pain mouse model. Furthermore, mechanical allodynia
associated with neuropathic and inflammatory injuries is significantly altered in
α6� null mutants and that α6� but not α4� nicotinic receptors are absolutely required
for peripheral and/or spinal nicotine antinociception in these models (Wieskopf et al.
2015).

4 The α7 nAChRs in Pain Modulation

The α7 nAChR subtype has a number of unique physiological and pharmacological
properties that distinguish it from other nicotinic subtypes, including a high perme-
ability to calcium, rapid and reversible desensitization, and pronounced inward
rectification (Séguéla et al. 1993). α7 nAChR subtype is activated by ACh and
also selectively activated by choline, therefore ideally suited to respond to manifestly
different kinds of signals: targeted transmission, localized tissue damage, and para-
crine signals. α7 nAChR subtype is expressed in supraspinal and spinal pain
transmission pathways (Wada et al. 1989; Cordero-Erausquin et al. 2004). Autora-
diographic analyses showed that α7 nAChR binding sites were diverse within the
substantia gelatinosa in the rat (Hunt and Schmidt 1978) and human (Gillberg and
Aquilonius 1985) spinal cord, and these sites were decreased following dorsal
rhizotomy (Gillberg and Wiksten 1986). α7 nAChR subtype is also expressed on
macrophages and other types of immune cells (Tracey 2002; Wang et al. 2005). It
has been suggested that activation of α7 nAChR subtype causes a downregulation of
proinflammatory cytokine synthesis and prevention of tissue damage (Tracey 2002;
De Rosa et al. 2009) representing a “cholinergic anti-inflammatory pathway” for
modulation of the immune system. Supporting this concept, several preclinical
studies have confirmed the therapeutic potential of targeting α7 nAChRs-mediated
anti-inflammatory effects (Tracey 2002; de Jonge et al. 2007; De Rosa et al. 2009).
For example, α7 nAChR knockout mice showed a significant increase in the
incidence and severity of arthritis (van Maanen et al. 2010). Also, a marked increase
in edema, hyperalgesia, and allodynia associated with intraplantar complete
Freund’s adjuvant injection was observed in α7 knockout mice compared with
wild-type littermates (AlSharari et al. 2013). Neuronal and dorsal root ganglia
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expression of α7 nAChR has been found to be significantly lowered in experimental
models of inflammatory or neuropathic pain (Hoffmeister et al. 2011; Di Cesare et al.
2014b). In contrast, expression of α7 nAChR on macrophages was upregulated
(Albuquerque et al. 2009; Hoffmeister et al. 2011; Khan et al. 2012). In addition,
selective α7 nAChR agonists such as PHA-543613, JN403, and AR-R17779 were
shown to be active in tonic and chronic inflammatory and neuropathic pain models in
rodents (Damaj et al. 2000; Medhurst et al. 2008; Feuerbach et al. 2009; van Maanen
et al. 2010; Marrero et al. 2011; Loram et al. 2012; Freitas et al. 2013b). However,
the rapid desensitization of α7 nAChR, a process that occurs in milliseconds, raises
concerns about the long-term administration of this class of compounds. In addition,
other limitations to the development α7 nAChR agonists for human use such as
receptor selectivity issues (cross-reactivity with 5-HT3 receptors, which have high
homology with α7 nAChRs binding sites and possibly related to adverse effects seen
in clinical trials with α7 agonists), overactivation and rapid desensitization of the
receptor persist. Finally, α7 agonists seem to possess a narrow window of
antinociceptive effect in vivo, as reflected by a U-shaped dose-effect curve in the
formalin test in mice (Freitas et al. 2013a). These limitations led to the development
of compounds that modulate α7 nAChR function by binding to allosteric sites
instead of the orthosteric site that binds agonists and antagonists. α7 nAChR-
positive allosteric modulators (PAMs) are compounds that can potentiate α7 currents
in the presence of an endogenous agonist such as acetylcholine and choline. These
PAMs were classified as type I and type II based on their electrophysiological
properties. Type I PAMs increase agonist response with little or no effect on
desensitization of α7 nAChRs, whereas type II PAMs increase agonist response
and slow down the apparent desensitization profile of the agonist response (Hurst
et al. 2005). Both PAM types have been tested in vivo for their efficacy in animal
models of inflammatory and neuropathic pain. For example, it has been shown that
PNU-120596, an α7 selective type II PAM, reversed mechanical allodynia in rat and
mouse chronic inflammatory and neuropathic pain models (Munro et al. 2012;
Freitas et al. 2013b). Further, PNU-120596, TQS, 3-furan-2-yl-N-p-tolyl-acrylam-
ide, and 2,4,20,50-tetrahydroxychalcone, all type II α7 PAMs, were shown to possess
antinociceptive and anti-inflammatory effects in tonic and chronic inflammatory pain
models in rodents (Munro et al. 2012; Bagdas et al. 2015b; Abbas and Rahman
2016; Balsera et al. 2018). Interestingly, GAT107, a new α7 selective dual allosteric
agonist-PAM, showed anti-inflammatory and antinociceptive properties in several
chronic pain models in mice (Bagdas et al. 2016).

As mentioned above, the conformation of α7 nAChR subtype is regulated by the
binding of agonists and allosteric modulators (Williams et al. 2011, 2012). An
additional class of ligands identified as “silent agonists” was recently described
(Chojnacka et al. 2013; Papke et al. 2014). Silent agonists are relatively inefficient
ligands at inducing the open-channel state of α7 nAChRs and are far more effective
at stabilizing agonist-dependent non-conducting states, traditionally referred to as
“desensitized.” These agonists do not activate the expressed α7 ion channel under
normal conditions. For instance, the silent agonist NS6740 stimulated no detectable
currents upon application in oocytes expressing α7 nAChRs but reduced time spent
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paw licking in the formalin test and attenuated mechanical allodynia in a neuropathic
pain model after systemic administration via an unknown signaling mechanism
(Papke et al. 2015). In addition, the novel α7-selective ligand PMP-072 (also called
R-47) (Clark et al. 2014) suppressed inflammation in asthma and arthritis models
(van Maanen et al. 2015) and prevented chemotherapy-induced peripheral neurop-
athy in mice (Toma et al. 2019). Similar results have been reported for the new silent
agonist CF3-diEPP, which was found to be active in relieving neuropathic and
inflammatory pain (Quadri et al. 2018). Furthermore, the silent agonist NS6740
effectively reduced acetic acid-induced conditioned place aversion (Papke et al.
2015). Collectively, this new class of α7 nAChR ligands challenges the traditional
notion that receptors in non-conducting states are functionally unimportant (Wil-
liams et al. 2011). These ligand-bound non-conducting states of α7 nAChR likely
regulate intracellular signal transduction processes in both neuronal and nonneuronal
cells.

CHRFAM7A is a uniquely human partial gene duplication of CHRNA7 (the gene
for α7 nAChRs) that is missing the first 4 exons, which code for binding loops A
and D, beta-strands 1–4, the main immunogenic region, and the important loop
2 close to the membrane (Sinkus et al. 2015). Co-expression of this gene with full-
length α7 has dominant-negative effects on channel function, although interestingly
these can be partially reversed by the PAM PNU-120596 (Araud et al. 2011),
suggesting that CHRFAM7A promotes the stabilization of a desensitized conforma-
tional state. There are deletion polymorphisms in this gene associated with neuro-
logical disorders including inflammation, and it has also been implicated in
cholinergic control of immune function (de Lucas-Cerrillo et al. 2011). It may also
contribute to the unique pharmacology of α7-mediated control of inflammation
(Costantini et al. 2019).

Traditionally, it is known that α7 nAChR subtype composed of five identical α7
subunits to form a functional homomeric α7 nAChR subtype. However, it has been
recently reported that α7 subunit can also associate with β2 subunit to form α7β2
heteromeric nAChRs (Wu et al. 2016). However, little is known about the role of
heteromeric α7β2 nAChRs in pain regulation.

5 The α9/α9α10 nAChRs in Pain Modulation

It has been reported that α9 nAChR subunit can be combined into a homopentamer
with other α9 subunits, as well as a heteropentamer with α10 nAChR subunits, to
form functional nAChRs. Furthermore, it has been demonstrated that α9 and α10
subunits are expressed in the peripheral nervous system (Gotti et al. 2006), but
evidence for brain expression is lacking or controversial (Elgoyhen et al. 2001;
Lykhmus et al. 2017; Morley et al. 2018). α9/α10-containing nAChRs are also
present in immune cells where they may modulate neuroinflammation (Fujii et al.
2017; Liu et al. 2017; Grau et al. 2018). Also, reports have shown that acetylcholine
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activates α9α10 nAChRs; on the other hand, nicotine acts as an antagonist by
inhibiting ACh-evoked currents (Elgoyhen et al. 1994, 2001).

It has been reported that α-conotoxin family is a class of short peptides derived
from the venom of Conus marine snails and that some of the compounds isolated
from this class of drugs are potent antagonists of the α9α10 nAChRs which could be
used to mitigate pain and to reduce inflammation (Hone and McIntosh 2018;
Abraham and Lewis 2018). The α-conotoxin RgIA, a selective mammalian α9α10
antagonist, has been shown to reverse mechanical allodynia and hyperalgesia in the
chronic constriction injury model (Vincler et al. 2006; McIntosh et al. 2009). In
addition, it has been demonstrated that treatment with RgIA decreased the loss of
sciatic nerve fibers and myelin and reduced macrophage infiltration consistent with
disease-modifying properties (Vincler et al. 2006; Di Cesare et al. 2014a). Further-
more, RgIA was effective at reducing oxaliplatin-induced neuropathic pain (Pacini
et al. 2016). However, RgIA peptide is 300-fold less potent at human α9α10
nAChRs (Azam and McIntosh 2012) and was also reported to have agonist activity
on GABAB receptors, proposed to account for its analgesic activity (Callaghan et al.
2008). Structure-activity studies led to the development of an RgIA analog, RgIA4,
that has a high affinity for both the rat and human α9α10 nAChRs and lacks GABAB
and opioid receptor activity. RgIA4 has been shown to prevent oxaliplatin-induced
neuropathic pain in rats and wild-type but not α9 subunit null mice (Romero et al.
2017). Remarkably, the therapeutic effect of RgIA4 persists for at least 3 weeks after
cessation of drug treatment consistent with a disease-modifying effect (Christensen
et al. 2017). Vc1.1 and analogs which are another α-conotoxins have been found to
produce analgesic activity in neuropathic and visceral pain models (Satkunanathan
et al. 2005; Napier et al. 2012; Sadeghi et al. 2017; Castro et al. 2018). Also, it has
been reported that Vc1.1 successfully passed Phase I human clinical trials, but did
not continue past Phase 2A after in vitro data indicated that Vc1.1 is much less potent
on and selective for the human α9α10 nAChR compared to the rat α9α10 nAChR
(Azam and McIntosh 2012).

GeXIVA, an αO-conotoxin which is an α9α10 antagonist peptide, structurally
unrelated to the above conotoxins was also found to be analgesic in chronic
constriction injury and chemotherapy-induced neuropathic pain models (Luo et al.
2015; Wang et al. 2019). Furthermore, ZZ1-61c, a bis-azaaromatic quaternary
ammonium analog of nicotine, has been demonstrated to produce prevention and
reversal of chemotherapy-induced mechanical allodynia when administered in com-
bination with or after vincristine (Wala et al. 2012). In addition, treatment with
ZZ1-61c was found not transient, suggesting that acute administration of ZZ1-61c
elicited lasting pharmacological changes. ZZ-204-G, a tetrakis-quaternary ammo-
nium α9α10 antagonist was also analgesic in formalin and chronic constriction nerve
injury models of neuropathic pain (Holtman et al. 2011).
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6 Conclusions

The continuous research and characterization of nAChR modulators including but
not limited to agonists, silent agonists, PAMs, and antagonists have opened new
avenues to explore and to develop better therapies for pain management.
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Abstract Abnormalities of cholinergic nuclei, cholinergic projections, and cholin-
ergic receptors, as well as abnormalities of growth factors involved in the maturation
and maintenance of cholinergic neurons, have been described in postmortem brains
of persons with autism spectrum disorder (ASD). Further, microdeletions of the
15q13.3 locus that encompasses CHRNA7, the gene coding the α7 nicotinic acetyl-
choline receptor (α7 nAChR), are associated with a spectrum of neurodevelopmental
disorders, including ASD. The heterozygous 15q13.3 microdeletion syndrome sug-
gests that diminished or impaired transduction of the acetylcholine (ACh) signal by
the α7 nAChR can be a pathogenic mechanism of ASD. The α7 nAChR has a role in
regulating the firing and function of parvalbumin (PV)-expressing GABAergic
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projections, which synchronize the oscillatory output of assemblies of pyramidal
neurons onto which they project. Synchronous oscillatory output is an electrophys-
iological substrate for higher executive functions, such as working memory, and
functional connectivity between discrete anatomic areas of the brain. The α7 nAChR
regulates PV expression and works cooperatively with the co-expressed NMDA
receptor in subpopulations of GABAergic interneurons in mouse models of ASD.
An evolving literature supports therapeutic exploration of selectively targeted cho-
linergic interventions for the treatment of ASD, especially compounds that target the
α7 nAChR subtype. Importantly, development and availability of high-affinity,
brain-penetrable, α7 nAChR-selective agonists, partial agonists, allosteric agonists,
and positive allosteric modulators (PAMs) should facilitate “proof-of-principle/
concept” clinical trials. nAChRs are pentameric allosteric proteins that function as
ligand-gated ion channel receptors constructed from five constituent polypeptide
subunits, all of which share a common structural motif. Importantly, in addition to α7
nAChR-gated Ca2+ conductance causing membrane depolarization, there are emerg-
ing data consistent with possible metabotropic functions of this ionotropic receptor.
The ability of α7-selective type II PAMs to “destabilize” the desensitized state and
promote ion channel opening may afford them therapeutic advantages over
orthosteric agonists. The current chapter reviews historic and recent literature
supporting selective therapeutic targeting of the α7 nAChR in persons affected
with ASD.

Keywords 15q13.3 · Alpha7 nicotinic acetylcholine receptor · Autism spectrum
disorder · GABA interneurons

1 Introduction

Autism spectrum disorder (ASD) is really a heterogeneous group of highly heritable
and increasingly prevalent neurodevelopmental disorders, whose core diagnostic
symptoms include impairment of social communication, restricted interests, and
repetitive stereotypic behaviors. In addition to these core symptoms, irritability
may be a prominent secondary symptom, and affected persons also commonly
have neuropsychiatric comorbidities, such as intellectual disability, seizure disor-
ders, attention deficit hyperactivity disorder, and obsessive-compulsive disorder,
among other disorders. Although syndromic monogenic etiologies, due to DNA
sequence variants, and copy number variants with altered gene dosing effects, due to
microdeletions and microduplications, account for only a minority of the presenta-
tions of ASD, they are instructive with respect to identifying possible mechanisms of
pathogenesis and molecular therapeutic targets. For example, ASD is a comorbidity
associated with tuberous sclerosis, neurofibromatosis 1, and fragile X syndrome; the
pathogenesis of these syndromic forms of ASD converges on disrupted regulation of
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mTOR signaling, which stimulated interest in exploring and developing neuronal
cell-specific mTORC1 inhibition strategies (Brodkin 2008; Sharma et al. 2010;
Ehninger and Silva 2011; Tsai et al. 2012; Sahin 2012; Burket et al. 2014, 2015b;
Garg et al. 2015; Magdalon et al. 2017; Winden et al. 2018). Similarly, because
microdeletions of the 15q13.3 locus that includes CHRNA7, the gene coding the α7
nicotinic acetylcholine receptor (α7 nAChR), are associated with a spectrum of
neurodevelopmental disorders, including ASD, and the α7 nAChR subtype is
involved in normal processes of attention and cognition, a rationale for selective
targeting of this receptor is emerging. Importantly, the development of selective
agonists, partial agonists, and allosteric modulatory ligands has opened up the
possibility of “therapeutically” interrogating this receptor in validated animal models
(e.g., BTBR [BTBR T+ tf/J]) (Oginsky et al. 2014; Wang et al. 2015; Yoshimura
et al. 2017).

In addition to the preclinical challenges of developing highly selective, brain-
penetrable molecules that are tolerated and devoid of toxicity when administered
chronically to young children, adolescents, and adults, development of therapeutic
cholinergic interventions for an ASD indication must resolve potentially
confounding issues related to developmental age and time to initiate therapy and
the variety of neuropsychiatric comorbidities that may limit their effectiveness and
safety, such as intellectual disability and seizure disorders. Equally important,
medication effectiveness will be very much influenced and dependent on the avail-
ability of individualized, interdisciplinary, multimodal treatment modalities, such as
psychosocial interventions, special education, speech and language therapy, and
occupational and physical therapy. In spite of these challenges, given the poor
functional outcomes of many persons affected with ASD, there is a moral imperative
to pursue the development of newer and more effective medication strategies. This
chapter will focus predominantly on an emerging literature supporting a role of the
α7 nAChR subtype in the pathogenesis of, and as a therapeutic molecular target
for, ASD.

2 Structure, Physiology, and Subtypes of Nicotinic
Receptors

Acetylcholine (ACh), a neurotransmitter discovered at the turn of the twentieth
century by Henry H. Dale and Otto Loewi, is transduced by families of
ACh-selective metabotropic muscarinic and fast ionotropic cationic nAChRs,
whose activations occur on timescales of milliseconds to seconds and micro- to
submicroseconds, respectively (Albuquerque et al. 2009; Deutsch et al. 2015). ACh
is utilized by a modulatory projection system located in the basal forebrain
(Záborszky et al. 2018). Cholinergic projections from the basal forebrain to the
“awake” cortex work in complex ways to enhance attention and encoding of new
information, among other higher executive functions. In addition to direct
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cholinergic projections to neocortical pyramidal neurons, they also inhibit and
disinhibit pyramidal cell activity indirectly by their synapsing onto specialized
GABAergic interneurons that express PV, somatostatin and vasoactive intestinal
polypeptide (VIP) within “canonical microcircuits” (Záborszky et al. 2018). Impor-
tantly, the basal forebrain cholinergic neurons themselves receive synaptic inputs
from diverse regions of the brain, including, but not limited to, ventral and dorsal
striatum, hypothalamus, amygdala, and brainstem tegmentum, that utilize a variety
of neurotransmitters and neuropeptides. In addition to remarkable spatial selectivity,
cholinergic signaling in prefrontal cortex enjoys temporal precision and the time-
scales of its effects range from subseconds to seconds (e.g., cue detection and
cue-triggered changes in goal-oriented behavior) to minutes (e.g., support of general
arousal) (Záborszky et al. 2018). These realities encourage exploration of therapeutic
interventions that are least likely to disrupt the spatial and temporal specificity of
physiological cholinergic activation; thus, as discussed below, there is increasing
interest in allosteric modulatory ligands and deliberate avoidance of binding to
orthosteric (i.e., agonist) binding sites (Deutsch et al. 2008a, b, 2011, 2013, 2014,
2015, 2016). The cell bodies of basal forebrain cholinergic projection neurons
originate in nuclei that lie medial and ventral to the basal ganglia at the core of the
telencephalon (Bear et al. 2016). The medial septal nuclei project to the hippocam-
pus and the basal nucleus of Meynert provides diffuse innervation to the neocortex.
There is a second diffuse cholinergic projection system, referred to as the
pontomesencephalotegmental complex, whose cell bodies originate in the pons
and midbrain tegmentum and include prominent projections to the dorsal thalamus.
The projections synapse onto muscarinic (i.e., metabotropic) and nicotinic (i.e.,
ionotropic) receptors to regulate excitability, arousal, sleep-wake cycle, learning
and memory, and many higher executive functions.

There are five genetically distinct classes of muscarinic acetylcholine receptors
(mAChRs) that are divided into two functional classes based on the coupling of these
“seven transmembrane hydrophobic domain” receptors to either the Gq (i.e., M1, M3,
and M5) or Gi (i.e., M2 and M4) G-protein. These five muscarinic receptors influence
metabolic events within the cell dependent on activation of phospholipase C and
adenylyl cyclase, resulting in formation of inositol trisphosphate, diacylglycerol, and
cAMP. Importantly, stimulation of the M1 mAChR leads to activation of the NMDA
receptor and excitation of pyramidal cells in medial prefrontal cortex. M1 mAChR
activation of the NMDA receptor has aroused interest in selective therapeutic
targeting of this receptor subtype to improve cognition across a variety of neuropsy-
chiatric disorders (Jones et al. 2012; Deutsch et al. 2014).

The nAChRs are pentameric allosteric proteins that function as ligand-gated ion
channel receptors constructed from five constituent polypeptide subunits, all of
which share a common structural motif. Thus, all 16 homologous subunits have a
conserved extracellular large NH2-terminal domain; three “conserved” transmem-
brane domains (TM1–TM3); a cytoplasmic domain of variable size and amino acid
sequence located between the third (TM3) and fourth (TM4) transmembrane
domain; and TM4 with a short and variable extracellular COOH-terminal sequence
(Albuquerque et al. 2009) (Fig. 1). The subunits all share a “cysteine-loop
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(Cys-loop),” which consists of two disulfide-linked cystines separated by a fixed
number of amino acids in the NH2-terminal extracellular domain (Albuquerque et al.
2009). Also, the α subunits are characterized by a “Cys-Cys pair,” which is required
for agonist binding, located near the “entrance” to TM1. Electron microscopy
revealed the structure of the heteropentameric nAChR expressed at very high density
in the electric organ of the Torpedo fish. The receptor is shaped like a cone
embedded in the lipid bilayer. The secondary structure of the large NH2-extracellular
domain consists largely of β-pleated sheets and assumes a configuration referred to
as a β-barrel. TM1-4 assumes α-helical configurations that traverse the entire
membrane and extend ~10 Å beyond the extracellular surface. The TM2 helices
from each of the five polypeptide subunits align themselves to form and enclose the
receptor’s ion channel. Whereas TM1 and TM3 are situated close to the ion pore,
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nAChRs

α4 β2

α4
β2

β2

α4 β2

α4
α4

β2

Heteropentameric nAChRs 
(most commonly occurring)

N

C

M1 M2 M3 M4

Fig. 1 Nicotinic acetylcholine receptors, a pentameric family of ligand-gated ion channel recep-
tors. Nicotinic acetylcholine receptors (nAChRs) are constructed from five constituent polypeptide
subunits that share a common structural motif, including four transmembrane hydrophobic domains
(top panel). The M2 transmembrane domain from each of the five subunits create a channel, whose
opening is dependent on the binding of the endogenous full agonists, acetylcholine (ACh) and
choline (Ch), to the receptor’s orthosteric binding site (also known as agonist recognition site)
(bottom panel). The homopentameric α7 nAChR binds five molecules of ACh/Ch, whereas
heteropentameric receptors bind only two. A transmembrane site exists that binds allosteric agonists
and positive allosteric modulatory ligands (PAMs). PAMs preserve the spatial and temporal
specificity of endogenous ligands but lack intrinsic efficacy of their own; α7 nAChR-selective
PAMs act only where and when endogenous ACh or Ch is released to increase the likelihood the
channel assumes an open configuration. α7 nAChR-selective PAMs can also influence the deacti-
vation kinetics of these ligand-gated ion channel receptors (see text for details)
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TM4 “stands” apart and has a special role in terms of interacting with the lipid
milieu. The “C-loop” of the α subunit that contains the “Cys-Cys pair” at its apex, as
well as hydrophobic aromatic amino acids required for ligand binding, is the major
contributor to the creation of the hydrophobic binding pocket that is the “front” or
“positive” face of the agonist binding site. Within microseconds, ligand binding
results in rearrangements of hydrogen bonds “among invariant amino acids near the
binding pocket,” and this movement results in channel opening (Albuquerque et al.
2009). The amino acids in TM2 determine the ion selectivity, gating, and channel
conductance properties of the receptor. In the unbound state, hydrophobic amino
acids project into the channel forming a narrow ~3 Å constriction. Binding of agonist
leads to a rotation of the extracellular domain, widening of the pore diameter to ~8 Å,
and movement of hydrophilic amino acids into the channel to support ion flow
(Albuquerque et al. 2009). The extracellular linker between TM2 and TM3 may
interact with the Cys-loop to facilitate the rotation of TM2 in the presence of bound
ligand. Through its interactions with membrane lipids, such as cholesterol and
sterols, TM4 also appears to play a role in receptor aggregation.

Eight genetically discrete α subunits (α2, α3, α4, α5, α6, α7, α9, and α10) and β2, β3,
and β4 subunits have been identified in mammalian brain-derived DNA libraries or
cloned from neuronal-like cells (e.g., PC12) (Albuquerque et al. 2009). However,
two different stoichiometric combinations of pentameric nAChRs containing α4 and
β2 subunits (i.e., two or three α4 and three or two β2 subunits, respectively) and
homopentameric and heteropentameric α7-containing nAChRs occur most com-
monly in the brain (Albuquerque et al. 2009; Deutsch et al. 2015) (Fig. 1). From
an evolutionary perspective, the α7 subunit is an ancestral one that is expressed by a
variety of neuronal and non-neuronal cell types (including astrocytes, microglia,
oligodendrocyte precursor cells and endothelial cells), some of whose functions in
these non-neuronal cells are probably more related to such things as immunity,
inflammation, and neuroprotection than to fast synaptic neurotransmission. Most
nAChRs quickly desensitize, especially those containing the α7 subunit, upon brief
acute exposures to agonist; thus, elucidation of the kinetic properties of channel
opening was dependent on technological developments affording fast delivery and
removal of agonists (Albuquerque et al. 2009). Importantly, as noted, the α7 subunit
can form a fully functional ligand-gated homopentameric ion channel receptor with a
unique type IA electrophysiological signature characterized by fast activation with a
brief open-time (~100 μs), rapid desensitization, relatively low-affinity for agonists,
and a ratio of higher permeability to Ca2+ than Na+ that is greater than the ratio for
the NMDA receptor (Albuquerque et al. 2009). Also, consistent with the ancestral
origin of the α7 subunit, choline, the precursor and metabolic split product of ACh, is
a full agonist. Choline itself may have an important role as an endogenous ligand,
including during brain development, because expression of choline acetyltransferase
(ChAT) lags behind expression of nAChRs in developing neurons and acetylcho-
linesterase (AChE) is a catalytically very efficient enzyme. Because AChE is
enriched and associated with cholinergic synapses, in addition to the reuptake of
choline that makes it available for synthesis of new ACh, incorporation into mem-
brane phospholipids, and participation in one-carbon metabolism, the local
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generation of choline may influence the “sensitivity” of α7 nAChRs. Importantly,
although choline and ACh cause similar single-channel open-times and conductance
changes at the α7 nAChR, choline dissociates more rapidly from the receptor and
causes a “less stable state of desensitization” than ACh (Albuquerque et al. 2009).

In addition to α7 nAChR-gated Ca2+ conductance causing membrane depolariza-
tion, there are emerging data consistent with possible metabotropic functions of this
ionotropic receptor, including some that may not be dependent on ion flux (Paulo
et al. 2009). For example, using “affinity-immobilized” α-bungarotoxin (α-BGT)-
conjugated beads, high-affinity bound “α7 nAChR-protein binding complexes” were
isolated from mouse brain homogenates, which were eluted with carbachol, a low
molecular weight cholinergic agonist. Following carbachol elution, these membrane
protein complexes were solubilized with Triton X-100 detergent, and the α7 nAChR-
binding proteins were fractionated with SDS-PAGE, digested in-gel with trypsin,
and the peptide fragments characterized by nano-electrospray ionization (nano-ESI)
mass spectrometry. “Nonspecific” proteins that were eluted and fractionated but not
members of the “α7 nAChR interactome” were identified by performing these exact
procedures in parallel on brain homogenates prepared from α7 nAChR knockout
mice of the same genetic background. The α7 subunit was not detected in the
solubilized, carbachol-eluted protein complexes derived from the membranes of
the knockout mice using anti-α7 nAChR antibody. The M3-M4 linker, the intracel-
lular region linking the third and fourth transmembrane helices that display variabil-
ity with respect to amino acid sequence and length across all nAChR subunits, is the
most likely site for interactions of the α7 nAChR with its protein binding partners.
Fifty five potential “candidate” binding protein members of the α7 nAChR
interactome were identified with this proteomic methodology (Paulo et al. 2009).
Twenty six of the 55 candidate members of the α7 nAChR interactome overlapped
with 698 proteins identified in a prior study of the “post-synaptic density proteome”;
they included proteins whose functions include “cell structure and protein traffick-
ing” (e.g., Homer protein homolog 1 and microtubule associated tau), “chaperones”
(e.g., 14-3-3 protein eta and gelsolin; actin-depolymerizing factor brevin), and pro-
teins involved in “signal transduction” (e.g., cAMP-dependent protein kinase A; Gi,

α2 subunit; Go α1 subunit; and Gq α subunit) (Paulo et al. 2009). Of course, these
interactome candidates must be verified and their possible metabotropic roles inves-
tigated. Importantly, metabotropic roles of the NMDA receptor have been reported
that are not dependent on ionic flux and involve alignment of binding partners with
the C-terminal regions of specific NMDA receptor subunits and dependent on
PDZ-binding domains (Chung 2013; Dore et al. 2017; Burket and Deutsch 2019).
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3 Allosteric and Other Endogenous Modulators of Nicotinic
Receptors

Conventional orthosteric agonists of the α7 nAChR bind to an extracellular domain
at the interface of two adjacent subunits and cause both rapid receptor activation and
desensitization (Gill et al. 2013). The effects of conventional orthosteric agonists are
blocked by methyllycaconitine (MLA), the α7-selective nAChR competitive antag-
onist. In contrast, many positive allosteric modulators (PAMs), of which there are
two primary types (i.e., type I and type II), bind to a common or overlapping site in
the receptor’s intra-subunit transmembrane region and lack intrinsic efficacy in the
absence of orthosteric agonist or endogenous ligand. Type II PAMs antagonize
agonist-induced desensitization, whereas type I PAMs have minimal effects on
receptor desensitization. In addition to PAMs, there are compounds that bind to
the allosteric transmembrane site and activate the receptor in the absence of conven-
tional orthosteric agonist or endogenous ligand (e.g., ACh and choline); some of
these compounds may activate the receptor without causing desensitization and have
been termed allosteric agonists (Gill et al. 2013). A variety of orthosteric and
allosteric ligands are becoming available and should stimulate translational explo-
ration of their possible therapeutic indications. TQS (4-(1-napthyl)-3a, 4,5,9b-
tetrahydro-3H-cyclopenta[c]quinolone-8-sulfonamide) is a type II PAM because it
reduces the rate of desensitization when co-administered with an orthosteric agonist,
while potentiating agonist-induced responses (Gill et al. 2013). 4BP-TQS
(4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolone-8-sulfon-
amide) binds to the allosteric transmembrane site and activates the receptor when
administered alone with only minimal effects on receptor desensitization (Gill et al.
2013). An additional feature TQS and 4BP-TQS share, in addition to binding to the
same transmembrane allosteric site, is that they facilitate recovery from the desen-
sitization caused by orthosteric agonists (Gill et al. 2013). MLA was shown to
antagonize the allosteric agonist 4BP-TQS in primary rat hippocampal neurons but
did so noncompetitively because they bind to different sites. The ability of allosteric
ligands to both antagonize agonist-induced desensitization and promote recovery
from desensitization may offer a therapeutic advantage over orthosteric agonists in
cases of haploinsufficient expression of, or impaired signal transduction by, α7
nAChRs.

Unlike heteropentameric nAChRs that have two specialized ACh binding sites
per pentamer and assume a high-affinity conformation for ACh upon agonist-
induced desensitization, the homopentameric α7 nAChR has five agonist binding
sites, and its affinity for agonist does not change significantly upon desensitization
(Papke et al. 2014). Because the probability of agonist-induced ion channel opening
is much reduced in the desensitized state of the α7 nAChR, the ability of α7-selective
type II PAMs to “destabilize” the desensitized state and promote ion channel
opening may afford them therapeutic advantages over orthosteric agonists. The
(+)-enantiomer of racemic 4BP-TQS is the active stereoisomer (referred to as
GAT107) and was shown to have properties of both an allosteric agonist and an
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allosteric modulator of orthosteric agonist-evoked responses when administered
both concurrently with and after the orthosteric agonist (Papke et al. 2014). Addi-
tionally, GAT107 can cause long-lasting “priming” of the α7 nAChR (Papke et al.
2014). Data suggest that the site mediating direct activation of the receptor by
GAT107 may be distinct from both the primary PAM site and the orthosteric agonist
binding site. Moreover, because the site responsible for direct activation is sensitive
to antagonism by MLA, whereas primed potentiation is not MLA-sensitive, it
suggests that these two sites differ in the homopentameric α7 nAChR. The existence
of these various sites and their implications for manipulating functioning of native
receptors may lead to development of highly selective and effective medications
(Papke et al. 2014).

Kynurenic acid (KYNA), a naturally occurring metabolite in the kynurenine
pathway of tryptophan metabolism, may have important roles in the regulation of
GABAA-, α7 nACh-, and NMDAR-mediated neurotransmission (Alkondon et al.
2004). Astrocytes are primarily responsible for the irreversible transamination of
L-kynurenine to KYNA; greater than 70% of KYNA production in adult brain is
catalyzed by kynurenine aminotransferase II (KAT II), whereas the remainder is
produced by KAT I. Depending on its endogenous concentration, KYNA may affect
NMDAR-mediated neurotransmission in its role as a competitive antagonist of
glycine/D-serine’s binding to a site created by the NR1 NMDAR subunit. However,
data also suggest that, under normal physiological conditions, the low nanomolar to
low micromolar concentrations of KYNA may be insufficient to affect the endoge-
nous tone of NMDAR-mediated neurotransmission (i.e., below its IC50 values for
inhibiting the NMDAR); thus, its physiological role as a regulator of NMDAR-
mediated neurotransmission is uncertain (Alkondon et al. 2004). Developmental
changes in the effect of diminished KYNA production on α7-containing nAChRs
and their regulation of GABAergic projections in hippocampus were studied in mice
homozygous for deletion of KAT II (mKat-2�/� mice) (Alkondon et al. 2004). Mice
with targeted null mutations of mKat-2�/� were made, and, in order to minimize the
possibility of spurious or inconclusive results due to genetic drift, every fourth-
generation mKat-2�/� mouse maintained on a 129SvEv genetic background was
bred with genetically inbred 129SvEv wild type mice to create breeders for subse-
quent generations. As expected, hippocampal KAT II activity was disrupted by the
homozygous mKat-2�/� deletion. However, whereas KAT II activity accounts for
~70% of total KAT activity in adult mouse brain, hippocampal KAT II activity
represented only ~10% of total KAT activity in the adult 60-day-old wild type
control mice in this study (Alkondon et al. 2004). Further, hippocampal KAT II
activity accounted for ~40% of the total KAT II activity in the wild type mice at age
21 days. A metabolic consequence of KAT II activity accounting for a greater
percentage of total hippocampal KAT activity in the 21-day-old wild type versus
the 60-day-old wild type mice was reflected in an ~55% reduction of hippocampal
KYNA levels in the 21-day-old homozygous mKat-2�/� mice, compared to
21-day-old wild type controls. Hippocampal KYNA levels did not differ between
the older adult 60-day-old homozygous mKat-2�/� mice and their 60-day-old wild
type controls. A functional behavioral significance to the reduced KYNA levels in
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the 21-day-old homozygous mKat-2�/� mice was suggested by their increased level
of spontaneous locomotor activity, compared to wild type controls, which was not
seen in the 60-day-old mKat-2�/� mice.

Data consistent with activation of somatodendritic α7-containing nAChRs in
hippocampal CA1 interneurons were found with whole-cell patch-clamp recordings
in hippocampal slices (Alkondon et al. 2004). Specifically, choline-elicited currents
that decayed during the agonist pulse (i.e., fast inactivation) were blocked irrevers-
ibly and reversibly by α-BGT (α-BGT) and MLA, respectively. Although the decay
phase of the recorded choline-evoked currents in the hippocampal slices did not
differ between the 21-day-old homozygous mKat-2�/� and wild type mice, the
amplitude and net charge of the currents recorded from the interneurons in the
mKat-2�/� mice were significantly larger (Alkondon et al. 2004). The greater
choline-evoked currents in the 21-day-old mKat-2�/� mice were not due to an
increased density of α7-containing nAChRs on the somatodendritic surface of their
CA1 interneurons, as measured with 125I-α-BGT binding; thus, the higher α7-
containing nAChR activity was most likely related to decreased levels of hippocam-
pal KYNA in these animals. Importantly, in the 21-day-old homozygous mKat-2�/�

mice with lowered hippocampal levels of KYNA, the frequency and amplitude of
inhibitory postsynaptic currents (IPSCs) recorded from CA1 pyramidal neurons
were higher than in the wild type mice. The frequency and amplitude of IPSCs did
not differ between the two groups of 60-day-old mice, which is consistent with the
lack of significant differences in hippocampal KYNA levels between these two
groups of animals. NMDAR activity (e.g., increased activity as a result of lowered
hippocampal KYNA levels in the 21-day-old mKat-2�/� mice) did not appear to be
significantly involved in modulating the frequency and amplitude of IPSCs recorded
from CA1 pyramidal neurons. Specifically, incubating hippocampal slices with
APV, a competitive NMDA receptor antagonist, did not alter interevent intervals
or amplitudes of IPSCs recorded from either group of 21-day-old mice. Incubating
hippocampal slices from 21-day-old wild type mice in the presence or absence of
α-BGT did not affect the interevent intervals and amplitudes of IPSCs recorded from
CA1 pyramidal neurons; however, similar perfusion of hippocampal slices from
21-day-old homozygous mKat-2�/� mice with α-BGT decreased the amplitude and
frequency of IPSCs recorded from pyramidal neurons, normalizing them to the
recordings from age-matched wild type control mice (Alkondon et al. 2004). More-
over, perfusion of hippocampal slices from 21-day-old homozygous mKat-2�/�

mice with KYNA reduced the frequency of IPSCs recorded from CA1 pyramidal
neurons; in contrast, similar in situ exposure of hippocampal slices from wild type
mice to KYNA did not affect the cumulative distribution of their interevent intervals
of IPSCs. The authors also showed that the increased “activity” of α7-containing
nAChRs on the CA1 interneurons of the homozygous mKat-2�/� mice was not an
epiphenomenon of changes in their dendritic length; prior work by these authors
showed relationships between dendritic lengths of cultured hippocampal neurons
and hippocampal CA1 interneurons in slices and the density of α7-containing
nAChRs (Alkondon et al. 2004). Overall, these data are consistent with a develop-
mentally dependent modulatory role of KYNA, a naturally occurring tryptophan
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metabolite, on α7 nAChR-mediated inhibitory input onto CA1 pyramidal neurons.
The data also highlight the important role the astrocyte plays, via its production and
local release of KYNA, in regulating the synchronous oscillatory output of CA1
pyramidal neurons specifically and, perhaps, assemblies of neocortical pyramidal
neurons in general.

KYNA has low penetrability across the blood-brain barrier; thus, its levels in
brain are derived locally from kynurenine, its “brain-penetrable” precursor (Albu-
querque and Schwarcz 2013). As discussed, kynurenine is irreversibly transaminated
by the KAT II isoenzyme enriched in astrocytes, which store this precursor substrate
and serve as the source of the neuroactive pool of KYNA. The “probenecid-sensitive
organic acid transporters” located on brain capillary endothelial cells mediate efflux
of KYNA out of the brain and, thereby, regulate its extracellular levels in brain
(Albuquerque and Schwarcz 2013). Importantly, the local concentration of KYNA
in the “tripartite synapse” is likely to be higher than the low nanomolar range
measured in CSF and microdialysis studies. Although not consistently reported
across all laboratories, KYNA was reported to noncompetitively inhibit (IC50 in
the low μM range) α7 nAChRs on cultured hippocampal neurons; data also suggest
that the inhibitory effect of KYNA on α7 nAChRs could be blocked by galantamine,
which possesses allosteric agonist properties at nAChRs (Albuquerque and
Schwarcz 2013). Differences in methodological issues, such as the method used
for application of the agonist pulse, site on the neuron where agonist pulses are
applied (i.e., dendrite versus soma), and nature of the neuron (e.g., GABA inhibitory
neuron versus pyramidal neuron), could account for some of the failures to replicate
KYNA’s inhibitory activity on α7 nAChRs. Data suggest that α7 nAChRs located on
CA1 pyramidal neurons may be more sensitive to inhibitory effects of KYNA than
α7 nAChRs on GABAergic neurons. Moreover, as CA1 interneurons age (i.e.,
PD23-PD35 versus PD10-PD18), they become more sensitive to inhibitory effects
of KYNA (Albuquerque and Schwarcz 2013). Elucidation of the neuromodulatory
role of KYNA and factors influencing susceptibility of α7 nAChRs to its inhibitory
modulation may lead to development of KYNA-based targeted interventions for
selective indications.

PAM-2 (3-furan-2-yl-N-p-tolyl-acrylamide), an α7 nAChR-selective type II PAM
that reactivates desensitized α7 nAChRs, and DMXB-A, a partial α7 nAChR-
selective agonist, were shown to attenuate ketamine-induced cognitive and social
deficits in male rats (Potasiewicz et al. 2017). These selective α7 nAChR agonist
interventions improved a ketamine-induced deficit of cognitive flexibility in an
attentional set-shifting task and a ketamine-induced deficit of novel object recogni-
tion. Further, PAM-2 and DMXB-A also reversed ketamine-induced social with-
drawal when social interaction was assessed in an open-field arena (Potasiewicz
et al. 2017). The preclinical data showing therapeutic effects of acute administration
of PAM-2 and DMXB-A in a “rat ketamine model of NMDA receptor
hypofunction” encourage therapeutic exploration of targeted α7 nAChR-selective
agonist interventions for an ASD indication. Presumably, the type II PAM would
have a lesser liability for changing the sensitivity of the α7 nAChR upon chronic
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administration (Deutsch et al. 2008a, b, 2011, 2013, 2014, 2015, 2016; Potasiewicz
et al. 2017).

4 Nicotinic Receptor-Mediated Regulation of GABAergic
Interneurons

Diminished expression of PV and biomarkers consistent with dysfunctional
GABAergic interneurons were observed in mice with null expression of Chrna7,
the gene encoding the α7 nAChR subunit in mice (Lin et al. 2014). For in vitro
studies, primary cortical cultures were prepared from embryonic (E17–19) brain of
α7 nAChR knockout (α7-KO) and wild type control mice, and the cultures were
studied at 21–28 days in vitro (DIV), using western blotting, immunocytochemistry,
and patch-clamp recording. Immunochemical studies were also conducted in post-
natal cortical tissue homogenates and coronal brain slices of α7-KO and wild type
mice of both sexes. In cortical homogenates, western blots revealed significantly
reduced immunoreactive content of PV at postnatal day (PD) 21 and PD56 in α7-KO
mice, which persisted when examined again at age 9 months, compared to wild type
homogenates (Lin et al. 2014). Similarly, the immunoreactive content of GAD65
and the α1 subunit of the GABAA (GABAAα1) receptor was significantly reduced on
PD21 and PD56 in cortical homogenate of α7-KO mice, compared to cortical
homogenate from wild type controls. Confocal microscopic examination of
immunofluorescently stained GABAergic markers in mouse prefrontal cortex
revealed that immunostaining intensity for PV, GAD65, GAD67, and GABAAα1
was reduced in the α7-KO mice at PD56 and PD90, compared to wild type
littermates.

The reduced immunoreactive content of GABAAα1 in prefrontal cortex was
observed in both PV-expressing GABA interneurons and pyramidal neurons (Lin
et al. 2014). The reduced expression on pyramidal neurons is consistent with a
disrupted inhibitory input onto assemblies of pyramidal neurons in α7-KO mice that
could adversely affect their synchronous oscillatory output. Importantly, although
the immunoreactive content of PV was significantly reduced, the number of
PV-expressing GABAergic neurons in prefrontal cortex in the α7-KO mice did not
differ significantly from wild type controls (Lin et al. 2014). This latter finding of
reduced PV expression but an unaltered number of PV-expressing GABAergic
neurons has been described in a number of validated mouse models of ASD
(Peñagarikano et al. 2011; Cea-Del Rio and Huntsman 2014; Cellot and Cherubini
2014; Tomassy et al. 2014; Filice et al. 2016; Burket et al. 2017). Moreover, these
data are consistent with a regulatory role of the α7 nAChR in the function of
PV-expressing GABAergic interneurons (i.e., decreased expression of PV, an
important intracellular Ca2+-binding protein). Also, the GABAergic deficit appeared
to have selectivity for PV-expressing neurons as the immunoreactive content of
somatostatin in prefrontal cortex did not differ between the α7-KO mice and their
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wild type littermates. Deletion of Chrna7 (and null expression of the α7 nAChR
subunit) was associated with disruption of the presynaptic terminal in the prefrontal
cortex of α7-KO as shown by a significantly reduced immunoreactive content of
VGAT, the vesicular GABA transporter, a marker of presynaptic terminals in
GABAergic neurons (Lin et al. 2014). In vitro immunocytochemical and electro-
physiological studies in cultured cortical cells from α7-KO mice and wild type
littermates confirmed the creation of dysfunctional synapses and impaired GABA-
mediated inhibitory tone in the α7-KOmice. Thus, immunostaining of these cultured
cortical cells showed reduced content of VGAT and GABAAα1 in α7-KO cortical
cultures. Further, whole-cell voltage clamp recordings showed reduced frequency
and decay time of “spontaneous inhibitory postsynaptic currents (sIPSC)” in α7-KO
cortical cultures (Lin et al. 2014). Immunocytochemical examination of the cultured
cortical cells double-labeled with antibodies to PV and GAD65 showed impairment
of both development of PV-expressing basket cells and formation of perisomatic
GABAergic synapses in the α7-KO cultured cortical cells. Finally, immunostaining
of the cultured cortical cells showed that the NR1 subunit of the NMDA receptor was
expressed by GABAergic neurons, and its immunoreactive content is reduced in α7-
KO cultured cortical cells (Lin et al. 2014). The data are consistent with
“cooperativity” and “cross-talk” between the α7 nAChR and NMDAR in their
contributions to the regulation of firing of the PV-expressing GABAergic inhibitory
basket cell and, ultimately, the synchronous oscillatory output of cortical pyramidal
neurons (Mastropaolo et al. 2004; Lewis and González-Burgos 2008; Deutsch et al.
2008a, 2010; Gonzalez-Burgos and Lewis 2012; Gonzalez-Burgos et al. 2015;
Enwright et al. 2016; Pafundo et al. 2018). Diminished expression of the α7
nAChR may lead to decreased expression of functional NMDARs, which is
predicted to be associated with increased frequency of nonsynchronous pyramidal
cell firing and adverse functional consequences in human (e.g., increased likelihood
of seizure activity and impairments of working memory and, perhaps, social
cognition).

Preclinical exploration of α7 nAChR agonists for potential pro-cognitive thera-
peutic indications led to the observation and description of “priming.” Essentially, at
doses often significantly below the EC50 for a biological effect in the preclinical
screen (e.g., induction of long-term potentiation [LTP] in rat brain septo-
hippocampal slice preparations), the test compound can increase (i.e., “prime”) the
response to acetylcholine, the natural endogenous ligand (Townsend et al. 2016). A
recent study showed that at low nanomolar concentrations, FRM-17848 [(R)-7-
cyano-N-quinuclidin-3-yl]benzo[b]thiphene-2-carboxamide], a selective α7 nAChR
agonist, enhanced LTP production in a hippocampal brain circuit mediated by
GABAA α5-receptors (GABAAα5R) at a low nanomolar concentration (3.16 nM),
consistent with the proposed mechanism of priming. The EC50 for FRM-17848 (¼
455 nM) and the Ki (¼ 11 nM) were determined with 125I- α-BGT using an in vitro
filtration binding assay with rat brain homogenate (Townsend et al. 2016). Priming
was demonstrated in whole-cell recordings made from Xenopus oocytes expressing
the human α7 nAChR, whereby the addition of the 3.16 nM concentration of
FRM-17848 to the perfusate enhanced the currents evoked in response to 40 μM
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of acetylcholine. Recordings from CA1 pyramidal neurons in septo-hippocampal
slices showed that the 3.16 nM concentration of FRM-17848 caused small but
significant hyperpolarization of most cells and increased the frequency and ampli-
tude of IPSCs; the latter was reversed 20 min after the washout of FRM-17848 and
inhibited by MLA (50 μM). Although counterintuitive, this α7 nAChR-mediated
inhibitory influence on CA1 pyramidal neurons was shown to be involved in its
enhancement of LTP via the probable mechanism of priming. Specifically, a
GABAA α5R antagonist that had no effect by itself on the induction of LTP and
essentially showed no interaction with the α7 nAChR at the dose studied in this
experiment inhibited the enhancement of LTP by FRM-17848. Consistent with the
involvement of the GABAA α5R in the enhancement of LTP by FRM-17848, a
positive allosteric modulator (PAM) of the GABAA α5R was similarly shown to
enhance LTP. The data suggest that selective activation of a specific subpopulation
of α5-containing GABAA receptors contributes to the enhancement of LTP and is
predicted to have pro-cognitive effects. The unexpected and somewhat paradoxical
effects of potentiating GABAA α5R-mediated neurotransmission by FRM-17848, as
well as the FRM-17848-induced hyperpolarization and increased IPSCs in CA1
pyramidal neurons, are difficult to reconcile with its enhancement of LTP. However,
there are data that the authors reference reporting a GABAA α5R PAM increasing the
bursting activity of neocortical neurons. In any event, the data clearly implicate the
α7 nAChR’s involvement in the output of CA1 pyramidal neurons, as reflected in
enhancement of LTP and increased frequency of IPSCs by FRM-17848 (Townsend
et al. 2016).

The intensity of immunostained L-glutamic acid decarboxylase-65 (GAD65), a
GABA synthetic enzyme, was significantly reduced in the hippocampal CA3 region
in adult male and female (age 5–6 months) mice with heterozygous deletions of
Chrna7 (Het-Chrna7+/�), the gene encoding the α7 nAChR; comparisons were made
to same-age, same-sex wild type controls (Adams et al. 2012). Autoradiographic
intensity of the binding of 35S-TBPS, a cage convulsant that labels the GABAA

receptor’s chloride ion channel, was significantly reduced in the dentate gyrus and
CA3 and CA1 hippocampal regions of adult male Het-Chrna7+/� mice, compared to
same-age male wild type controls. The intensity of immunohistochemical staining of
GABA and GAT-1, the vesicular GABA transporter, revealed no significant differ-
ences between genotypes and gender in hippocampus of adult mice (Adams et al.
2012). The authors suggested that the reduced intensity of GAD65 immunostaining
in the mice with heterozygous deletions of Chrna7 could result in decreased activity-
dependent release of GABA in hippocampus and, thereby, explain their earlier report
of deficits in hippocampal auditory sensory processing in these mutant mice (Adams
et al. 2008). The mechanisms and implications for the gender-specific decrease in
hippocampal GABAA receptor binding in adult male Het-Chrna7+/� mice are not
known but are consistent with deficits in central inhibitory tone in the male
mutant mice.

Data describing a relationship between lowered density of hippocampal α7
nAChRs and deficient hippocampal auditory gating (Adams et al. 2008), as well
as the location of this receptor on GABAergic neurons, prompted a study of the
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effects of PNU-282987 (N-[3(R)-1-azabicyclo[2.2.2]oct-3-yl]-4-chlorobenzamide
hydrochloride), a selective α7 nAChR agonist, on evoked currents in cultured rat
hippocampal neurons, modulation of GABAergic synaptic activity recorded from
CA1 pyramidal neurons in hippocampal slices, and auditory gating disrupted by
amphetamine in the hippocampal CA3 region and reticular thalamic nucleus of
anesthetized rats (Hajós et al. 2005). PNU-282987 has high affinity for rat α7
nAChRs (Ki ¼ 26 nM) and negligible interaction with other pentameric nAChRs.
Whole-cell currents were evoked by 1-second applications of PNU-282987 in
hippocampal neurons cultured from PD3 Sprague-Dawley rats that were antago-
nized by MLA. Moreover, PNU-282987 increased the frequency of spontaneous
GABAergic synaptic events recorded from CA1 pyramidal neurons. PNU-282987
also normalized the ratio disrupted by amphetamine of the amplitude of the evoked
response by the second of a pair of tones to the response evoked by the first tone; the
evoked responses were recorded in the hippocampal CA3 region of anesthetized rats
and measured by the potential difference between the positive P20 and negative N40
deflections. The disruptive effects of amphetamine on the evoked amplitudes to the
first (decreased) and second (increased) of the pair of tones were also attenuated by
PNU-282987. Disrupted auditory gating of reticular thalamic neurons by amphet-
amine, as measured by an increased ratio of recorded spikes evoked by the second
tone to the number of spikes evoked by the first tone, was also normalized by
PNU-282987 (Hajós et al. 2005). Consistent with an emerging literature, the data
suggest that acute administration of a selective α7 nAChR agonist can stimulate
GABAergic inhibitory influences onto pyramidal neurons and restore disrupted
auditory sensory gating in hippocampus. Of course, complex changes in receptor
sensitivity and expression related to the duration and dose of the agonist “pulse” and
chronicity of “treatment” must be understood as translational therapeutic implica-
tions are explored.

C3H mice with heterozygous deletions of the gene coding the α7 nAChR subunit
were used to explore the role the α7 nAChR plays in “hippocampal circuit function”;
specifically, the excitability of hippocampal CA3 pyramidal neurons and auditory
gating were studied in “C3H α7 receptor null heterozygous” and C3H wild type mice
(Adams et al. 2008). Previous work from these investigators showed that DBA/2
mice, a genetically inbred mouse strain with a 35% reduction in the density of
hippocampal α7 nAChRs, compared to the C3H strain, as measured with
radiolabeled α-BGT, displayed impaired hippocampal auditory gating, which
improved with administration of α7 nAChR agonists (Stevens et al. 1998). The α7
nAChR is present on GABAergic neurons, and its activation caused release of
GABA in cultured hippocampal neurons and hippocampal slices. Hippocampal
auditory gating was measured in CA3 pyramidal neurons of anesthetized C3H α7
heterozygote and C3H wild type mice; auditory-evoked potentials (i.e., P20 and
N40) elicited by a pair of tones presented 500 milliseconds apart were measured.
Normal auditory gating was defined as the ratio of the amplitude of the N40 wave
measured relative to the peak of the P20 wave evoked by the second tone to the
similarly measured amplitude evoked by the first tone �0.5, whereas deficient
auditory gating was defined as the ratio >0.5. Relative to the C3H wild type mice,
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the density of α-BGT binding in the C3H α7 heterozygous mice was significantly
reduced in the dentate gyrus and CA1 and CA3 regions of the hippocampus (Adams
et al. 2008). The ratio of the auditory-evoked potentials to the second versus the first
tone of the stimulus pair was 1.17 � 0.15 for the group of 10 C3H α7 heterozygous
mice, consistent with deficient auditory gating, whereas the ratio in the group of
10 C3H wild type mice was 0.46 � 0.06, consistent with normal auditory gating
(Adams et al. 2008). The amplitudes of the evoked auditory potentials were signif-
icantly greater in the C3H α7 heterozygous mice, which is consistent with an
increased responsivity of the CA3 pyramidal neurons in the heterozygous mice.
The data show that the α7 nAChR contributes to the regulation of CA3 pyramidal
neuron responsivity and hippocampal auditory gating (Adams et al. 2008).

The C3H Chrna7 heterozygous (C3H Chrna7 Het) and homozygous KO (C3H
Chrna7 KO) mice were also used in a follow-up study to examine relationships
between α7 nAChR expression and PV expression by a subtype of hippocampal
GABAergic neuron (Bates et al. 2014). Interestingly, and somewhat unexpectedly,
PV immunoreactive protein content in hippocampal lysate was “inversely” related to
the “dose” of Chrna7 in male mice; that is, lowest expression of PV was in the wild
type controls, and expression was increased by 39% and 52% in C3H Chrna7 Het
and C3H Chrna7 KO mice, respectively (Bates et al. 2014). Further, there was a
significant interaction between genotype and gender: male C3H Chrna7 KO mice
had (29%) higher PV immunoreactive protein content in hippocampal lysate than
female C3H Chrna7 KO mice. Similarly, reduced dosage of Chrna7 was associated
with higher immunoreactive protein content of hippocampal GAD67, and the effect
of reduced gene dosage on increased hippocampal GAD67 expression appeared to
be greater in female C3H Chrna7 Het mice than male C3H Chrna7 Het mice. There
were complex interactive effects of Chrna7 gene dosing and gender on the expres-
sion of specific GABAA receptor subunits. Although somewhat unexpected, the data
are consistent with significant α7 nAChR-mediated effects on hippocampal GABAA

receptor-mediated neurotransmission and GABA interneuron function (Bates et al.
2014; Burket and Deutsch 2019). (Perhaps, some of the unexpected findings reflect
compensatory changes within critical hippocampal circuits.) Again, GABA release
from GABA interneurons synchronizes the oscillatory output of pyramidal outflow
neurons in neocortex.

The laminar location of interneurons within rat prefrontal neocortex can deter-
mine their sensitivity to subtype-selective nAChR activation; specifically, the acti-
vation and synchronization of a network of layer I interneurons, which contains the
highest laminar densities of cholinergic axons and varicosities, were dependent on
the heteropentameric α4β2 nAChR (Bandyopadhyay et al. 2006). This α4β2 nAChR-
dependent activation of GABA waves enjoyed spatial selectivity and was most
intense in the superficial layers of cortex, and GABA wave activity spread horizon-
tally in both directions of a coronally sectioned brain slice. These horizontally
spreading GABA waves in the upper layers of the neocortex were evoked and
enhanced by neostigmine, an acetylcholinesterase inhibitor, and 1,1-dimethyl-4-
phenyl-piperazinium iodide (DMPP), a nAChR agonist, and were not antagonized
by atropine, consistent with their induction dependent on nAChR, as opposed to
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mAChR, stimulation. However, their evocation and enhancement by neostigmine
were not blocked by MLA but were antagonized by dihydro-β-erythroidine (DHβE),
a selective antagonist of heteropentameric α4β2 nAChRs (Bandyopadhyay et al.
2006). Not surprisingly, the spatial distribution or laminar enrichment of
homopentameric α7 nAChRs and heteropentameric α4β2 nAChRs is not random.
Given the complexity of the phenotype and dependence of horizontal spreading of
GABA waves in the upper layers of neocortex on α4β2 nAChRs, it may be naïve to
assume that autism-like psychopathology could result from an exclusive pathologic
involvement of only one nAChR subtype or even only one neurotransmitter system.
The lesson of clozapine’s effectiveness in medication-refractory schizophrenia is
sobering and relevant to medication development strategies for ASD; clozapine
enjoys little in the way of target specificity. Complex neuropsychiatric disorders
will almost certainly involve an imbalance of neurotransmission mediated by mul-
tiple neurotransmitters; moreover, targeting only one neurotransmitter receptor in
ASD and other neuropsychiatric disorders should alert clinicians to be vigilant for
the possible emergence of side effects and other unanticipated findings due to
compensatory changes in the sensitivities of a variety of neurotransmitter receptors.
Thus, the potential role of α4β2 nAChRs in higher cortical-dependent cognitive and
social functions must always be considered as targeted α7 nAChR agonist therapeu-
tic strategies are explored.

5 15q13.3 Copy Number Variants, α7 Nicotinic
Acetylcholine Receptors, and the Pathogenesis
of Neurodevelopmental Disorders

Copy number variants (CNVs), including microdeletions and less commonly
microduplications, at chromosome 15q13.3 (the genetic locus containing
CHRNA7, the gene encoding the α7 nAChR subunit), and sequence variants at the
promoter region of CHRNA7 are rarely implicated in the etiology of ASD, intellec-
tual disability (ID), seizures, and schizophrenia (Leonard et al. 2002; Deutsch et al.
2010; Bacchelli et al. 2015). The extent of the recurrent 15q13.3 microdeletion is
usually about 1.5 Mb and encompasses six genes: MTMR15, MTMR10, TRPM1,
KLF13, OTUD7A, and CHRNA7, in addition to hsa-mir-211, a miRNA gene. Dose-
dependent changes in CHRNA7 expression are thought to be most responsible for the
neurodevelopmental phenotypes associated with 15q13.3 microdeletions because
smaller deletions encompassing essentially only CHRNA7 have been associated with
neurodevelopmental phenotypes (Deutsch et al. 2016). CHRNA7 sequence variants
that may be etiologically associated with ASD and other neurodevelopmental
phenotypes are hard to detect because of the existence of CHRFAM7A, a hybrid
gene containing exons A-E of FAM7A fused to a 300-kb-long duplication of exons
5–10 and the 30 end of CHRNA7 (Bacchelli et al. 2015; Deutsch et al. 2016). Thus, it
is difficult to resolve sequence changes specific to CHRNA7 that may be associated
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with neurodevelopmental abnormalities because of the nearly identical sequences of
CHRFAM7A, a hybrid gene of uncertain significance. Rare CNVs at chromosome
15q13.3 and sequence variants at the CHRNA7 locus were investigated in 135 Italian
subjects with ASD from 133 families, whose diagnoses were confirmed with the
Autism Diagnostic Interview-Revised (ADI-R) and the Autism Diagnostic Obser-
vation Schedule (ADOS); the rates of genetic variations in the affected sample were
compared to 174 unaffected controls (Bacchelli et al. 2015). A paternally inherited
microduplication was detected in a single affected male subject (age 5 years and
5 months) diagnosed with a regressive presentation of ASD; after a period of
apparently normal development, regression of language, refusal of physical contact,
feeding disturbance, and hyperactivity were appreciated at 18 months in this subject.
A follow-up telephone inquiry disclosed the onset of complex partial seizures with
generalization at age 13 years. The microduplication was detected in the unaffected
father, and the paternal grandfather’s sister and brother were reported to have ID and
speech delay, respectively. The microduplication was approximately 500 kb and
spanned the entire CHRNA7 gene and exon 1 of the longer isoform of OTUD7A
(Bacchelli et al. 2015). Interestingly, the rare, but more commonly noted 15q13.3
microdeletion was not detected in this sample of 135 Italian subjects with ASD.
Because sequence identity between exons 5–10 in CHRNA7 and the 300 kb dupli-
cation in CHRFAM7A is >99%, a “long-range PCR sequencing strategy” was
employed that took advantage of one of three small insertions (i.e., a 3’ UTR
36 bp insertion) discovered in CHRNA7 and absent in CHRFAM7A to design a
primer and amplify exons 5–10 specific for CHRNA7, enabling resolution of
CHRNA7 and CHRFAM7A from each other (Bacchelli et al. 2015). As noted, no
deletions and only one paternally inherited microduplication, and four rare sequence
variants (<1% minor allele frequency) were found in the sample of 135 Italian
subjects with ASD. One of these four rare variants in the affected sample was a
maternally inherited non-synonymous variant in exon 10 resulting in a glutamate to
lysine substitution that was felt to be of no or little pathogenic significance because,
in addition to the proband’s mother being unaffected, three individuals out of
125 unrelated and unaffected Italian controls that underwent this “long-range PCR
sequencing strategy” had this same rare sequence variant. The other three rare
variants found in the affected sample were in the promoter region, and one of
these rare promoter variants (located at�241 bp from ATG) was previously reported
to interact epistatically with a “more frequent variant in the 5’ UTR region” to
decrease transcriptional expression of CHRNA7 (Leonard et al. 2002; Bacchelli et al.
2015). Interestingly, one subject in the affected sample carried this double variant
with the rare �241 bp sequence variant on the paternal chromosome and the more
common variant in the 5’ UTR region (�86 bp from ATG) on the maternal
chromosome (Bacchelli et al. 2015). The coexistence of both promoter variants
that suppress transcription of CHRNA7 (i.e., �241 bp and �86 bp from ATG)
appears to be a very rare event in the general population (Bacchelli et al. 2015).

Low copy repeats (LCRs) occurring at six breakpoint regions (BP1–BP6) and
LCRs of a distal area of CHRNA7 that is located proximally to the BP5 breakpoint
within the region of the first exon of OTUD7A (i.e., distal CHRNA7-LCR) account
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for the instability of the genomic architecture in the region spanning q11 through q13
of chromosome 15; recurrent CNVs in this region result from non-allelic homolo-
gous recombination (NAHR) between LCRs (Gillentine and Schaaf 2015; Deutsch
et al. 2016; Gillentine et al. 2017). Descriptions of the pathogenic phenotype
associated with deletion of a critical region encompassing CHRNA7 and, possibly,
the first exon of OTUD7A, its proximal neighboring gene, strongly support relation-
ships between reduced genetic expression of the α7 nAChR and a range of neuro-
psychiatric disorders, including ID, ASD, seizures, and schizophrenia (i.e., the
15q13.3 microdeletion syndrome) (Deutsch et al. 2010, 2011, 2015, 2016). How-
ever, the pathogenicity and phenotypes reliably associated with microduplications
ascribed to CHRNA7 have been harder to identify because these duplications are
often found with similar frequencies in reported samples of unaffected “controls”
and referred patient samples (Gillentine et al. 2017). 15q13.3 microduplications are
usually detected by chromosome microarray analysis (CMA) in samples of patients
clinically referred for genetic evaluation of developmental delays/disabilities (DD),
ID, congenital anomalies, and ASD (Gillentine et al. 2017). Determining associa-
tions of 15q13.3 microduplications with cognitive and behavioral phenotypes and
ascertainment of their true prevalence, especially in control populations, are difficult
and confounded by incomplete penetrance and variable expressivity. The majority of
the 15q13.3 microduplications in referred patient populations, resulting in an
increased gene dosage of CHRNA7, seem to result from NAHR between BP5 and
the distal CHRNA7-LCR. The frequency of this microduplication in referred patient
populations is about 0.8% (1 in 125); however, some estimates in control samples
range from 0.55% to 0.62% (Gillentine et al. 2017). Eighteen patients (ages
5–14 years) referred for CMA because of a variety of conditions, including CNS
disorder, encephalopathy, ASD, DD, short stature, speech delay, dysmorphic fea-
tures, ADHD, ID, dyslexia, and macrocephaly, among other conditions, and found
to have 15q13.3 microduplications underwent 2-day comprehensive assessments in
order to better characterize phenotypes associated with duplications of 15q13.3
(Gillentine et al. 2017). The ~145 kb duplications due to NAHR between LCRs at
the BP5 and distal CHRNA7-LCR loci were detected in 16 patients. The
microduplication was inherited from either the father (N ¼ 9) or mother (N ¼ 8) in
the 17 subjects with parental CMA data. Eleven of the 17 parental carriers of the
duplications had neuropsychiatric histories, including histories of bipolar disorder,
depression, ID, speech delay, dyslexia, ADHD, schizophrenia, learning disability,
and apraxia. IQ scores of the 17 probands tested with the Differential Ability Scale,
Second Edition (DAS-II) were shifted to the left when compared to curves of
normally distributed scores with a mean score of 100 [SD ¼ 15], and the full-scale
ratio IQ (FSRIQ) scores of five probands were below 70. Probands also met criteria
for language impairment (11 out of 18), ADHD (8 out of 18), and ASD (N¼ 6 out of
17 meeting both ADI-R and ADOS criteria). The study was consistent with incom-
plete penetrance of the 15q13.3 duplication as it was inherited in 6 of 17 probands
from a seemingly unaffected parent and one affected proband had an unaffected
sibling with the duplication. Variable expressivity of the phenotypes was observed in
the 16 probands with the ~145 kb CHRNA7-LCR/BP5 duplications. The variable
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expressivity could be due to single nucleotide sequence variants or differences in
genetic backgrounds between probands. Schizophrenia was not diagnosed in any of
the probands, which may reflect that all of them were aged 14 years or less and, thus,
had not reached age of greatest risk. Overall, the clinical phenotypes of the affected
probands with the 15q13.3 microduplications were less severe than the clinical
phenotypes observed in patients diagnosed with the 15q13.3 microdeletion syn-
drome (Deutsch et al. 2010, 2011, 2014, 2015, 2016; Gillentine et al. 2017). The data
do suggest that a heterogeneous range of neuropsychiatric phenotypes can be
associated with increased, as well as decreased, dosage of CHRNA7 and/or altered
transcriptional efficiency related to the presence of these CNVs.

The phenotypes of 42 probands with “small” heterozygous deletions spanning no
more than all of CHRNA7+/� and the first exon of OTUD7A were summarized in
order to characterize genotype-phenotype relationships (Gillentine and Schaaf
2015). LCR elements of distal CHRNA7 containing NAHR “hotspots” occur prox-
imal to the BP5 breakpoint and lie within exons 1 and 2 of OTUD7A; the latter gene
is proximal to CHRNA7 (Gillentine and Schaaf 2015). As noted, NAHR events
between D-CHRNA7-LCR and BP5 can lead to small microdeletions encompassing
the entire CHRNA7 gene; based on enzyme kinetic considerations, haploinsufficient
expression of the deubiquitinase encoded by OTUD7A was not thought to have
pathogenic consequences. (However, very recent data that will be reviewed below
challenge the assumption that haploinsufficient expression or DNA sequence vari-
ants of OTUD7A lack pathogenic consequences (Uddin et al. 2018; Yin et al.
2018).). The summary of this series of 42 probands with 15q13.3 heterozygous
microdeletions showed that haploinsufficient expression was associated with path-
ogenic consequences and variable expressivity, including unaffected neurotypical
presentations in 6 of 18 parental carriers of the deletion. Thirty seven of the 42 pro-
bands were reported to be “neuroaffected,” but there was marked phenotypic
variability among probands, many of whom had more than one clinical condition
(Gillentine and Schaaf 2015). Thus 19 out of the 37 (51%) neuroaffected probands
had cognitive deficits (including ID, developmental delay, and language difficulties);
13 (35%) had seizures, epilepsy, and/or EEG abnormalities; 6 (16%) were reported
to have ASD; 5 (13.5%) were reported to have ADHD or attention difficulties; and
5 (13.5%) were reported to have language or speech impairments (Gillentine and
Schaaf 2015). Theoretically, early identification of a 15q13.3 deletion and early
intervention with an α7 nAChR-selective PAM may improve the phenotype and
functional outcome of neuroaffected probands. Also, although it may be an infre-
quent cause of ASD, the 15q13.3 microdeletion syndrome suggests that diminished
or impaired transduction of the acetylcholine signal by the α7 nAChR can be a
pathogenic mechanism (Deutsch et al. 2010, 2011, 2015, 2016).

As noted, the extent of the 15q13.3 microdeletion syndrome between breakpoints
BP4-BP5 can be as large as 1.53 Mb (i.e., the “typical” deletion) encompassing as
many as seven protein-coding genes, one microRNA, and two “pseudogenes”;
clinically, the deletion is typically heterozygous (Uddin et al. 2018; Yin et al.
2018). The heterozygous microdeletion syndrome is associated with ID, ASD,
epilepsy, and schizophrenia and has focused attention on decreased expression of
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the α7 nAChR,and CHRNA7 as the “driver” gene most responsible for the patho-
genesis of the variably expressed neurodevelopmental phenotypes. However, the
identification of unaffected control subjects carrying CHRNA7 deletions and clini-
cally affected subjects, whose CHRNA7 deletions overlap the first exon ofOTUD7A,
the gene encoding OTU deubiquitinase 7A, has stimulated interest in possible
pathogenic contributions of this latter gene and its haploinsufficient expression to
the 15q13.3 microdeletion syndrome (Uddin et al. 2018; Yin et al. 2018). In fact,
behavioral studies, neuronal cultures, and transcriptome and proteome data analyses
conducted in mouse models, including a mouse with a syntenic heterozygous
deletion (i.e., Df(h15q13)/+) and an Otud7a-null mouse, as well as whole genome
and exome sequencing data of clinically affected subjects implicate a pathogenic
role for OTUD7A. The deubiquitinating enzyme localizes to dendritic spine com-
partments, and its protein-protein co-expression network is relevant to development
and function of synapses (Uddin et al. 2018).

Importantly, there can be marked variability in the expression of ASD-like
behavioral phenotypes in mouse models of ASD and behavioral assays may be too
insensitive to detect significant differences between mouse “models” and appropriate
comparator or wild type strains. This was most dramatically shown in a recent
comparison of Chrna7-deficient mice bred on a C57BL/6J background and wild
type controls on a variety of behavioral measures (Yin et al. 2017). Specifically, with
the sole exception of a significant genotype x sex interaction on the marble burying
test, an example of a repetitive behavior (male Chrna7 KO mice performing
significantly worse than male wild type controls), the three genotypes (i.e., groups
of Chrna7 heterozygous [HET] and homozygous [KO] mutant and wild type mice)
did not differ on a variety of other behaviors “mimicking” or related to ASD (Yin
et al. 2017). Behavioral measures that failed to distinguish the phenotypic groups
included self-grooming, social preference in the three-chamber apparatus (i.e.,
measuring preference for an enclosed socially salient mouse versus an inanimate
inverted cup), and reciprocal social interactions. These data draw attention to the
possible etiopathogenic significance of other genes within the microdeletion, epige-
netic modifications, and/or neuroplastic changes within circuits that may have
“compensated” for deficits of signal transduction by α7 nAChRs, in addition to
other possibilities.

RNA sequencing was used to measure cortical gene expression at three develop-
mental stages in Df(h15q13)/+ and wild type mice: embryonic day 16 (E16), post-
natal day 21 (P21), and adult (P63) (Uddin et al. 2018). The transcriptional data
suggested disruption of cortical development in Df(h15q13)/+ mice. Histological
analysis of layers 2/3 of prefrontal cortex (PFC) revealed reduction in both spine
density and mature mushroom-shaped spines; reduction in spine length and spine
neck length; and decreased dendritic arborization in the Df(h15q13)/+ mice, com-
pared to wild type controls. Similar histological findings were observed in cultured
primary cortical neurons derived fromDf(h15q13)/+ mouse embryonic brains (E16),
compared to cultured cortical neurons from wild type embryonic mice. This group
explored the pathogenicity of the 15q13.3 microdeletion in clinical microarray data
of 38,325 affected subjects with neurodevelopmental disorders and a control
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population of 22,241 subjects: 156 affected subjects were identified with typical
BP4-BP5 15q13.3 microdeletions, whereas only 1 control subject had the typical
BP4-BP5 deletion (a highly significant difference p < 1.30 � 10�29) (Uddin et al.
2018). However, when smaller deletions were determined in order to delineate the
“minimal region” and narrow the potential gene candidates contributing to the
pathogenesis, 52 controls were found to possess microdeletions confined to
CHRNA7, and a 5-year-old girl with global developmental delay had a BP4-BP5
genetic deletion that includedOTUD7A but not CHRNA7 (Uddin et al. 2018). Again,
the minimal region deletions in 43 affected subjects were “overlapping,” including
CHRNA7 and also impacting OTUD7A. DNA sequence-level mutations of the genes
contained within the 15q13.3 microdeletion were explored in affected subjects with
neurodevelopmental disorders, who did not have a 15q13.3 microdeletion; three of
eight de novo sequence-level mutations involved OTUD7A (Uddin et al. 2018).
OTUD7A was shown to possess a brain-specific mRNA expression pattern. Further,
OTUD7A was the only gene within the 15q13.3 microdeletion region shown to be
part of the “brain-specific protein module” in a “weighted gene co-expression
network analysis (WGCNA)” (Uddin et al. 2018). Expression data showed that
Otud7a and a transfected human transcript are expressed in soma and dendrites
and a fraction colocalized with PSD-95, consistent with expression in the postsyn-
aptic excitatory synapse (Uddin et al. 2018; Yin et al. 2018). In utero electroporation
to transfect developing layers 2/3 PFC neurons of Df(h15q13)/+ mice with human
OTUD7A, as well as transfection of cultured Df(h15q13)/+ cortical neurons with
human OTUD7A, rescued the morphological deficits associated with
haploinsufficient expression of Otud7a, including rescuing of reduced spine density,
reduced spine length, reduced proportion of mature mushroom spines, and reduced
dendritic branching (Uddin et al. 2018). The data clearly support critical roles of
OTUD7A in normal synapse/spine development and the pathogenesis of
neurodevelopmental disorders associated with 15q13.3 microdeletions (Uddin
et al. 2018; Yin et al. 2018).

Homozygous knockout (KO) and heterozygous (HET) mice with deletions of
Otud7a on a C57BL/6J genetic background and C57BL/6J wild type mice were
studied to determine the pathogenic contribution of Otud7a to the 15q13.3
microdeletion syndrome (Yin et al. 2018). The Otud7a homozygous null mice
showed marked preweaning (30%) weight reduction, compared to the HET and
wild type mice, consistent with growth delay. The Otud7a homozygous KO mice
were delayed in the following milestones, compared to HET and wild type mice:
negative geotaxis (i.e., homozygous KO pups were delayed in turning around when
placed facedown on a 300 incline), cliff aversion (i.e., homozygous KO pups were
delayed in avoiding falling off the edge of a paper box), and incisor eruption (Yin
et al. 2018). Compared to wild type mice, the Otud7a-null mice showed abnormal
repetitive spike events most prominently in the frontal cortex and parietal cortex and
seizure-like behavioral arrest. A gene dosage-dependent decrease in ultrasonic
vocalizations (i.e., KO > HET) was observed in individually separated pups on
P6, P8, and P10. The Otud7a-null mice had reduced grip strength and impaired
rotorod performance; the latter is consistent with deficits in motor coordination and
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motor learning, compared to HET and wild type mice. Although Otud7a-null and
HET mice had no significant hearing loss, there was a gene dosage effect with
respect to reduction of their acoustic startle response (i.e., KO > HET), and female
homozygous KO mice showed significant reduction of the prepulse inhibition (PPI)
of their acoustic startle response, consistent with possible impairment of sensorimo-
tor gating (however, interpretation could be confounded by a floor effect resulting
from the reduced acoustic startle response in the mice with homozygous deletion of
Otud7a). Importantly, the number of dendritic spines in primary cortical neurons
derived from Otud7a-null mice was significantly reduced, compared to primary
cortical neurons cultured from wild type littermates; further, the reduced spine
density in the mice with the homozygous deletion could be rescued by transfection
with the human OTUD7A transcript (Yin et al. 2018). The Otud7a KO mice did not
display deficits of novel object recognition or conditioned fear and did not display
deficits of social behavior in the three-chamber apparatus; thus, selective deletion of
OTUD7A or a loss of function-mutated OTUD7A sequence may contribute to a
permissive background enabling expression of the 15q13.3 microdeletion syndrome;
alternatively, they may contribute to a limited component of the possible variably
expressed phenotypes. In any event, transcriptomic data show that OTUD7A has
higher expression in neuron and oligodendrocyte progenitor cells, consistent with a
role in synapse/spine development (Uddin et al. 2018; Yin et al. 2018).

The feasibility of very early intervention to improve signal transduction by the α7
nAChR was shown in approximately 1-month-old infants using suppression of the
P50-evoked potential to the second of a pair of identical auditory stimuli as the
outcome measure (Ross et al. 2013, 2016). Expression of the α7 nAChR is about
tenfold higher in fetal, as compared to adult, hippocampus, and its fetal expression
facilitates the developmental switch GABA undergoes from an excitatory neuro-
transmitter in fetal life to the major inhibitory neurotransmitter in the adult brain
(Ross et al. 2013, 2016; Deutsch et al. 2017). High millimolar concentrations of
choline, a full α7 nAChR agonist, in amniotic fluid is thought to be associated with
facilitation of expression of KCC2, the membrane chloride transporter that mediates
GABA’s “developmental” switch in the fetus. Metabolic demands for choline are
very high in the fetus because it is a major constituent of membrane lipids and
participant in one-carbon metabolism. Thus, satisfying the in utero neurotransmitter
requirement of choline is dependent on adequate maternal dietary intake during
pregnancy. Because dietary administration of free choline is catabolized to
trimethylurea in the gut by intestinal flora, which has an intolerable foul fish odor,
pregnant mothers were orally administered 6.3 g of phosphatidylcholine/day, a
dietary source of serum choline, in two divided doses, or placebo from
17.2 � 2.1 weeks after the last menstrual period through delivery (~900 mg of
choline supplementation/day). After birth, the infants themselves were orally
supplemented with either 100 mg of phosphatidylcholine/day or matching placebo
to about 3 months of age. Mothers and their infants were randomized to receive
either phosphatidylcholine or matching placebo (Ross et al. 2013, 2016). Impor-
tantly, a separate cohort of 24 infants with impaired P50 suppression (i.e., P50
inhibition ratio � 0.5) was shown to have problems on the attention subscale of
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the Child Behavior Checklist at age 3.5 years, compared to 26 children with intact
P50 suppression (ratio < 0.5). Auditory-evoked potentials were recorded from
86 total children at ~1 month of age, and parental ratings of behaviors on the
Child Behavior Checklist were obtained on a subset of 49 of these children
(N ¼ 23 receiving phosphatidylcholine and N ¼ 26 receiving placebo) at ~age
40 months (Ross et al. 2016). A significantly greater proportion of infants (mean age
33 days) treated with phosphatidylcholine supplementation (76%) had normal P50
inhibition ratios (<0.5), compared to infants treated with placebo (43%) (Ross et al.
2013, 2016). Moreover, infants in the placebo group that were homozygous for a
sequence variant of CHRNA7 associated with schizophrenia showed higher P50
inhibition ratios (i.e., more impaired sensory inhibition) than infants homozygous for
this same sequence variant treated with phosphatidylcholine. The attention and
social withdrawal subscale scores on the Child Behavior Checklist of the infants
treated with phosphatidylcholine were lower (i.e., less severe) than for the infants
treated with placebo. Normal p50 suppression ratios (i.e., <0.5) are mediated, at
least in part, by central GABAergic inhibitory neurons, and there are data supporting
an imbalance of central inhibitory and central excitatory tone in persons with ASD.
In summary, these data suggest that early interventions can improve signal trans-
duction by the α7 nAChR; moreover, genotypic data may be useful in selecting both
the nature of the intervention (e.g., phosphatidylcholine, α7 nAChR PAM, or
combination of the two) and the timing of its administration, including, possibly,
during fetal brain development.

Maternal immune activation (MIA) is elicited by injecting poly(I:C), a viral
mimic compound, intraperitoneally into pregnant female mice at embryonic day
12.5 (E12.5). MIA is an etiological environmental risk factor for induction of
autism-like behaviors in the offspring, which is mediated by pro-inflammatory
cytokines, especially interleukin-6 (IL-6) (Smith et al. 2007; Hsiao and Patterson
2011; Wu et al. 2015). Consistent with a pathogenic role of IL-6 in MIA, anti-IL-6
antibody was protective against MIA induction of autism-like behaviors in offspring
(Smith et al. 2007). The α7 nAChR was implicated in the MIA induction of autism-
like behaviors in offspring in a study that explored the effect of administering
choline, a selective α7 nAChR agonist, to pregnant female mice during the course
of fetal brain development and early postnatal period (beginning at E0.5 and
continuing through the period of gestation and lactation) and its interaction with
haploinsufficient expression of Chrna7 (i.e., Chrna7+/�) in offspring on expression
of autism-like behaviors and their induction by MIA in these offspring (for evalu-
ating effects on the behavior of offspring, the timed mating pair was male Chrna7+/�

and female wild type mice). Moreover, in studies exploring the effect of maternal
choline supplementation on cytokine expression in fetal brain and its interaction with
offspring genotype, three genotypes were studied (i.e., Chrna7+/�, Chrna7�/�, and
wild type) that resulted from a timed mating pair of male Chrna7+/� and female
Chrna7+/� mice (Wu et al. 2015). MIA is known to decrease prepulse inhibition
(PPI), consistent with impairment of sensorimotor gating; decrease entry into the
center zone of an open field, consistent with increased anxiety; and increase marble
burying, consistent with increased repetitive behavior in 6-, 7-, and 8-week-old wild

190 S. I. Deutsch and J. A. Burket



type offspring, respectively (Wu et al. 2015). Maternal choline supplementation
during gestation and through the period of lactation in the wild type offspring
prevented the MIA induction of reduced entries into the center zone of the open
field with no change in the center zone entries of the wild type offspring that did not
receive exposure to MIA. Compared to the marble burying behavior of the wild type
offspring exposed to MIA alone, the marble burying behavior of the wild type
offspring exposed to MIA and whose mothers received choline supplementation
was significantly reduced. However, maternal choline supplementation did not
antagonize the reduction in PPI in the wild type offspring exposed to MIA
(Wu et al. 2015). Expression of functional α7 nAChRs in hippocampus, as deter-
mined by autoradiographic analysis with one concentration of 125I-α-BGT (5 nM),
was not changed in wild type offspring exposed to MIA or maternal choline
supplementation. However, 3 h after pregnant dams were exposed to poly(I:C) to
cause MIA, levels of IL-6 and Chrna7 mRNA were increased in wild type fetal
brain, which were reduced by maternal choline supplementation (Wu et al. 2015).
The induction of mRNA levels of IL-6 in fetal brain by MIA, assessed 3 h after
maternal injection of poly(I:C), was dependent on the Chrna7 genotype of the
offspring [i.e., wild type (+/+), heterozygous (+/�) and homozygous (�/�)]. Spe-
cifically, only the wild type fetal brain (Chrna7+/+) showed an induction of IL-6
mRNA expression; moreover, not surprisingly, only the wild type fetal brain was
able to mount a significant increase in Chrna7mRNA expression. However, reduced
or absent expression of Chrna7 in heterozygous and homozygous mice, respec-
tively, was associated with increased basal expression of IL-6 mRNA in the absence
of MIA, compared to the wild type control fetal brain. Importantly, MIA could not
induce further enhancement of IL-6 mRNA expression in the fetal brains of
Chrna7+/� and Chrna7�/� mice (Wu et al. 2015). Thus, Chrna7 expression is a
major regulator of IL-6 expression; again, IL-6 is a major mediator of MIA in
response to mid-gestational injection of poly(I:C). With respect to behavioral out-
comes, offspring with haploinsufficient expression of Chrna7 exposed to MIA by
mid-gestational injection of poly(I:C) spent less time in the center zone of the open
field. Also, the heterozygous offspring (Chrna7+/�) not exposed to MIA showed
higher levels of repetitive marble burying than wild type offspring not exposed to
MIA. Finally, MIA-stressed heterozygous offspring showed a significantly greater
deficit in PPI than the heterozygous offspring not exposed to MIA (Wu et al. 2015).
Thus, the Chrna7 genotype status regulates or moderates some of the responses to
MIA in the offspring, including behaviors that reflect deficits in neurodevelopment.
The data suggest that efficient signal transduction by the α7 nAChR during fetal and
early postnatal brain development is protective against at least some of the effects of
MIA. Moreover, the accumulating data contribute to interest in investigating possi-
ble early “fetal” interventions, delivered via a dietary source of choline to pregnant
and lactating mothers, for offspring at risk for neurodevelopmental disorders, espe-
cially ASD (Ross et al. 2010).

Spatial working memory in primates is dependent on the persistent firing of
cortical pyramidal neurons, referred to as “delay cells,” in deep layer III of the
dorsolateral prefrontal cortex (dlPFC). These delay cells fire during the delay period
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in which there is an absence of sensory stimulation, preserving a temporary repre-
sentation of visual space that can guide proactive motor action (Yang et al. 2013).
Electron microscopic investigations of α7 nAChRs in layer III of dlPFC, using
monoclonal antibodies and α-BGT to label the receptor, showed that staining was
most intense in dendritic spines in association with the postsynaptic density (Yang
et al. 2013). Single neuron recordings from dlPFC in the monkey show that
activation of postsynaptic α7 nAChRs located in glutamatergic (excitatory) synapses
is necessary for the persistent firing of delay cells during a 2.5 s delay, which is the
electrophysiological substrate underlying spatial working memory, before eyes are
moved in the preferred direction toward a brief visual cue in order to receive a reward
(Yang et al. 2013); the task is referred to as a “spatial oculomotor delayed response
task.” Iontophoretic application of the selective α7 nAChR antagonist reduced delay-
related firing during the delay for the neurons’ preferred direction, which is the
period when the spatial location of the cue is maintained in working memory.
Further, “low doses” of three highly selective α7 nAChR agonists increased delay-
related firing of delay cells in their preferred direction, which was antagonized by
MLA. The anatomic co-localization of α7 nAChRs and NR2B subtype-containing
NMDARs in excitatory synapses on dendritic spines was supported by observations
that iontophoresis of a selective α7 nAChR agonist overcame the reduction in delay-
related firing caused by iontophoretic application of Ro25-6981, a selective NR2B-
NMDAR antagonist (Yang et al. 2013). Similarly, application of MLA blocked the
ability of NMDA to increase delay-related firing. The data clearly implicate a role for
the α7 nAChR in a higher executive function in primates (i.e., spatial working
memory), which is related to its localization within pyramidal cell circuits in layer
III of the dlPFC. Importantly, cognitive dysfunction is commonly observed in
neurodevelopmental disorders, and, in particular, deficits of spatial working mem-
ory, as reflected in reduced spontaneous alternations in the Y-maze, were character-
ized in the Balb/c mouse model of ASD (Burket et al. 2015a).

6 Nicotinic Receptors and Autism

6.1 Histochemical, Receptor Binding, Gene Expression,
and Electrophysiological Studies

Abnormalities of cholinergic nuclei, cholinergic projections, and cholinergic recep-
tors, as well as abnormalities of growth factors involved in the maturation and
maintenance of cholinergic neurons, have been described in postmortem brains of
persons with ASD (Perry et al. 2001; Martin-Ruiz et al. 2004; Ray et al. 2005;
Deutsch et al. 2010). The interpretation of these findings and their specificity for
ASD are confounded by age, medication histories, and comorbidities such as seizure
disorders and ID. Also, tissue sample sizes in many of these studies were small, and
binding sites were often interrogated with only single concentrations of radiolabeled
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ligands. Importantly, independently of any consistent findings of cholinergic dys-
function in ASD, the involvement of the α7 nAChR in regulating the balance
between central inhibitory and central excitatory tone, sensory inhibition, and the
synchronous oscillatory output of neocortical pyramidal neurons, which underlie
processes of attention and cognition, would justify therapeutic exploration of α7
nAChR agonist interventions (Perry et al. 2001; Martin-Ruiz et al. 2004; Ray et al.
2005; Deutsch et al. 2010; Záborszky et al. 2018). Nonetheless, there is an emerging
catalog of provocative findings consistent with cholinergic abnormalities occurring
in at least some clinical presentations of ASD, many of which have been reviewed
(Deutsch et al. 2010, 2011, 2015, 2016), and some of which will be selectively
presented below.

An early study explored cholinergic markers and brain-derived neurotrophic
factor (BDNF) in the basal forebrain, a site of cholinergic nuclei and projections,
and frontal and parietal cerebral cortex of seven deceased adults with autism (many
of whom had ID and seizures), ten normal controls without ID, six subjects with
other congenital cerebral disorders and ID, and three subjects with Down syndrome
(Perry et al. 2001). In this study, subject groups did not significantly differ in their
ChAT activity, a presynaptic marker of cholinergic neurons, in frontal cortex,
parietal cortex, or basal forebrain, nor did AChE activity in basal forebrain signif-
icantly differ between subjects with autism and normal controls. However, BDNF
levels were significantly higher (~threefold) in the basal forebrain of subjects with
autism compared to the normal controls. Specific binding of 3H-pirenzepine, a
muscarinic M1 cholinergic receptor ligand, was significantly reduced in the parietal
cortex of the subjects with autism, compared to the normal controls and subjects with
other congenital cerebral disorders and ID. IC50 values for displacement of
3H-pirenzepine by cold ligand were measured in two of the autistic and three normal
controls and did not appear to differ, suggesting that the change in specific binding
was not due to a change in the affinity of the muscarinic M1 receptor for ligand.
Specifically, with respect to nAChRs, 125I-α-BGT binding, a marker of the α7
nAChR, did not differ between groups; however, the specific binding of
3H-epibatidine, which labels heteropentameric nAChRs containing α3 or α4 and β2
subunits, was significantly lower in frontal and parietal cortex of both the subjects
with autism and subjects with other congenital cerebral disorders and ID, compared
to the normal control group (Perry et al. 2001). Western blotting of homogenate
samples of parietal cortex from subjects with autism and normal controls showed
reduced immunoreactive protein content of the α4 and β2 nAChR subunits in the
subjects with autism. 3H-Nicotine binding did not reveal differences between the
subjects with autism and normal controls in the basal forebrain. Again, group sizes
were small, and there was often marked variability in the measures. Nonetheless, the
data are suggestive: increased levels of BDNF in the basal forebrain of the autistic
subjects could reflect its compensatory role in the maintenance of cholinergic nuclei
and their projections; and the changes in specific binding of muscarinic M1 receptors
and 3H-epibatidine and expression levels of the α4 and β2 nAChR subunits in the
autistic subjects could be consistent with disruption of cholinergic transmission, but
these changes may also be affected by comorbid ID and seizures (Perry et al. 2001).

An Evolving Therapeutic Rationale for Targeting the α7 Nicotinic. . . 193



Histopathologic investigation of postmortem hippocampus obtained from per-
sons with autism showed evidence of reduced size and increased packing density of
neurons as well as decreased “dendritic complexities” (Blatt et al. 2001). High-
affinity choline uptake sites (HACUs) labeled with a single concentration of
3H-hemicholinium (10 nM) and the M1 muscarinic site labeled with a single
concentration of 3H-pirenzepine (10 nM) were studied in hippocampi in an autora-
diographic study of four male subjects with autism (age range 19–22 years); all had
ID and three had histories of seizures, and three male controls (age range
16–24 years), two died from gunshot wounds, and one from a motor vehicle accident
(Blatt et al. 2001). Although this was not an exhaustive investigation of cholinergic
neurotransmission and sample sizes were small, no differences were detected
between groups in the labeling of HACUs and M1 muscarinic binding sites in any
of the hippocampal subfields or laminae. However, differences were suggested with
respect to possible decreased density and altered distribution of hippocampal
GABAA receptors in the autistic subjects (Blatt et al. 2001). Conceivably, changes
in GABAA receptors could reflect, at least in part, altered nicotinic cholinergic input
to selected subpopulations of GABAergic interneurons.

Reduced number of cerebellar Purkinje cells and altered size of the cerebellar
vermal lobules are common findings in histological and anatomic investigations of
ASD. Importantly, the Purkinje cell loss and structural abnormalities of the cerebel-
lar vermal lobules may be influenced by seizures, IQ, and gender (Lee et al. 2002). In
addition to cholinergic input originating in the vestibular nuclei that supports the
cerebellar role in the control of motor behavior, the cerebellum has a role in
cognition mediated by “indirect” projections it receives from the cerebral cortex
via the “corticopontocerebellar system” and output of deep cerebellar nuclei that
reach the cerebral cortex after processing in the red nucleus and thalamus (Lee et al.
2002). Cognitive functions involving cerebellar processing are thought to include
executing rapid shifts of attention and efficient orienting of attention (Lee et al.
2002). Cerebellar investigations of cholinergic markers were conducted in postmor-
tem tissue from eight adults with autism (mean age ¼ 24.63 years �5.32[SD]), ten
controls (mean age ¼ 27.90 years �6.19[SD]), eight persons with other congenital
cerebral disorders and ID (mean age ¼ 31.13 years �6.85[SD]), and three persons
with Down syndrome (mean age¼ 40.00 years�7.00[SD]). There was no history of
ID in the ten control subjects. In the eight subjects with autism, verbal IQ ranged
from <20 to 40, and five had histories of seizures. Cerebellar ChAT activity, the
presynaptic marker of cholinergic neurons, did not differ between groups; however,
quantitative receptor autoradiography showed that the specific binding of
3H-epibatidine (1 nM) was significantly reduced in the granule cell layer, Purkinje
layer, and molecular layer, and the specific binding of 125I-α-BGT (1.2 nM) was
significantly increased in the granule cell layer, compared to the control group (Lee
et al. 2002). The decrease and increase of cerebellar 3H-epibatidine and 125I-α-BGT
binding in autism, respectively, are consistent with dysregulated nicotinic neuro-
transmission. Again, the presence of ID could have independently contributed to the
significance of these findings. Western blotting revealed that the immunoreactive
content of the α4 nAChR subunit was significantly reduced in the subjects with
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autism compared to the control subjects. The subjects with autism did not differ from
the controls and other groups with respect to M1 and M2 muscarinic receptor
binding; again, this failure to detect group differences may have been influenced
by the small number of tissue samples and variability within measures, as well as
other confounding variables, such as IQ, seizure history, subject age, and gender. In
their conclusion, given the possibility of nicotinic cholinergic abnormalities, the
authors suggested consideration of a targeted nicotinic agonist intervention in
persons with autism to improve attentional performance (Lee et al. 2002).

Diminished surface expression of functional nAChR pentameric receptors in
persons with ASD may result from dysregulation of transcription, translation of
mRNA in the periphery of the neuron, post-translational processing of the polypep-
tide subunits, membrane trafficking, or membrane insertion of functional receptors.
Thus, there can be lack of correlations between levels of mRNA for individual
receptor subunits, immunoreactive content of individual receptor subunits, and
binding that depends on radiolabeling the pentameric receptor in homogenates of
plasma membranes. In order to further characterize the basis of the nAChR abnor-
malities in autism, “parallel measurements” were obtained in the parietal cortex and
cerebellum of levels of mRNA and immunoreactive protein content of the α4, α7, and
β2 nAChR subunits and autoradiographic analysis of receptor binding using single
concentrations of 3H-epibatidine (1 nM) and 125I-α-BGT (1.2 nM) (Martin-Ruiz
et al. 2004). Frozen cortical and cerebellar autopsy tissue was obtained from six
adults with autism (mean age ¼ 26.5 years �4.8[SD]; five males and one female)
and eight age-matched controls with no histories of ID (mean age¼ 30.5 years�7.8
[SD]; five males and three females). mRNA levels of the α4 nAChR subunit,
normalized to levels of the GAPDH housekeeping gene mRNA, were significantly
reduced (~threefold) in the parietal cortex (Brodmann area 39) of the subjects with
autism, compared to the controls (Martin-Ruiz et al. 2004). However, mRNA
expression levels of the β2 subunit, normalized to GAPDH, and the α7 subunit,
normalized to actin, in the parietal cortex, did not differ between groups. Similarly,
in the cerebellum, mRNA expression levels of the α4 subunit, normalized to GAPDH
mRNA levels, were reduced (~twofold) in the autistic subjects, whereas there was no
significant change in hippocampal mRNA expression levels of the α7 or β2 subunits.
The immunoreactive protein content of the α4 nAChR subunit was significantly
reduced in the parietal cortex and cerebellum of the autistic subjects; there were no
significant between-group changes in the immunoreactive protein content of the β2
and α3 subunits in parietal cortex and no significant between-group changes in the α7
and β2 immunoreactive protein content in the cerebellum (Martin-Ruiz et al. 2004).
Autoradiographic analysis revealed significant reductions of 3H-epibatidine binding
in the autistic subjects, compared to controls, in the following regions: frontal,
parietal and occipital cortex, and cerebellum (Martin-Ruiz et al. 2004). Moreover,
125I-α-BGT binding was significantly increased (~threefold) in the cerebellum of
autistic subjects, whereas there were no significant between-group changes in the
frontal and parietal cortex (Martin-Ruiz et al. 2004). The data are consistent with
possible autism-related changes in nicotinic cholinergic neurotransmission, reflected
in changes in transcription and translation of nAChR subunits and surface
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expression of functional receptors. However, the data remain suggestive because of
small samples of tissues examined, ages of subjects (i.e., adults), and possible
confounding effects of ID and seizures (the authors did not mention presence or
absence of ID and seizures in their brief case descriptions) (Martin-Ruiz et al. 2004).

The immunohistochemical labeling of neurons, including their distribution and
intensity of staining within the microscopic field, with antibodies directed against the
α7 nAChR subunit was reduced in the paraventricular nucleus and nucleus reuniens
of the thalamus in postmortem sections of three adults with autism, compared to
three adult controls (Ray et al. 2005). The reduction of immunohistochemical
staining of the α7 nAChR subunit was not seen in cell processes in either the
paraventricular nucleus or nucleus reuniens. Two of the three adult males with
autism (mean age ¼ 29.3 years �9.3[SD]; age range 29–32 years) had ID, and
one of these two subjects had a history of seizures. The control subjects consisted of
two men and one woman (age range 19–37 years), none of whom had ID; however,
two of the controls had chronic illnesses that may have affected CNS function (i.e.,
metastatic Hodgkin’s lymphoma and alcoholic liver disease). Consistent with dis-
ruption of nicotinic cholinergic neurotransmission in general in the three subjects
with autism, there was also a reduction in immunohistochemical staining of the β2
nAChR subunit, including both the percentage of fields covered by β2
immunostained neurons and intensity of staining, in both the thalamic
paraventricular nucleus and nucleus reuniens. The authors also observed an
increased immunoreactivity of the α7 nAChR subunit in astrocytes in both the
paraventricular nucleus and nucleus reuniens in the subjects with autism, which
was thought to be “reactive” because it was most apparent in the subject with a
history of epilepsy (Ray et al. 2005). Interestingly, there was also an increase in β2
nAChR subunit immunoreactivity in the paraventricular nucleus and nucleus
reuniens in this one autistic subject with a history of epilepsy. The paraventricular
nucleus and nucleus reuniens are referred to as “nonspecific” midline thalamic
nuclei, which are known to have “diffuse and diverse” afferent and efferent connec-
tions (Ray et al. 2005). These thalamic nuclei have reciprocal connections with
corticolimbic areas implicated in the pathogenesis of ASD, including prefrontal
cortex, amygdala, and hippocampal formation (Ray et al. 2005). The data are
certainly suggestive of both general dysregulation of nicotinic cholinergic transmis-
sion and specific involvement of the α7 nAChR in the thalamus. However, the
interpretation is confounded by small sample size, age, ID, and seizures in the
patient group and chronic disease in the control subjects.

In addition to the potential for “error” in histopathological studies of human
postmortem brain due to small sizes of tissue samples and possible confounding
effects of age, gender, intellectual disability (ID), history of seizures, medications,
and chronic illnesses, among other variables, an additional unexpected source of
concern has been raised in immunohistochemical studies using nAChR subtype-
selective antibodies to detect anatomic distribution, cellular and subcellular locali-
zation, and quantity of expressed nAChR subunits. Specifically, commercially
available antibodies raised against specific nAChR subunits (including α3, α4, α7,
β2, and β4) and shown to have specificity in oocyte expression systems and little or
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no cross-reactivity with other nAChR subunits showed “immunopositive” signals
when tested against brain tissue from knockout mice with selective deletion of the
subunit against which the antibody was directed (Moser et al. 2007). Thus, comple-
mentary and, oftentimes, collaborative approaches between laboratories must be
employed to ensure the validity of expression profiles and construction of reliable
anatomic maps that localize nAChR subtypes, including PCR, in situ hybridization,
immunohistology, immunoprecipitation, northern and western blotting, ligand bind-
ing, and electrophysiology (Moser et al. 2007).

Binding of MeCP2 to methyl CpG-binding domains in the 15q13.2 and 15q13.3
region appears necessary for an interaction between this region and the Prader-Willi
imprinting center (PWS-IC) that is located more than 7 Mb away; this interaction
serves as a long-range epigenetic regulator of chromatin remodeling that influences
expression of CHRNA7 (Yasui et al. 2011). The PWS-IC is the smallest region of
overlap of paternal deletions resulting in Prader-Willi syndrome (PWS) and partic-
ipates in regulating cis-expression of genes in the ~13 Mb region between 15q11.2
and 15q13.3, including the developmentally regulated distal genes GABRB3,
UBE3A, and CHRNA7. MeCP2 loss of function mutations are causally associated
with the X-linked dominant Rett syndrome, and disruption of this MeCP2-mediated
molecular bridging interaction in Rett syndrome between the PWS-IC and distal
sites in the 15q11.2 and 15q13.3 region may be responsible for some phenotypic
similarities between PWS, Rett syndrome, and autism (Yasui et al. 2011). The
developmental regulation of CHRNA7 expression and the regulatory role of the
MeCP2-mediated interaction between the PWS-IC and 15q11.2-15q13.3 locus were
studied and confirmed in vitro by culturing SH-SY5Y neuroblasts in the presence of
phorbol 12-myristate 13-acetate (PMA), which stimulates their neuronal differenti-
ation (Yasui et al. 2011). Interestingly, of all the 15q subregions, the expression of
CHRNA7 in the 15q13.2-15q13.3 region was the most likely to be affected by
MeCP2 binding. Examination of human postmortem cerebral cortex (Brodmann
area 9) revealed that CHRNA7 transcript levels were about tenfold higher in typically
developing infants less than 1 year of age and level off at around age 20 years
(N¼ 20 typically developing controls), whereas levels of CHRNA7mRNA in frontal
cortex obtained from patients with Rett syndrome (N¼ 7) and autism (N¼ 11) were
significantly reduced, compared to controls (Yasui et al. 2011). Preclinical studies
suggest that MeCP2 is a positive modulator of Chrna7 expression. Overall, the data
suggest that diminished α7 nAChR-mediated neurotransmission may contribute to
the pathogenesis of ASD and support interventional therapeutic strategies to selec-
tively stimulate α7 nAChRs in at least some patients with ASD (Deutsch et al. 2010,
2015).

6.2 Behavioral and Pharmacological Studies

Chronic 4-week exposure to nicotine, a nonselective nAChR agonist, administered
in drinking water was shown to dose-dependently improve social interactions and
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decrease spontaneous self-grooming in the BTBRmouse model of ASD (Wang et al.
2015). Chronic nicotine administration has been reported to upregulate both the
functional homopentameric α7 nAChR and nAChRs containing α4 and β2 subunits.
In the three-chamber apparatus, nicotine (100 μg/mL or 15 mg/kg/day corrected for
water consumption) significantly increased the amount of time BTBR mice spent in
the chamber containing an enclosed same-sex, same-age novel stimulus mouse,
versus an identical inverted cup, and also increased the amount of time BTBR
mice spent sniffing the novel mouse versus sniffing the inanimate inverted wire
cup. The C57BL/6J comparator strain showed both differing sensitivity to prosocial
effects of nicotine with a dose-dependent “dissociation” between sensitivity mea-
sured with time spent in the social chamber and time spent sniffing the novel mouse.
Specifically, the highest dose of nicotine (400 μg or 55 mg/kg/day corrected for
water consumption) increased the time C57BL/6J mice spent in the social chamber,
whereas the 50 μg/mL and 100 μg/mL doses (10 and 15 mg/kg/day corrected for
water consumption, respectively) increased time spent sniffing the novel stimulus
mouse (Wang et al. 2015). The two highest doses of nicotine (200 μg/mL and
400 μg/mL or 35 and 55 mg/kg/day, respectively) significantly decreased the
repetitive self-grooming behavior of BTBR mice (Wang et al. 2015). The 200 μg/
mL dose of nicotine did not make BTBR mice more anxious (i.e., did not change
center time in the open field) but did decrease horizontal locomotor activity, which
could confound interpretation of prosocial effects at this dose because sociability
assessed in the three-chamber apparatus is dependent on horizontal locomotor
activity. Additionally, in the BTBR strain, potentially confounding metabolic effects
of the higher 200 μg/mL and 400 μg/mL doses may be present as mice treated with
these doses either gained less weight or actually lost weight, respectively, compared
to the vehicle condition. The data are consistent with nAChR abnormalities in the
BTBR mouse model of ASD and support exploration of therapeutic targeting of
nAChRs in ASD (Wang et al. 2015).

AVL-3288, an α7 nAChR-selective “positive allosteric modulator (PAM),”
improved sociability and repetitive self-grooming behavior, therapeutic effects that
were not confounded by, or an epiphenomenon of, increased locomotor activity, in
the BTBR mouse model of ASD; male BTBR mice were tested at 10–16 weeks of
age (Yoshimura et al. 2017). AVL-3288 increased the current flow induced by
application of an α7 nAChR agonist at its EC10 concentration (i.e., the agonist
concentration that evoked 10% of the maximum response) to the human receptor
expressed in Xenopus oocytes by more than 600%; 2-electrode voltage clamp oocyte
electrophysiology was used to measure currents, and the EC50 for AVL-3288’s
positive modulatory effect was 0.7 μM. In the standard three-chamber apparatus,
BTBR mice treated with AVL-3288 (3 mg/kg, intraperitoneally) spent significantly
more time sniffing/exploring the chamber containing an enclosed novel mouse than
the chamber containing a novel object, whereas no social preference was observed in
the vehicle-only condition (Yoshimura et al. 2017). This positive allosteric effect of
AVL-3288 on social preference was antagonized by pretreatment with 3 mg/kg of
MLA, an α7 nAChR-selective antagonist. Further, AVL-3288 (3 and 10 mg/kg)
significantly reduced the amount of time BTBR mice engaged in repetitive self-
grooming (Yoshimura et al. 2017). The data clearly support therapeutic exploration
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of α7 nAChR PAMs and the α7 nAChR as a therapeutic target (Deutsch et al. 2010,
2011, 2015, 2016).

Mice with conditional knockout of Mecp2 in ChAT (choline acetyltransferase)-
expressing cholinergic neurons (referred to as Chat-Mecp2�/y mice), especially in
basal forebrain (BF), mimicked many phenotypic features of Rett syndrome; more-
over, PV-expressing GABAergic neurons in the CA1 region of hippocampus in
these Chat-Mecp2�/y mice, which receive dense projections from BF cholinergic
neurons, showed diminished expression of the α7 nAChR (Zhang et al. 2016). The
data suggest that the reduced hippocampal expression of α7 nAChRs was responsi-
ble for the deficit of social memory, increased excitability of hippocampal pyramidal
neurons, and mood dysregulation displayed by the Chat-Mecp2�/ymice, which were
“rescued” by injection of a viral vector containing the Mecp2 transcript into BF or
injection of PNU-282987, a selective α7 nAChR agonist, or nicotine itself into the
CA1 region of hippocampus (Zhang et al. 2016). The Chat-Mecp2�/y mice showed
decreased anxiety- and depressive-like behavior on a variety of behavioral measures
that are often used in the screening of compounds for antianxiety and antidepressant
efficacy, such as spending more time in the open arms of the elevated plus maze and
lit compartment of the light-dark box, and decreased immobility in the forced swim
test, compared to appropriate controls. The Chat-Mecp2�/y mice showed normal
social preference in the standard three-chamber paradigm, preferring the chamber
containing an enclosed stimulus mouse to the chamber containing the empty cage.
However, unlike control mice, they showed a deficit in social memory showing no
preference for a novel, unfamiliar “stranger” mouse over a familiar mouse. The
Chat-Mecp2�/y mice also showed less social interaction with stranger mice in an
open-field arena. Interestingly, the Chat-Mecp2�/ymice showed no deficits of spatial
learning and memory when tested in the Morris water maze. The Chat-Mecp2�/y

knockout mice with essentially absent expression of Mecp2 in BF had markedly
downregulated expression of ChAT in BF cholinergic neurons but normal expres-
sion of GAD65 (Zhang et al. 2016). As noted, western blot analysis revealed that
Chat-Mecp2�/y mice showed a significant reduction of α7 nAChR expression in
hippocampus, which is ordinarily co-expressed with PV in a subset of GABAergic
neurons. The excitability of this subpopulation of PV-expressing GABAergic neu-
rons was decreased in the Chat-Mecp2�/y mice, compared to controls, as reflected in
prolongation of their interspike interval (ISI) and decreased firing frequency; pre-
sumably, the reduced ISI and decreased firing frequency of the PV-expressing
GABAergic neurons accounted for the increased excitability (i.e., disinhibition) of
CA1 pyramidal neurons in the Chat-Mecp2�/y mice (Zhang et al. 2016). This latter
observation could also explain the high prevalence (~80%) of recurrent seizures in
patients with Rett syndrome. Behaviorally, the increased pyramidal cell excitability
in the Chat-Mecp2�/y mice was reflected in “frequent hyperexcitable discharges”
recorded electroencephalographically in freely moving mice and increased suscep-
tibility to pilocarpine-induced seizures (Zhang et al. 2016). The data clearly support
a role for MeCP2 as an epigenetic regulator of acetylcholine (ACh) synthesis and
also show that a “downstream” consequence of diminished ChAT expression is
downregulated α7 nAChR expression. Importantly, the data strongly support thera-
peutic targeting of the α7 nAChR in order to address key primary and secondary
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symptom domains in Rett syndrome and ASD, including mood dysregulation,
deficits of sociability, and seizure proneness.

Pentylenetetrazol (PTZ)-kindled male ICR mice with a lowered threshold and
greater sensitivity to PTZ-elicited clonic seizure activity showed both reduced social
preference and reduced social recognition memory in the standard three-chamber
apparatus, when compared to vehicle-treated controls (Takechi et al. 2016). Specif-
ically, the PTZ-kindled mice showed no preference for an enclosed stimulus mouse
over an empty inverted cup and no preference for an enclosed novel stranger mouse
over an enclosed familiar mouse. Prior treatment of the PTZ-kindled mice with
ABT-418, a compound with 10,000-fold greater selectivity for the heteropentameric
α4β2 nAChR subtype, normalized both the social preference and social recognition
memory of the PTZ-kindled mice (Takechi et al. 2016). The piriform cortex is
anatomically situated between limbic and cortical networks and is pathologically
implicated in propagation of seizure activity (Takechi et al. 2016). Immunolabeling
of the piriform cortex showed that the α4 nAChR subunit and neuroligin3 (NLG3), a
postsynaptic transmembrane adhesion molecule associated with the excitatory syn-
apse and, when deleted or mutated, with ASD, were colocalized in this structure in
both vehicle-treated control and PTZ-kindled mice. However, α4 subunit expression
was significantly reduced and NLG3 expression significantly increased in the
PTZ-kindled mice, compared to vehicle-treated controls. The PTZ-kindled mouse
model of ASD clearly shows that the heteropentameric α4β2 nAChR subtype can be
involved in increased central excitability, as reflected in a lowering of the threshold
for clonic seizure activity and impaired sociability. Moreover, disturbed expression
of the α4 nAChR subunit is associated with probable disturbance of the trans-
synaptic architecture of the excitatory synapse, as reflected in the increased expres-
sion of NLG3. Thus, evaluation of possible adverse effects of a targeted α7 nAChR
agonist therapeutic strategy for ASD on expression and function of α4β2 nAChR-
mediated processes must occur.

The aggression displayed by male mice with heterozygous deletions of Chrna7
(i.e., α7 HET mice) and, thereby, haploinsufficient expression of the α7 nAChR was
increased, compared to their wild type littermates, in the “resident-intruder” behav-
ioral paradigm (Lewis et al. 2018). In this paradigm, placing an intruder mouse into
the home cage of a resident mouse elicits bouts of repeated aggression in the resident
mouse. Compared to wild type controls, the α7 HET mice “initiated attack in more
bouts” and “attacked significantly faster,” which was not an epiphenomenon of
increased locomotor activity (Lewis et al. 2018). High density of α7 nAChRs was
expressed in the hippocampus of the wild type mice, and, in particular, the granule
cell layer of the dentate gyrus was “activated” in the aggressive resident mice;
activation was assessed by expression of Arc, an immediate early gene, in granule
cells (Lewis et al. 2018). A non-GABA-positive granule cell population was acti-
vated in the dentate gyrus by intruder mice; moreover, CaMKII expression
colocalized with immunofluorescent staining of Arc in the granule cells activated
by intruder mice. Both nicotine and GTS-21, an α7 nAChR-selective agonist,
suppressed aggression of resident α7 HET mice (Lewis et al. 2018). Moreover,
bilateral stereotactic hippocampal infusion of adeno-associated virus 2 (AAV2)
vector containing/expressing small hairpin RNA (shRNA) targeting α7 nAChRs
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blocked the anti-aggressive, “serenic” effects of nicotine and GTS-21 in wild type
male Balb/c mice, which are more aggressive in this paradigm than male C57BL/6
mice; the latter C57BL/6 mouse strain served as the genetic background for the
original Chrna7 deletion (Lewis et al. 2018). The data suggest that the dentate gyrus
is a node activated in an aggression circuit, and the α7 nAChR modulates aggression
in the “resident-intruder” paradigm, which can be therapeutically targeted to reduce
aggression (Lewis et al. 2018). Further, the data support exploration of α7 nAChR-
selective agonist interventions for the treatment of the secondary symptom of
aggression/tantruming/irritability in children with ASD.

6.3 Clinical Studies

The effects of acute, single-dose targeting of the α7 nAChR with
3-(2,4-dimethoxybenzylidene) anabaseine (DMXB-A), a selective, partial agonist
for the α7 nAChR, were studied in two normally intelligent (verbal comprehension
scores of 89 and 93 on the Wechsler Abbreviated Scale of Intelligence, Second
Edition and Wechsler Adult Intelligence Scale, Fourth Edition, respectively) adult
(aged 50 and 24 years, respectively) males with ASD (Olincy et al. 2016). The
diagnoses were supported with completion of Module 4 of the Autism Diagnostic
Observation Schedule, Second Edition. Placebo and two doses (75 mg and 150 mg
followed by 37.5 mg and 75 mg, respectively, 2 h later, the half-life of the first dose)
were randomly administered orally on successive days, and the entire protocol was
completed within 3 h during each of the 3 days. Because α7 nAChRs located on
GABAergic inhibitory neurons contribute to the “P50 measure of sensory inhibition,
” this measure was used as a biomarker of target engagement by DMXB-A.
Specifically, sensory inhibition was measured by the amplitude of the P50-evoked
response (a positive potential appearing ~50 ms post-stimulus) to each of a pair of
identical auditory stimuli delivered 0.5 s apart; it is recorded from an electrode
affixed to the vertex of the head according to a standard protocol (Olincy et al. 2016).
Normally, the ratio of the evoked amplitude of the P50 response to the second of the
pair of identical auditory stimuli is �0.50 of the amplitude evoked by the first
auditory stimulus of the pair. The P50 ratios in the placebo conditions of both
patients were elevated (0.99 and 0.61, respectively). The higher dose of DMXB-A
reduced these ratios in patients 1 and 2 to 0.29 and 0.03, respectively, consistent with
a centrally effective stimulatory effect on α7 nAChR. Similarly, the higher dose was
more prominently associated with improvement on objective and patient-rated
measures of attention. Perhaps, not surprisingly, there was no obvious beneficial
effect in this single, acute dose study of DMXB-A on self-rated measures of social
responsiveness in two adult males with ASD (Olincy et al. 2016).

Thirteen children and adolescents with autism (10 males and 3 females; mean
age ¼ 8.8 years �3.5; 7 of whom had mild to moderate ID), whose DSM-IV
diagnoses were supported by the ADI-R, were treated with galantamine in an
open-label prospective design for up to 12 weeks (Nicolson et al. 2006). Patients
were medication-free for at least 4 weeks prior to initiation of galantamine, which
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was titrated to a maximally tolerated total daily dose of 24 mg (total daily doses
ranged between 12 and 24 mg; mean ¼ 18.4 mg �4.3). Ten subjects completed the
full 12-week trial; two withdrew after 8 weeks because of clinical worsening, and
one withdrew after 11 weeks because of headaches. Clinician-rated anger on a
subscale of the Children’s Psychiatric Rating Scale and parent-ratings on the irrita-
bility and social withdrawal subscales of the Aberrant Behavior Checklist (ABC)
showed significant improvement at the end of treatment (Nicolson et al. 2006). Thus,
improvement was detected with two commonly used rating instruments;
galantamine was safely administered and, with one exception, tolerated. However,
the study was of short duration (i.e., 12 weeks), included a small number of subjects
(N ¼ 13), and was open-label; nonetheless, the study encourages exploration of
cholinergic interventions for persons with ASD, especially for secondary symptoms
of aggression and temper outbursts.

Forty children (aged 4–12 years) fulfilling DSM-IV-TR criteria for autistic
disorder completed a parallel-group, placebo-controlled, double-blind 10-week clin-
ical trial that explored adjuvant therapeutic effects of galantamine, an AChE inhib-
itor that possesses positive allosteric modulatory effects on nAChRs, when added to
risperidone (Ghaleiha et al. 2014). All children were free of psychotropic medica-
tions for at least 6 weeks and met the severity criterion of �12 on the irritability
subscale of the Aberrant Behavior Checklist-Community scale (ABC-C) prior to
study entry. Doses of risperidone, galantamine, and galantamine’s matching placebo
were titrated according to subjects’ weight, and the 58-item ABC-C completed by
parents at baseline and weeks 5 and 10 served as the outcome measure of efficacy;
the primary outcome measure was the irritability subscale, and the four other sub-
scales served as secondary measures (i.e., lethargy/social withdrawal, stereotypic
behavior, hyperactivity/noncompliance, and inappropriate speech subscales). A
general linear model with repeated measures was used to analyze the data. By
week 10, the daily doses of the children receiving galantamine were distributed as
follows: three children received 24 mg; two children received 20 mg; 12 children
received 16 mg; and three children received 12 mg. The mean daily doses of
risperidone did not differ between groups: 1.32 mg for the galantamine and
1.15 mg for the placebo groups. The children receiving galantamine showed signif-
icant improvement on the irritability subscale at weeks 5 and 10 and significant
improvement on the lethargy/social withdrawal subscale at week 10; there was no
significant improvement on other subscales (Ghaleiha et al. 2014). Importantly, no
significant adverse events were reported by parents. These data are promising, but, as
noted by the investigators, the study was limited by its small sample sizes and short
10-week duration.

7 Conclusion

Given the rich cholinergic innervation of the forebrain, it is not surprising that a data-
driven rationale for exploring possible therapeutic effects of targeted α7 nAChR-
agonist interventions in persons with ASD is evolving. Thus, two “proof of concept/
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principle” exploratory clinical trials of galantamine, a compound that increases the
lifetime of ACh within the synaptic cleft and likelihood that its binding results in
opening of the ACh/choline-gated nAChR, were included in the review. The avail-
ability of selective α7 nAChR agonists, partial agonists, allosteric agonists, and
PAMs will undoubtedly stimulate additional trials. Cholinergic interventions have
the ability to restore disrupted delicate balance between central excitatory and
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Fig. 2 Impaired signal transduction by the α7 nicotinic acetylcholine receptor contributes to
pathogenesis of autism spectrum disorder. The α7 nicotinic acetylcholine receptor (α7 nAChR)
regulates inhibitory output of GABAergic interneurons that project onto assemblies of pyramidal
outflow neurons, synchronizing their oscillatory output. Synchronous oscillatory output is impor-
tant for higher executive functions, such as working memory, and maintenance of functional
connectivity between discrete and anatomically noncontiguous areas of the brain. Haploinsufficient
or diminished expression of the α7 nAChR, due to 15q13.3 microdeletions or promoter variants,
respectively, or inefficient transduction of the acetylcholine (ACh)/choline signal (e.g., due to DNA
sequence variants of CHRNA7, the gene encoding the α7 nAChR), may be associated with a variety
of disrupted behavioral readouts in various mouse models of autism spectrum disorder (ASD).
Preclinical data and a few “proof-of-principle/concept” clinical trials support an evolving rationale
for exploring therapeutic targeting of the α7 nAChR in persons with ASD, using selective α7
nAChR-agonists, partial agonists, allosteric agonists, and partial allosteric modulators (PAMs) (see
text for details)
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inhibitory transmission in persons with ASD, which is necessary for optimal infor-
mation transfer within critical circuits that support attention, cognition, language,
and affiliative social behaviors. Figure 2 summarizes the hypothesized role that the
α7 nAChR plays in regulating firing of GABAergic inhibitory projections and
synchronizing oscillatory output of assemblies of neocortical pyramidal neurons.
Theoretically, selective-α7 nAChR agonist interventions would “synchronize”
disrupted oscillatory output of pyramidal outflow neurons and normalize behavioral
impairments of the ASD phenotype. Clearly, the effectiveness of medications may
depend on the timing of their initiation; thus, developmental age may determine and
influence their maximal effectiveness. Medication development must proceed with,
and be informed by, advances in early detection and diagnosis. In any event, even in
the absence of cholinergic pathology, clinical interrogation of the α7 nAChR in
persons with ASD would merit serious consideration because this receptor subtype is
involved in normal processes of attention and cognition.
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Abstract The α7 nicotinic acetylcholine receptor (nAChR) is a promising target for
the treatment of cognitive deficits associated with psychiatric and neurological
disorders, including schizophrenia and Alzheimer’s disease (AD). Several α7
nAChR agonists and positive allosteric modulators (PAMs) have demonstrated
procognitive effects in preclinical models and early clinical trials. However, despite
intense research efforts in the pharmaceutical industry and academia, none of the α7
nAChR ligands has been approved for clinical use. This chapter will focus on the α7
nAChR ligands that have advanced to clinical studies and explore the reasons why
these agents have not met with unequivocal clinical success.
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1 Introduction

1.1 Structure and Function of α7 nAChR

Nicotinic acetylcholine receptors (nAChRs) belong to the superfamily of Cys-loop
ligand-gated ion channels that also includes the ligand-gated excitatory serotonin
receptors (5-HT3Rs) and the inhibitory GABAA receptors (GABAARs) and glycine
receptors (GlyRs) (Connolly and Wafford 2004). The nAChRs can be further
divided into muscle and neuronal types. In mammals, the neuronal nAChRs are
encoded by 11 genes expressing subunits (α2–α7, α9, α10, β2–β4), which can form
heteromers or homomers (Hurst et al. 2013). Among the neuronal nAChRs,
heteromeric α4β2 and homomeric α7 receptors predominate in the brain, with
α4β2 nAChR having high-affinity and α7 nAChR having low-affinity binding to
ACh (Dineley et al. 2015).

The α7 nAChR subunits are arranged as a pentameric structure surrounding a
central cation-permeable (Ca2+, Na+) water-filled channel pore (McGehee and Role
1995; Connolly andWafford 2004). Each subunit has a long extracellular N-terminal
domain, four transmembrane regions (TM1–TM4), a large intracellular loop
between TM3 and TM4, and a short C-terminal end. Both the N- and C- termini
face the extracellular space, with the N-terminal domain contributing to the extra-
cellular ligand-binding site (Gotti and Clementi 2004). There are five identical ACh
binding sites per α7 receptor, each located at the interface between two adjacent
subunits. In addition to forming homomeric nAChRs, the α7 subunit has also been
shown to co-assemble with other nAChR subunits, such as β2 subunit, forming
heteromeric receptors. However, the functional significance of the α7 containing
heteromeric receptors is largely unknown (Araud et al. 2011; de Lucas-Cerrillo et al.
2011; Murray et al. 2012).

The α7 nAChR can exist in multiple conformational states, including resting,
activated, and desensitized states (Papke 2014). Activation occurs when the agonist
ligand binds to the α7 nAChR receptor and causes the ion channel to open. This is
rapidly followed by entering into a desensitized state (in milliseconds) in which the
ion channel closes with the agonist still bound. Receptor desensitization is a funda-
mental property of most ligand-gated ion channels and may have important func-
tions. For example, the rapid desensitization of the α7 nAChR has been proposed to
shape synaptic signaling and prevent excessive Ca2+ influx into the cell (Giniatullin
et al. 2005).

Receptor desensitization is an important property to consider regarding drug
design. Signaling by endogenous ACh is rapidly terminated via metabolism by
acetylcholinesterase and butyrylcholinesterase. However, sustained exposure to
exogenous α7 agonists may produce desensitization and a resulting loss of their
pharmacology. Importantly, the concentrations of α7 agonists that can induce
desensitization upon prolonged application were found to be several orders of
magnitude lower than those that cause activation with brief application, and there
is little or no overlap between the desensitization and the activation
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concentration-response curves (Bertrand et al. 2015). Therefore, targeting an
unbound steady-state exposure for α7 agonists that is associated with direct α7
nAChR activation is unlikely to produce a sustained response in clinical settings.

High permeability to Ca2+ is one of the unique functional properties of the α7
nAChR (Bertrand et al. 1993; Seguela et al. 1993; Delbono et al. 1997). The
physiological role of Ca2+ entering through the α7 nAChR is important for a number
of critical Ca2+-dependent processes including neurotransmitter release, synaptic
plasticity, and neurite outgrowth (Role and Berg 1996; Albuquerque et al. 1997).
However, excessive Ca2+ influx through the α7 nAChR may induce cytotoxicity,
and this has been demonstrated in a transgenic mouse model expressing mutant α7
nAChR with reduced receptor desensitization (Orr-Urtreger et al. 2000). In the
homozygous mice, the mutations are associated with extensive cell death throughout
cortex and are lethal at birth. Cytotoxicity has also been observed in α7 nAChR
expressing cell lines upon treatment with α7 modulators that reduced or abolished
receptor desensitization (Ng et al. 2007; Dinklo et al. 2011). These observations
underscore the important role of desensitization in the normal function of the α7
nAChR.

1.2 Expression and Localization of α7 nAChR

The expression pattern of the α7 nAChR in the central nervous system has been
extensively characterized in multiple species using either radiolabeled α7-specific
ligands or in situ hybridization (Breese et al. 1997; Whiteaker et al. 1999; Han et al.
2000, 2003). In general, α7 nAChR is highly expressed in brain regions involved in
cognitive functions, such as the hippocampus and cerebral cortex. The pattern of
expression appears similar across species, though some species differences have
been reported (Breese et al. 1997). For example, the expression level of α7 nAChR
was found to be extremely high in human reticular thalamic nucleus (RTN), with
[125I]-α-bungarotoxin ([125I]-αBTX) binding detected throughout the nucleus. In
contrast, very low levels of α7 nAChR mRNA and [125I]-αBTX binding were
detected in the rat RTN. The RTN contains a large population of GABAergic
neurons and is known to play an important role in attention and sensory gating
(Mitrofanis and Guillery 1993). Therefore, activating α7 nAChR in this brain region
may have profound effects on attention and sensory gating deficits in schizophrenic
patients.

Neuronal α7 nAChRs are highly expressed at presynaptic and postsynaptic
structures (Fabian-Fine et al. 2001; Jones and Wonnacott 2004). Presynaptically,
α7 nAChR activation has been reported to modulate the release of a variety of
neurotransmitters, including glutamate, GABA, dopamine, and ACh (Rousseau et al.
2005; Zhu et al. 2005; Livingstone et al. 2009; Huang et al. 2014a, b). Postsynap-
tically, high levels of α7 nAChR have been detected on GABAergic interneurons in
the hippocampus, cortex, and thalamus across species, indicating a critical role of α7
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nAChR in modulating GABAergic tone in the brain (Alkondon et al. 1999, 2000;
Reid et al. 2001).

1.3 Therapeutic Potential of α7 nAChR Ligands

1.3.1 Alzheimer’s Disease

AD is a progressive neurodegenerative disorder in which cognitive deficits gradually
worsen over a number of years. Characteristics of the disease include degeneration
of cholinergic neurons in the basal forebrain and reduction of cholinergic innervation
of the cerebral cortex, hippocampus, and other brain regions (Whitehouse et al.
1982; Auld et al. 2002). It has been hypothesized that cholinergic hypofunction
contributes to the cognitive deficits of patients suffering from AD. This hypothesis is
supported by the fact that acetylcholinesterase inhibitors (AChEIs), which inhibit
hydrolysis of acetylcholine, provide symptomatic benefit and have been approved
for the treatment of the cognitive impairments in AD. The α7 nAChR was shown to
be highly expressed in the brain regions associated with cognitive function, and the
expression level of α7 nAChRs can be affected by AD pathology (Burghaus et al.
2000). In addition, numerous α7 nAChR ligands have revealed procognitive effects
in preclinical models, indicating potential utility in the treatment of cognitive deficits
associated with AD (Bertrand et al. 2015; Wallace and Porter 2011).

1.3.2 Schizophrenia

Schizophrenia is a complex disorder that manifests with positive symptoms, nega-
tive symptoms, and cognitive deficits. Current antipsychotics are effective at ame-
liorating the positive symptoms but provide limited clinical benefit in terms of the
negative symptoms and cognitive deficits. Accumulating evidence suggests that α7
nAChR is a potential target for the treatment of cognitive impairment in schizophre-
nia (Wallace and Bertrand 2013; Freedman 2014). Human genetic evidence has
revealed that polymorphisms in CHRNA7, the gene encoding the α7 nAChR
subunit, and a partial duplication of CHRNA7, CHRFAM7A, are associated with
schizophrenia (Freedman et al. 2003; Sinkus et al. 2009). These polymorphisms lead
to diminished gene expression, which is confirmed by reduced α7 nAChR mRNA
levels and decreased [125I]-αBTX binding in postmortem brain tissues from schizo-
phrenic patients (Court et al. 1999). Additionally, early clinical studies have shown
that activation of α7 nAChRs with selective agonists is associated with attenuation
of P50 sensory gating deficits as well as cognitive improvement in patients with
schizophrenia (Keefe et al. 2015; Olincy et al. 2006; Lieberman et al. 2013).
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2 α7 nAChR Ligands: Chemical and In Vitro
Characterization

2.1 α7 nAChR Agonists

From a pharmacological viewpoint, the method of receptor activation most similar to
endogenous activation is by use of an orthosteric agonist such as nicotine (Chart 1).
This agonist can activate all members of the nAChR family. While the natural
product nicotine is not selective, a number of synthetic small molecule agonists
that show enhanced selectivity for α7 nAChR versus the other nAChRs have been
described, and several of these agonists have progressed to clinical trials. The
following compound profiles summarize key data for select α7 nAChR agonists,
which are defined as either full agonists or partial agonists relative to the effects
produced by acetylcholine and/or nicotine.

In terms of chemical structure, most of these naturally occurring orthosteric
agonists may be described by a three-component pharmacophoric model (King
et al. 2017). Specifically, the agonists usually feature (1) a rigid, bicyclic, basic
amine, such as a quinuclidine, which presumably mimics the quaternary ammonium
moiety in the endogenous agonist acetylcholine (Chart 1); (2) a heterocyclic or
carbonyl-containing hydrogen bond acceptor, which is thought to mimic the ester
carbonyl of acetylcholine; and (3) a lipophilic aromatic or heteroaromatic group.
These conserved features are, to some extent, a reflection of the nature of the
orthosteric binding site to which acetylcholine and nicotine bind.

There is significant sequence homology at the orthosteric binding site among
many of these Cys-loop ligand-gated ion channels, and this can present challenges
for the design of selective α7 nAChR agonists. In particular, many of the known
agonists of the α7 nAChR have high affinity for the 5-HT3 receptor, at which they
are often functional antagonists (Mazurov et al. 2012). This poor selectivity repre-
sents a potential concern in terms of tolerability since antagonism of the 5-HT3R can
be associated with gastrointestinal adverse events, such as constipation.

2.1.1 GTS-21

First synthesized by a chemistry team at the University of Florida, Gainesville
(Zoltewicz et al. 1993), GTS-21 (Chart 2), also known as DMXB or DMXB-A, is
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structurally related to the natural product and non-selective nicotinic agonist
anabaseine (Chart 1) (Wheeler et al. 1981).

GTS-21 was found to displace high-affinity nicotinic [125I]α-bungarotoxin and
[3H]acetylcholine binding in rat cortical membrane (Hunter et al. 1994). In electro-
physiology studies on human α7 nAChR expressed in Xenopus oocytes, GTS-21
was determined to be an agonist at a concentration of 500 μM, but had little effect on
oocytes expressing α4β2 nAChR. Taken together, these results suggest that GTS-21
is a selective, albeit non-potent, α7 nAChR agonist at the concentrations that could
be tested (Hunter et al. 1994). Subsequent studies showed that GTS-21 is a very
weak agonist at human α7 nAChR and at a concentration of 1 mM it only produced
12% of the maximal response seen with nicotine (Briggs et al. 1995). In fact,
GTS-21 was found to be more potent as an antagonist of the α7 nAChR, and it
blocked the response of nicotine with an IC50 value below 10 μM (Briggs et al.
1995).
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2.1.2 PNU-282987

PNU-282987 was identified from screening small focused libraries of designed
amides against an α7–5-HT3 chimeric protein. These libraries demonstrated that
good agonist activity could be achieved with amides derived from the coupling of
3-aminoquinuclidine with a variety of benzoic acids. The best compound identified
was the 4-chlorobenzamide PNU-282987 (Chart 2), which activated the α7–5-HT3

chimera with an EC50 value of 128 nM (Bodnar et al. 2005).
PNU-282987 was found to have high affinity for α7 nAChR in rat brain homog-

enate (Ki ¼ 27 nM) using [3H]methyllycaconitine ([3H]MLA) as the radioligand. It
exhibited no agonist activity at both α3β4 and α1β4γδ nAChRs at concentrations up
to 100 μM and no antagonism of either receptor (IC50� 60 μM) (Bodnar et al. 2005).
The compound was also assessed in a panel of 32 receptor, ion channel, or enzyme
assays and produced<30% inhibition at all targets, except for the 5-HT3 receptor, at
a test concentration of 1 μM. PNU-282987 was found to be a functional antagonist of
the 5-HT3 receptor with moderate affinity in a radioligand binding assay
(Ki ¼ 930 nM) (Bodnar et al. 2005; Hajos et al. 2005).

When applied to cultured rat hippocampal neurons at concentrations �300 nM,
PNU-282987 produced a rapidly desensitizing inward current that was blocked by
the α7 nAChR antagonist MLA (Hajos et al. 2005). The α7 nAChRs in rat hippo-
campus are predominantly expressed in GABAergic interneurons, and activation of
these receptors can modulate GABAergic synaptic activity. Consistent with this,
PNU-282987 was shown to enhance spontaneous GABAergic synaptic activity in
rat hippocampal slices (Hajos et al. 2005).

2.1.3 RG3487

RG3487 (MEM3454), a quinuclidine-based compound with a similar structure to
PNU-282987 (Chart 2), was discovered at Memory Pharmaceuticals (Xie et al.
2008) and subsequently developed by Hoffmann-La Roche. The compound had
high binding affinity for α7 nAChR, displacing the radioligand [3H]MLA from rat
brain membranes with a Ki value of 6 nM (Wallace et al. 2011). RG3487 was
generally clean when tested in a diverse panel of 90 receptor, ion channel, and
enzyme assays, producing <50% inhibition at a concentration of 10 μM. The only
potent activity identified in this screening panel was at the 5-HT3 receptor, for which
it had high binding affinity (Ki ¼ 1.2 nM). This high binding affinity translated into
potent functional antagonism at 5-HT3R with an IC50 value of 2.8 nM (Wallace et al.
2011).

RG3487 was found to be a partial agonist of human α7 nAChR expressed in
Xenopus oocytes with EC50 ¼ 800 nM and a maximal effect of 63%, relative to
acetylcholine (Wallace et al. 2011). The functional selectivity of RG3487 for α7
nAChR over other nicotinic receptor subtypes was demonstrated in Xenopus
oocytes, in which the compound did not activate α2β2, α3β2, α4β2, α4β2α5,
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α4β2α6, or α4β2α6β3 nAChRs at concentrations up to 100 μM (Wallace et al. 2011).
Sustained application of higher concentrations (>10 nM) RG3487 to Xenopus
oocytes expressing α7 nAChR led to receptor desensitization in a dose-dependent
fashion, with an IC50 value of 40 nM. This observation highlights the loss of activity
often seen upon chronic exposure of the receptor to an agonist (Wallace et al. 2011).
Interestingly, at low nanomolar concentrations (3–10 nM), sustained application of
RG3487 produced a potentiation of the effects of acetylcholine.

2.1.4 TC-5619

Many of the known 3-substituted quinuclidine-based α7 nAChR agonists also have
high affinity for the 5-HT3 receptor (Mazurov et al. 2012). The Targacept team
identified that a (pyridin-3-yl)methyl substituent at the 2-position of the quinuclidine
led to significantly reduced affinity for both 5-HT3R and the hERG potassium
channel (Mazurov et al. 2012). Optimization of the amide substituent led to the
identification of TC-5619 (Chart 2) (Mazurov et al. 2012).

In rat brain membranes, TC-5619 potently blocked binding of [3H]MLA to α7
nAChR (Ki ¼ 1 nM) and exhibited lower affinity for α4β2 nAChR (Ki ¼ 2,100 nM)
(Hauser et al. 2009). In electrophysiology studies on human α7 nAChR expressed in
Xenopus oocytes, TC-5619 was determined to be a potent full agonist with
EC50 ¼ 33 nM and a maximal effect of 100%, relative to acetylcholine (Hauser
et al. 2009).

TC-5619 was reported to have no significant agonist or antagonist activity at
α4β2 nAChR and produced little activation (<25%) of muscle or ganglion nAChRs
up to 100 μM, suggesting good functional selectivity for α7 nAChR (Hauser et al.
2009). The compound also had little affinity for human 5-HT3R (IC50 > 10 μM),
validating the team’s design strategy (Hauser et al. 2009). TC-5619 was also
assessed in a panel of more than 65 receptor and enzyme assays and was found to
have weak activity in a non-selective opioid receptor assay (Ki ¼ 13 μM) and at the
sodium channel site 2 (Ki ¼ 13 μM). Therefore, TC-5619 exhibits >1,000-fold
selectivity for α7 nAChR, based on the binding assay Ki of 1 nM. Like other
orthosteric agonists, TC-5619 demonstrates desensitization upon prolonged admin-
istration (Bristow et al. 2016).

2.1.5 Encenicline

The quinuclidinyl amide encenicline (EVP-6124; Chart 2) was invented at Bayer
(Hendrix et al. 2010) and subsequently developed by FORUM Pharmaceuticals. It
was found to have high affinity for α7 nAChR in rat brain membranes (Ki¼ 9.98 nM)
using [3H]MLA as the radioligand (Prickaerts et al. 2012). In electrophysiology
studies on human α7 nAChR expressed in Xenopus oocytes, encenicline was found
to be a potent partial agonist with EC50 ¼ 160 nM and a maximal effect of 42%,
relative to acetylcholine (Prickaerts et al. 2012).
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The compound exhibited good functional selectivity against rat α3β4, α4β2, and
muscle α1β4γδ nAChRs, with no detectable agonist activity at concentrations up to
100 μM, and weak antagonism at rat α3β4 (IC50 ¼ 16 μM) (Prickaerts et al. 2012).
Encenicline was also assessed in a panel of more than 60 radioligand binding assays
and was found to have potent inhibitory activity at human 5-HT3 receptor
(IC50 � 10 nM) and the human 5-HT2B receptor (Ki ¼ 14 nM).

Interestingly, in Xenopus oocytes expressing α7 nAChR, very low concentrations
of encenicline were found to potentiate the effects of acetylcholine. Specifically, at a
concentration of 0.3 nM, encenicline produced a significant and sustained increase in
the acetylcholine-evoked response. In contrast, 3 nM encenicline only potentiated
the first application of acetylcholine, and subsequent applications led to a reduced
acetylcholine-evoked response, consistent with receptor desensitization.

2.1.6 ABT-107

ABT-107 (Chart 2) is a potent and selective agonist that was discovered at Abbott
(Stoner et al. 2010). It showed high-affinity binding to α7 nAChR in rat cortex
(Ki ¼ 7.2 nM) using [3H]MLA as the radioligand (Malysz et al. 2010). ABT-107
activated both human and rat α7 nAChRs expressed in Xenopus oocytes with
EC50 ¼ 47 nM (human) and EC50 ¼ 91 nM (rat) and a maximal effect of 80%,
relative to acetylcholine (Malysz et al. 2010).

In terms of selectivity, ABT-107 was profiled in a panel of 81 radioligand binding
assays and was found to have inhibitory activity at a number of them, including rat
sigma receptor (89% @ 10 μM), human 5-HT2A receptor (80% @ 10 μM), human
H3 receptor (79% @ 10 μM), and human M3 receptor (67% @ 10 μM). The
functional selectivity was assessed for ABT-107 in Xenopus oocytes expressing
other human nAChRs, and ABT-107 was shown to exhibit weak agonism of α4β4
(EC50 ¼ 2,700 nM; maximal effect ¼ 12% relative to nicotine) and weak antago-
nism at α3β4 (IC50 ¼ 1,200 nM) and at α4β2 (IC50 ¼ 6,700 nM) (Malysz et al.
2010). Like other orthosteric agonists, ABT-107 produces desensitization upon
chronic activation (Malysz et al. 2010).

2.1.7 ABT-126

ABT-126 (Chart 2) was discovered at AbbVie (Schrimpf et al. 2012). It was reported
to have high binding affinity at human, rat, and mouse α7 nAChRs (Ki¼ 11–14 nM)
with good selectivity vs. other nAChR subtypes (Bitner et al. 2013). The compound
was also evaluated in a panel of radioligand binding assays and was found to be
generally selective for α7 nAChR, but was an antagonist of the 5-HT3 receptor, for
which it had tenfold reduced binding affinity compared with α7 nAChR (Hudzik
et al. 2017). ABT-126 was found to be a partial agonist of human α7 nAChR
expressed in Xenopus oocytes, with a maximal effect of 74%, relative to acetylcho-
line (Hudzik et al. 2017).
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2.1.8 AZD0328

AZD0328 (Chart 2) was invented at Astra AB (Phillips et al. 2000) and is an
example of a spiroquinuclidine-based α7 nAChR agonist. It had high affinity for
native rat α7 nAChR in rat hippocampal membranes (Ki ¼ 4.7 nM) and human α7
nAChR expressed in HEK-293 cells (Ki¼ 3.0 nM) using [125I]α-bungarotoxin as the
radioligand (Sydserff et al. 2009). In other radioligand binding experiments,
AZD0328 exhibited high affinity for human 5-HT3AR (Ki ¼ 12 nM), moderate
affinity for rat α4β2 nAChR (Ki ¼ 140 nM), and low affinity for rat α3 and mouse
α1β1γδ nAChRs (Ki � 2,500 nM).

In electrophysiology studies on human α7 nAChR expressed in Xenopus oocytes,
AZD0328 was found to be a partial agonist with EC50 ¼ 338 nM and a maximal
effect of 65%, relative to acetylcholine. In other functional studies on receptors
expressed in Xenopus oocytes, AZD0328 activated human 5-HT3AR, with
EC50 ¼ 135 nM and a maximal effect of 56%, relative to serotonin, but was not
potent at human α3β4 and α4β2 nAChRs (EC50 > 10 μM) (Sydserff et al. 2009).
Overall, these binding and functional assays revealed that AZD0328 is a partial
agonist of both α7 nAChR and 5-HT3AR, in contrast with other α7 nAChR agonists
like RG3487 that were found to be antagonists of 5-HT3R.

2.1.9 BMS-933043

The Bristol-Myers Squibb team targeted α7 nAChR partial agonists, with the
expectation that this profile would lead to reduced receptor desensitization compared
with a full agonist (King et al. 2017). They also sought to identify compounds with a
good selectivity profile, especially with respect to selectivity vs. the 5-HT3 receptor
that was often a key issue for agonists of α7 nAChR. The team identified a novel
chemotype, based on a quinuclidine derivatized with a spiroaminooxazoline, that
allowed them to identify α7 nAChR partial agonists with suitable
selectivity vs. 5-HT3R. Further optimization focused on improved selectivity with
respect to the hERG potassium channel, and these efforts led to the identification of
BMS-933043 (King et al. 2017).

BMS-933043 had high affinity for native rat α7 nAChR in rat brain membranes
(Ki ¼ 3.3 nM) and human α7 nAChR expressed in HEK-293 cells (Ki ¼ 8.1 nM)
using [125I]α-bungarotoxin as the radioligand (King et al. 2017). In electrophysiol-
ogy studies on human α7 nAChR expressed in HEK293 cells, the compound was
determined to be a partial agonist with EC50¼ 290 nM and a maximal effect of 78%,
relative to acetylcholine (Bristow et al. 2016).

Consistent with the team’s design goals, BMS-933043 exhibited very good
selectivity vs. 5-HT3AR in terms of binding affinity (Ki ¼ 2.5 μM). Evaluation of
functional selectivity in FLIPR assays demonstrated that the compound was
345-fold selective for α7 nAChR vs. 5-HT3AR and that it was a functional antagonist
at 5-HT3AR (Bristow et al. 2016). In other functional assays, BMS-933043 was
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found to have no agonist or antagonist activity at α3β4, α4β2, and α1β1δε nAChRs
up to 100 μM (King et al. 2017). The compound was also determined to have no
activities of concern (IC50 > 10 μM) in a panel of 37 receptor, transporter, and
enzyme assays (Bristow et al. 2016). In analogy with other partial agonists of α7
nAChR, BMS-933043 does appear to produce desensitization, although recovery
from desensitization was reportedly faster as compared to full agonists (Bristow et al.
2016).

2.2 α7 nAChR Positive Allosteric Modulators

The α7 nAChR may be activated with a variety of orthosteric agonists, as described
in the previous section. An alternative approach to activation of a receptor is to target
an allosteric site that increases the affinity or efficacy of the endogenous agonist. A
compound that has this profile is referred to as a positive allosteric modulator
(PAM). It is also possible to identify compounds that are negative allosteric modu-
lators (NAMs), which bind allosterically but inhibit the effects of agonists. As such,
NAMs can produce a similar inhibition to receptor antagonists.

Compared with an orthosteric agonist of the receptor, an α7 nAChR PAM may
have a number of advantages. Perhaps the most obvious difference is that chronic
exposure of the receptor to most full or partial agonists leads to desensitization of α7
nAChR and this may limit efficacy or lead to a very narrow range of efficacious
doses and exposures for an agonist. In contrast, most known α7 nAChR PAMs do
not cause desensitization of the receptor. Additionally, a PAM will only enhance
receptor activation in the presence of an agonist, such as the endogenous agonist
acetylcholine (Chart 1). Therefore, an α7 nAChR PAM should maintain the natural
temporospatial characteristics of neurotransmission (Dinklo et al. 2011). Finally, the
orthosteric site to which agonists bind is highly conserved across multiple Cys-loop
ligand-gated ion channels, and it can be challenging to design agonists that achieve
high levels of selectivity for α7 nAChR over these related receptors. In general,
allosteric ligands bind to less conserved sites on the receptor, making it more
straightforward to design and discover highly selective α7 nAChR PAMs.

A distinctive feature of α7 nAChR PAMs is that they can have different effects on
the desensitization kinetics of the receptor. Although the mechanistic details are not
fully understood, some α7 nAChR PAMs, which have been designated Type II
PAMs, can delay the normal desensitization of the receptor that follows activation
and channel opening. In contrast, a number of PAMs do not significantly alter the
natural kinetics of the channel and are designated Type I PAMs. In reality, this strict
dichotomy is likely an oversimplification as the different PAM “Types” exist on a
continuum and it is possible to identify α7 nAChR PAMs on either extreme as well
as those with intermediate effects on the receptor kinetics.

The first characterized α7 nAChR PAMs were compounds already known for
other biological activities and functions, such as ivermectin (Krause et al. 1998) and
5-hydroxyindole (Zwart et al. 2002). These compounds served as valuable tools to
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increase understanding and interest in the field, but poor selectivity and other issues
limited their ability to be useful therapeutic agents. Nonetheless, the interest they
generated led to the discovery of potent α7 nAChR PAMs with good selectivity and
suitable pharmacokinetic properties for in vivo evaluation, and these will be the
primary focus of this review.

It is perhaps not surprising that the structures of α7 nAChR PAMs are more
diverse than those of the α7 nAChR agonists, which all bind to the same orthosteric
site and make largely similar interactions with the receptor. The chemical structures
of the various PAMs discussed herein represent a range of chemotypes and appear to
rely on varied functionality for their binding interactions with α7 nAChR (see Chart
3). Based on this structural diversity, it seems likely that there is more than one
allosteric binding site on the receptor and there is some evidence to support this
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notion (Malysz et al. 2009). Additional structural and functional studies should shed
further light on this topic.

2.2.1 PNU-120596

PNU-120596 (Chart 3) was discovered at Pharmacia & Upjohn as part of FLIPR-
based screen for α7 nAChR PAMs (Hurst et al. 2005). In studies on agonist-evoked
currents in Xenopus oocytes expressing human α7 nAChR, 1 μM PNU-120596
strongly potentiated the effects of 100 μM acetylcholine, increasing both the peak
current and the duration of the response (Hurst et al. 2005). The PAM significantly
increased the channel mean open time, and this profound change in channel kinetics
defines PNU-120596 as a Type II PAM. In fact, PNU-120596 has become the
prototypical Type II α7 nAChR PAM and has been extensively used in published
studies as an exemplar of this kinetic profile. For example, studies by Papke and
co-workers revealed that PNU-120596 exerts its effects, at least in part, by
destabilizing a desensitized state of α7 nAChR (Williams et al. 2011).

The effects of PNU-120596 on native α7 nAChR in cultured rat hippocampal
neurons were also investigated, and, in general, it produced similar potentiation to
that seen with the cloned human receptor. The peak response to acetylcholine
observed with native rat α7 nAChR was increased approximately 600% compared
with control experiments in the absence of PNU-120596 (Hurst et al. 2005). In
contrast to the desensitization often observed with agonists, the robust potentiation
produced by PNU-120596 was maintained over multiple pulses of acetylcholine
(Hurst et al. 2005). The effects of PNU-120596 were blocked by the selective α7
nAChR antagonist MLA (10 nM), indicating that the PAM exerts its effects through
receptors containing the α7 subunit (Hurst et al. 2005).

In other functional studies on neuronal nicotinic receptors expressed in Xenopus
oocytes, 1 μM, PNU-120596 did not potentiate the effects of acetylcholine on human
α4β2, α3β4, or α9α10 nAChRs (Hurst et al. 2005).

2.2.2 NS1738

NS1738 (Chart 3) was one of several diaryl urea compounds identified at
NeuroSearch as part of a screening campaign to identify α7 nAChR PAMs
(Timmermann et al. 2007). It shares some structural features with PNU-120596,
such as the aryl urea substructure, but NS1783 exhibits a distinct kinetic profile from
the prototypical Type II PAM. NS1738 did not displace [125I]α-bungarotoxin or [3H]
MLA from native rat α7 nAChR in rat brain membranes, at test concentrations up to
100 μM, consistent with the notion that it does not bind to the orthosteric site of the
receptor (Timmermann et al. 2007).

In electrophysiology studies on human α7 nAChR expressed in Xenopus oocytes,
NS1738 potentiated the effects of an EC50 concentration of acetylcholine with
EC50 ¼ 3.4 μM and Emax ¼ 322%, relative to the acetylcholine EC50 response
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(Timmermann et al. 2007). Patch clamp electrophysiology was also performed on
GH4C1 cells transiently transfected with human α7 nAChR. In these studies,
NS1738 alone did not produce any activation of the receptor, but it potentiated the
effects of 300 μM acetylcholine with EC50 ¼ 1.6 μM and Emax ¼ 1,170%
(Timmermann et al. 2007). In these electrophysiology experiments, NS1738
appeared to exert its effects primarily by increasing the maximal efficacy of acetyl-
choline. NS1738 increased the amplitude of the peak currents evoked by acetylcho-
line but did not significantly change the kinetics of channel opening and
desensitization, which is to say that it behaved as a Type I α7 nAChR PAM.

In other functional studies on receptors expressed in Xenopus oocytes, at con-
centrations up to 30 μM, NS1738 did not potentiate the effects of acetylcholine on
human α4β2 or α3β4 nAChRs. In fact, NS1738 inhibited these channels weakly with
extrapolated IC50 values of 89 μM (α4β2) and 27 μM (α3β4). NS1738 did not exhibit
any potentiation of human 5-HT3AR at concentrations up to 30 μM (Timmermann
et al. 2007).

2.2.3 AVL-3288

A team at the University of California, Irvine, screened their library of GABAA

receptor PAMs and identified an initial hit with PAM activity at both GABAAR and
α7 nAChR (Ng et al. 2007). Optimization of this hit was focused on improving
selectivity for α7 nAChR vs. GABAAR and on improving pharmacokinetic proper-
ties to provide a suitable tool compound for rodent studies. This work led to the
identification of the α7 nAChR PAM AVL-3288, also known as CCMI or XY4083
(Chart 3).

Consistent with little or no binding affinity for the orthosteric site, AVL-3288 did
not displace [125I]α-bungarotoxin from native rat α7 nAChR in rat brain membranes
at test concentrations up to 10 μM (Ng et al. 2007). In electrophysiology studies on
human α7 nAChR expressed in Xenopus oocytes, AVL-3288 did not activate the
receptor itself but potentiated the effects of agonists, including acetylcholine and
nicotine. Specifically, AVL-3288 was found to robustly potentiate an EC5 concen-
tration of acetylcholine with EC50 ¼ 0.7 μM and produced a maximal effect of
900%, relative to the acetylcholine EC5 response (Ng et al. 2007). AVL-3288
exhibited a Type I PAM profile, potentiating agonist-evoked currents while preserv-
ing the native channel kinetics.

In other functional studies on receptors expressed in Xenopus oocytes, the
compound did not exhibit any modulation of human α4β2, rat α3β4, or mouse
α1β1γδ nAChRs or of human 5-HT3AR. AVL-3288 was found to exhibit weak
potentiation at human GABAA α1β2γ2L receptors expressed in Xenopus oocytes
with EC50 ¼ 6.3 μM, indicating that it is moderately selective for α7 nAChR
(Ng et al. 2007).

One interesting experiment suggested a potential advantage for the Type I over
the Type II PAM profile (Ng et al. 2007). In this study, SH-SY5Y-α7 cells were
exposed to either AVL-3288 (Type I PAM) or PNU-120596 (Type II PAM) for 24 h
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at concentrations from 0.3 to 10 μM. While AVL-3288 had no effect on cell
viability, PNU-120596 at concentrations �3 μM was found to be cytotoxic to
these cells. This toxicity was prevented by 10 nM MLA, suggesting an α7-mediated
mechanism. The authors proposed that these results indicate that maintaining the
natural kinetics of α7 nAChR could prevent toxicity caused by excessive Ca2+ influx
resulting from Type II PAMs (Ng et al. 2007).

2.2.4 TQS

The first arylsulfonamide-containing α7 nAChR PAM, TQS (Chart 3), was invented
by researchers at AstraZeneca (Becker et al. 2004), and it was profiled in detail by a
team at Abbott (Gronlien et al. 2007). In electrophysiology studies on human α7
nAChR expressed in Xenopus oocytes, TQS potentiated the effects of 100 μM
acetylcholine with EC50 ¼ 3.2 μM and Emax ¼ 420%, relative to the acetylcholine
control response (Gronlien et al. 2007). TQS was found to induce similar channel
kinetics to PNU-120596 and was designated a Type II PAM (Gronlien et al. 2007).
In this same study, both TQS and PNU-120596 were shown to be capable of
activating desensitized α7 nAChR in the presence of acetylcholine. Other studies
have indicated that Type I PAMs like AVL-3288 cannot activate the α7 nAChR once
it has been desensitized by exposure to an agonist, suggesting that this ability to
reverse desensitization may be specific to Type II PAMs (Ng et al. 2007).

The selectivity of TQS was investigated by examining its effects on human α4β2
or α3β4 nAChRs expressed in HEK-293 cells. In these experiments, TQS did not
potentiate the effects of nicotine on either α4β2 or α3β4 nAChRs but did produce
some inhibition at α4β2 with IC50 � 5 μM (Gronlien et al. 2007). More recent work
has probed the mechanism of action of TQS and provided evidence that it binds to α7
nAChR at a transmembrane allosteric site (Gill et al. 2011).

2.2.5 JNJ-1930942

JNJ-1930942 was first synthesized at Janssen and its PAM activity at α7 nAChR was
presumably discovered in a screening campaign. The compound was active as a
potentiator of α7 nAChR in a FLIPR assay format with EC50 ¼ 1.9 μM, using
100 μM choline as agonist (Dinklo et al. 2011). In other FLIPR assays, the com-
pound was shown to produce no activation, potentiation, or inhibition of human
α4β2 or α3β4 nAChRs, or of human 5-HT3AR, at concentrations up to 30 μM. Based
on radioligand binding studies using the orthosteric agonist [3H]A-585539, it was
shown that JNJ-1930942 likely binds at an allosteric site on α7 nAChR (Dinklo et al.
2011).

In electrophysiology studies on human α7 nAChR stably expressed in GH4C1
cells, JNJ-1930942 potentiated the effects of 100 μM acetylcholine Emax ¼ 3,200%,
relative to the acetylcholine control response (Dinklo et al. 2011). The compound
was found to slow the rapid desensitization of α7 nAChR and is therefore not a Type
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I PAM. However, it did not produce the kind of profoundly delayed receptor
desensitization observed with Type II PAMs such as PNU-120596, so the Janssen
team considered it to have an intermediate profile, between Type I and Type II
PAMs. Importantly, the effects of JNJ-1930942 were completely blocked by 30 nM
MLA, indicating that the PAM is acting through the α7 nAChR (Dinklo et al. 2011).

2.2.6 JNJ-39393406

Little preclinical work has been published on JNJ-39393406 (Chart 3), but it was
reported to potentiate α7 nAChR in a FLIPR assay format with EC50 ¼ 0.66 μM,
using 100 μM choline as agonist (https://ncats.nih.gov/files/JNJ-39393406.pdf). The
compound increased the maximum α7 nAChR response to acetylcholine or nicotine
by 17- to 20-fold (Winterer et al. 2013). JNJ-39393406 was reported to be selective
for α7 nAChR, having no activity at α4β2 or α3β4 nAChRs or at 5-HT3AR, and it
also had no activities of concern in a panel of 62 receptor and enzyme assays
(Winterer et al. 2013).

2.2.7 A-867744

At Abbott, high-throughput screening identified novel pyrrole-based lead com-
pounds that had good potency as α7 nAChR PAMs but exhibited poor pharmaco-
kinetic properties. Optimization focused on improving metabolic stability while
maintaining PAM activity, and these efforts led to A-867744 (Chart 3) (Faghih
et al. 2009). A-867744 did not displace [3H]MLA from native rat α7 nAChR in rat
brain homogenates, at test concentrations up to 10 μM, consistent with an allosteric
mode of binding (Malysz et al. 2009).

In electrophysiology studies on human α7 nAChR expressed in Xenopus oocytes,
A-867744 potentiated the effects of 100 μM acetylcholine with EC50 � 1 μM and
Emax ¼ 730%, relative to the acetylcholine control response (Malysz et al. 2009).
Similar results were observed for rat α7 nAChR, indicating no significant interspe-
cies differences for this PAM. A-867744 was found to delay receptor desensitization
and, at �3 μM, produced acetylcholine-evoked currents that lasted for many sec-
onds. In this regard, A-867744 has a Type II PAM profile similar to PNU-120596.
The effects of A-867744 could be blocked by MLA, indicating that the PAM is
acting via α7 nAChR (Malysz et al. 2009).

Further evidence for the good selectivity profile of A-867744 was provided by
functional studies on related receptors. At concentrations up to 30 μM, the com-
pound did not potentiate the effects of nicotine on human α4β2 or α3β4 nAChRs
expressed in HEK-293 cells but did produce some level of inhibition at both with
IC50 values of 6.4 μM (α4β2) and 20 μM (α3β4). A-867744 had no effect on human
5-HT3AR expressed in Xenopus oocytes at concentrations up to 30 μM (Malysz et al.
2009).
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2.2.8 RO5126946

A team at Roche and their collaborators discovered RO5126946 (Chart 3) through
screening of compound libraries. The compound was shown to potentiate the effects
of acetylcholine on human α7 nAChR stably expressed in GH4C1 cells with an
EC50 � 60 nM (Sahdeo et al. 2014). In radioligand binding assays, RO5126946 did
not displace [125I]α-bungarotoxin from human α7 nAChR in GH4C1 cell mem-
branes, at test concentrations up to 100 μM, suggesting that it binds at an allosteric
site (Sahdeo et al. 2014).

In electrophysiology studies on human α7 nAChR stably expressed in GH4C1
cells, RO5126946 strongly potentiated the effects of 1 mM acetylcholine with
EC50 ¼ 0.89 μM and Emax ¼ 9,200%, relative to the acetylcholine control response
(Sahdeo et al. 2014). RO5126946 increased both the peak current and the duration of
channel opening following agonist stimulation of α7 nAChR. It is therefore classi-
fied as a Type II PAM although, in contrast to PNU-120596 and TQS, it was unable
to reverse agonist-induced desensitization of α7 nAChR. This observation suggests
that RO5126946 may have a kinetic profile somewhat intermediate between Type I
and Type II, reminiscent of JNJ-1930942, and it highlights the complexity of the
effects of these various allosteric modulators on the receptor (Sahdeo et al. 2014).

On native α7 nAChR in cultured rat hippocampal neurons, RO5126946 produced
similar effects to those observed with the cloned human receptor. In these experi-
ments, the peak response to 15 μM nicotine was increased approximately 2,800% in
the presence of 1 μM RO5126946. This potentiation could be blocked by 10 nM
MLA, indicating that the PAM is acting via α7 nAChR (Sahdeo et al. 2014).

The selectivity of the compound was further confirmed by functional studies on
related receptors, in which 1 μM RO5126946 produced no significant effects on
either human α4β2 nAChR or human 5-HT3AR expressed in Xenopus oocytes
(Sahdeo et al. 2014). RO5126946 was also determined to have no activities of
concern (IC50 > 10 μM) in a panel of >70 receptor, transporter, and enzyme assays
(Sahdeo et al. 2014).

2.2.9 Lu AF58801

At Lundbeck, high-throughput screening identified a number of α7 nAChR PAMs
based on a phenylcyclopropyl substructure that had modest potency and were quite
lipophilic. Optimization was focused on improving potency and selectivity, as well
as physicochemical and pharmacokinetic properties, and this work led to the dis-
covery of Lu AF58801 (Chart 3) (Eskildsen et al. 2014).

In electrophysiology studies on human α7 nAChR expressed in Xenopus oocytes,
Lu AF58801 potentiated the effects of 30 μM acetylcholine with EC50¼ 1.6 μM and
Emax ¼ 4,400%, relative to the acetylcholine control response (Eskildsen et al.
2014). Interestingly, while the compound had a Type I PAM profile at the human
α7 nAChR, with the same magnitude of increase in peak current and the area under
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the curve (AUC) of that peak, it appeared to be a Type II PAM of rat α7 nAChR
producing a ninefold higher increase in AUC than the increase in peak current
(Eskildsen et al. 2014).

The selectivity of Lu AF58801 was examined in functional studies on related
receptors expressed in Xenopus oocytes, and it produced no significant effects on
α3β4, α4β2, or muscle α1β1γδ nAChRs at concentrations up to 30 μM. Additional
confirmation of the attractive selectivity profile of Lu AF58801 was provided by
screening in a panel of 108 molecular targets, in which it was found to be clean
(IC50 > 10 μM) with the exception that it had modest activity at 5-HT2A receptor
(IC50 � 10 μM) (Eskildsen et al. 2014). Lu AF58801 was also reported to be
non-cytotoxic up to 100 μM and had no significant effects (IC50 > 10 μM) in
patch clamp studies on key cardiac ion channels, including hERG, Cav1.2, and
Nav1.5 (Eskildsen et al. 2014).

2.2.10 BNC375

Researchers at Bionomics identified lead compounds from screening of small
focused libraries, and optimization of these initial hits led to BNC375 (Chart 3)
(Harvey et al. 2019). BNC375 was evaluated in electrophysiology studies on rat α7
nAChR stably expressed in GH4C1 cells, and it potentiated the effects of 100 μM
acetylcholine with EC50 ¼ 1.9 μM and Emax ¼ 2,700%, relative to the acetylcholine
control response (Harvey et al. 2019).

The compound was determined to be a Type I α7 nAChR PAM since it
maintained the natural kinetics of the channel, increasing current AUC only slightly
more than peak current in response to acetylcholine. Notably, the enantiomer of
BNC375 was found to be a potent Type II PAM, increasing the current AUC about
25-fold more than the peak, and with EC50 ¼ 0.063 μM on rat α7 nAChR (Harvey
et al. 2019). This observation highlights the subtlety of α7 nAChR PAM structure-
activity relationships, since both enantiomers of this structure are potent PAMs but
they have very different effects on channel kinetics.

2.2.11 B-973

B-973 (Chart 3) was discovered as part of a high-throughput screening campaign at
Bristol-Myers Squibb (Post-Munson et al. 2017). The stereochemistry of B-973 was
reported to be (S), based on the structure shown in the original publication, and it
was later confirmed that the (S)-enantiomer is indeed the bioactive form, while the
(R)-enantiomer was demonstrated to be inactive (Garai et al. 2018). B-973 was
reported to be a potent Type II PAM on human α7 nAChR stably expressed in
HEK-293 cells. At 1 μM concentration, B-973 potentiated the effects of 100 μM
acetylcholine, increasing the peak sixfold (relative to 3 mM acetylcholine) and
increasing charge transfer 6,900-fold (Post-Munson et al. 2017).
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Interestingly, in addition to its ability to potentiate the response of ACh, at
concentrations above 1 μM, B-973 was able to activate α7 nAChR in the absence
of orthosteric agonist, producing a prolonged opening of the channel, and these
effects could be almost completely blocked by MLA (10 nM). This pharmacology
suggests that B-973 is an AgoPAM at the α7 nAChR, having both agonist and
positive allosteric modulator effects (Post-Munson et al. 2017). The unusual
AgoPAM profile of B-973 should make it an interesting tool compound for a variety
of studies.

2.2.12 LND101001

A team at Lupin attempted to identify novel α7 nAChR PAMs with good potency
and high brain/plasma ratios (Sinha et al. 2019). They focused their initial efforts on
making analogues of A-867744, replacing the pyrrole core with a thiophene to
enhance lipophilicity. After exploration of different substitution patterns around
the thiophene ring, they identified LND101001, which has the same substituents
as A-867744 arranged in a different pattern around the core ring.

LND101001 was active as a potentiator of α7 nAChR in IMR-32 cells (Faghih
et al. 2009) in a FLIPR assay format with EC50 ¼ 324 nM, using 10 μM
PNU-282987 as agonist (Sinha et al. 2019). At a concentration of 1 μM, the
compound produced a 22-fold increase in the calcium flux signal induced by
10 μM PNU-282987. Based on its profile in this FLIPR assay, it was reported that
LND101001 was a Type II α7 nAChR PAM, although no detailed electrophysio-
logical characterization was conducted (Sinha et al. 2019). The effects of
LND101001 on PNU-282987-induced calcium flux in IMR-32 cells were blocked
by MLA and α-bungarotoxin, suggesting that this PAM acts on the α7 nAChR.
Additional data on the selectivity profile of LND101001 have not been described.

3 α7 nAChR Ligands: In Vivo and Clinical
Characterization

3.1 α7 nAChR Agonists

The effects of α7 nAChR agonists in preclinical models of cognitive impairment are
well characterized, and some of these compounds have advanced to clinical studies
for treatment of cognitive deficits associated with schizophrenia and Alzheimer’s
disease. Despite strong preclinical evidence and the promising early clinical find-
ings, none of the α7 agonists have succeeded in Phase 3 trials. Here we focus on the
compounds that have been characterized in both preclinical and clinical studies to
illustrate the pharmacological effects of α7 agonists on cognitive function and
potential reasons these effects might not have translated to clinical efficacy.
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3.1.1 GTS-21

GTS-21 (DMXB-A) was one of the first reported ligands to show binding specificity
for the α7 nAChR, and it has demonstrated procognitive effects across multiple
cognitive domains in rodents, non-human primates (NHPs), and humans. In both
aged and nucleus basalis-lesioned rats, GTS-21 significantly improves learning and
memory in a variety of cognitive assays, including Lashley III maze, 17-arm radial
maze, and Morris water maze (Arendash et al. 1995; Meyer et al. 1997). GTS-21 also
ameliorate sensory gating deficits in rodents. As examples, GTS-21 significantly
improved sensory inhibition in DBA/2 mice (Simosky et al. 2001), reduced an
auditory gating deficit in isolation-reared rats (O’Neill et al. 2003), and abolished
a prepulse inhibition (PPI) impairment induced by MK-801 or apomorphine
(Callahan et al. 2014). In addition to enhancing cognition in rodents, GST-21 has
demonstrated procognitive effects in non-human primates (NHPs). Pre-treatment of
GTS-21 attenuates ketamine-induced cognitive impairments in NHPs in both the
delayed matching-to-sample (DMTS) task (Briggs et al. 1997; Buccafusco and Terry
2009) and object retrieval-detour (ORD) task (Cannon et al. 2013). Importantly, an
inverted U-shaped dose-effect function was observed in the ORD task when GTS-21
was examined at a wider dose range (Cannon et al. 2013). As such, efficacy was
detected at 0.03 mg/kg but not 0.01 and 0.1 mg/kg.

GTS-21 has been evaluated in multiple clinical studies. In the initial Phase 1 trials,
GTS-21 was well tolerated up to daily doses of 450 mg (150 mg t.i.d.), with no
clinically significant safety findings. In addition, GTS-21 showed statistically sig-
nificant enhancement in attention, working memory, and episodic memory in
healthy subjects (Kitagawa et al. 2003). In the subsequent Phase 2 trials, GTS-21
was evaluated in non-smoking schizophrenic patients taking anti-psychotic drugs
(Olincy et al. 2006; Freedman et al. 2008). The first Phase 2 trial demonstrated
significant improvement in both cognition and P50 inhibitory gating, especially for
the lower GTS-21 dose (75 mg followed by 37.5 mg 2 h later, single dose) compared
with placebo (Olincy et al. 2006). However, the second Phase 2 study found no
significant differences in the MATRICS cognitive measures between GTS-21 and
placebo groups. Patients in this second trial did experience a significant improve-
ment in negative symptoms at higher GTS-21 dose (150 mg b.i.d.) after 4 weeks of
treatment and a nearly statistically significant improvement in positive symptoms
(Freedman et al. 2008).

There are many issues associated with GTS-21 as an α7 agonist. First, as
discussed in the previous section, GTS-21 is a very weak partial α7 agonist, and it
is possible that the in vivo pharmacology is driven by activity other than activation of
α7 nAChR (Briggs et al. 1995). Second, GTS-21 has higher affinity for α4β2
nAChR, where it is a functional antagonist, compared to its interaction with α7
receptor (Briggs et al. 1997). Third, the human half-life of GTS-21 is extremely
short, ~1 h, which makes it difficult to achieve sustained efficacious plasma con-
centrations (Kitagawa et al. 2003). To assess whether extending plasma exposure
GTS-21 can enhance its procognitive effects in schizophrenia, a third Phase 2 trial
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was conducted using an extended-release formulation (Kem et al. 2018). Both
smoking and non-smoking patients were enrolled in this double-blind, randomized,
placebo-controlled 1-month trial. GTS-21 (150 mg, q.i.d.) was formulated in
hypromellose to produce extended release over 4 h and administered four times a
day. No significant effect was observed in cognition or in P50 gating endpoints in
either smokers or non-smokers. However, the plasma exposures in non-smokers
with the extended-release formulation were comparable to those achieved transiently
with 75–150 mg standard formulation. The lack of procognitive effect with this
extended-release formulation was interpreted as a result of extensive receptor desen-
sitization with prolonged exposure to GTS-21. This finding led to the conclusion that
long duration-acting α7 agonists are not likely to be effective in ameliorating
cognitive deficits in patients (Kem et al. 2018).

3.1.2 Encenicline

Encenicline (EVP-6124) has also demonstrated numerous procognitive effects in
multiple preclinical models. In a rat novel object recognition (NOR) task,
encenicline reversed scopolamine-induced short-term memory deficit. The pharma-
cology exhibited an inverted U-shaped dose-response curve with peak effect
observed at 0.3 mg/kg (Prickaerts et al. 2012). Similarly, the compound prevented
natural forgetting in the NOR task at 0.3 mg/kg but not at 0.1 or 1.0 mg/kg. The
effect of 0.3 mg/kg in the natural forgetting test was blocked by administration of the
selective α7 nAChR antagonist MLA, indicating that the procognitive effect of
encenicline was mediated by α7 nAChR (Prickaerts et al. 2012). Based on the
pharmacokinetic analysis, the maximum unbound brain drug level of encenicline
at 0.3 mg/kg was less than 1 nM. This central exposure was insufficient in vitro to
either activate or desensitize the α7 nAChR (Prickaerts et al. 2012). This intriguing
observation is consistent with the in vitro finding, as mentioned in previous section,
that encenicline potentiates ACh current at sub-nanomolar concentrations (e.g.,
0.3 nM). This finding suggests a novel mechanism of action of encenicline as a
co-agonist at α7 nAChR (Prickaerts et al. 2012). Indeed, the evidence for co-agonist
or “priming” activities has been reported for other nAChR subtypes (Cachelin and
Rust 1994; Zwart and Vijverberg 2000; Papke et al. 2011) as well as for α7 nAChR
with other partial agonists, including RG3487 (Wallace et al. 2011) and tropisetron
(Callahan et al. 2017).

Since encenicline potentiates the effects of ACh in a very narrow concentration
range, the observation of steep inverted U-shaped dose-response curves with this
compound in multiple in vivo studies is expected. For example, encenicline was
found to reverse scopolamine-induced impairment of paired associates learning
(PAL) task in NHPs only at 0.01 mg/kg but not at 0.003, 0.03, 0.1, 0.3, and
1.0 mg/kg (Weed et al. 2017). Consistent with the findings in the rat NOR assay,
the unbound plasma concentration of encenicline at the effective dose (0.01 mg/kg)
in NHPs was in the sub-nanomolar range (Weed et al. 2017). Furthermore,
encenicline increased release of dopamine, ACh, and glutamate in medial prefrontal
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cortex (mPFC) and nucleus accumbens (NAC) in rats with an inverted U-shaped
dose-effect relationship (Huang et al. 2014a). The release of these neurotransmitters
in mPFC and NAC was optimally stimulated at a maximum unbound plasma
concentration of ~0.4 nM, whereas higher exposures (> 1 nM unbound) impaired
dopamine and glutamate efflux (Huang et al. 2014a), likely due to the receptor
desensitization.

Despite the challenges in dose selection as described above, encenicline advanced
to clinical trials for treatment of cognitive impairments associated with schizophre-
nia and Alzheimer’s disease (AD). In the initial single ascending-dose study,
encenicline was well tolerated up to 180 mg and demonstrated dose-proportional
increase in plasma exposure (Barbier et al. 2015). A Digit Symbol Substitution Test
was conducted in healthy volunteers to evaluate the procognitive effects of
encenicline over a dose range of 1–180 mg. The optimal cognitive improvements
were observed at 20 mg (single dose), which produces a mean exposure extrapolated
to a steady-state dosage of 2–4 mg/day (Barbier et al. 2015). The difference in
single-dose and multiple-dose extrapolated exposure is due to the long plasma half-
life of encenicline (54–62 h) and drug accumulation over chronic dosing. Consistent
with the effective drug level in preclinical models, steady-state unbound plasma
concentration of encenicline at 2–4 mg/day (q.d.) was expected to be in the
sub-nanomolar to low nanomolar range (Keefe et al. 2015). Subsequent Phase 2 trials
examined the procognitive effects of encenicline at 0.3 or 1.0 mg/day (q.d.) in
schizophrenic patients treated with antipsychotic medication (Keefe et al. 2015;
Preskorn et al. 2014). Both smokers and non-smokers were enrolled in these studies.
Statistically significant improvements were found across multiple measures of
cognition, including Overall Cognition Index (OCI), Schizophrenia Cognition Rat-
ing Scale (SCoRS), and PANSS Cognition Impairment Domain (Preskorn et al.
2014; Keefe et al. 2015). These positive findings led to the launch of two global
Phase 3 trials aimed at assessing the procognitive effects of encenicline (1.0 or
2.0 mg/day q.d. for 26 weeks) in stable patients with schizophrenia (Brannan 2019).
In contrast to the earlier trials, these Phase 3 studies failed to demonstrate a
statistically significant difference between encenicline and placebo groups for either
NeuroCognitive Composite Score (NCC) or SCoRS end points (Brannan 2019).

Encenicline was also evaluated in patients with mild-to-moderate AD. The initial
Phase 1b trial afforded statistically significant improvement in multiple cognitive
tests with encenicline treatment at 0.3 and 1.0 mg/day (Deardorff et al. 2015). The
subsequent larger Phase 2b study assessed the procognitive effect of encenicline at
0.3, 1.0, or 2.0 mg/day (q.d.) for 6 months in mild-to-moderate AD patients. In this
Phase 2b study, the 2.0 mg/day (q.d.) group, but not the 0.3 and 1.0 mg/day groups,
demonstrated significant improvement on both Alzheimer’s Disease Assessment
Scale – Cognitive subscale (ADAS-Cog) and Clinical Dementia Rating – Sum of
Boxes (CDR-SB) end points (Deardorff et al. 2015). In addition, a significant
relationship was observed between mean trough plasma exposure of encenicline
and probability of experiencing an ADAS-Cog-13 improvement of greater than
3 points (Deardorff et al. 2015). Following this successful Phase 2b study,
encenicline advanced to the COGNITIV AD Phase 3 trials evaluating the
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procognitive effect of 2.0 or 3.0 mg/day (q.d.) doses for 6 months in mild-to-
moderate AD patients. Unfortunately, the Phase 3 trials were terminated due to
severe gastrointestinal (GI) symptoms experienced in a small number of AD patients
(Mehta et al. 2017). There are several possible reasons for the severe GI symptoms.
First, a contributing factor to the GI adverse event was suspected to be encenicline’s
off-target activity at the human 5-HT3 receptor. Antagonists of the 5-HT3 receptor
increase the risk of constipation in human and are actually used to treat
chemotherapy-induced emesis and diarrhea-predominant irritable bowel syndrome
(Andresen et al. 2008). Additionally, AD patients generally have a higher risk of GI
adverse events, particularly since donepezil produces adverse GI effects. Lastly, the
encenicline dose was increased to 3.0 mg/day (q.d.) in these Phase 3 studies, whereas
lower doses had been evaluated previously.

3.1.3 RG3487

RG3487 was found to improve cognition in a variety of preclinical models
representing multiple cognitive domains (Wallace et al. 2011, 2009). For example,
in the Morris water maze test, RG3487 improved spatial memory in age-impaired
rats. Significant reduction in swim latencies were detected at 0.03–0.3 mg/kg doses
of RG3487, whereas lower (0.01 mg/kg) or higher (1 and 10 mg/kg) doses were
inactive (Wallace et al. 2011). In addition, an inverted U-shaped dose response with
RG3487 was also observed in apomorphine-impaired PPI in rats (Wallace et al.
2011), RG3487-indued DA and ACh release from rat mPFC and hippocampus
(Huang et al. 2014b), and cognitive improvement in an NHP model of attention
and working memory (Wallace et al. 2009). Pharmacokinetic analysis suggested that
the efficacious plasma and brain exposures of RG3487 were in the low nanomolar
range. At this concentration range, RG3487 can neither activate nor desensitize the
α7 receptor in vitro (Wallace et al. 2011). Similar to encenicline, RG3487 at
sustained exposure of low nanomolar concentrations (3 and 10 nM) potentiated
ACh-evoked current in oocytes expressing human α7 receptors. At higher concen-
trations (> 10 nM), RG3487 desensitized the receptor and dramatically reduced
ACh-evoked α7 current (Wallace et al. 2011). Therefore, the co-agonist or “priming”
effect may also contribute to the mechanism of action of RG3487 in vivo.

RG3487 has been evaluated in a Phase 2a trial in mild-to-moderate AD patients.
There has been only limited information released for this Phase 2a trial. Three dose
levels of RG3487 were tested, and significant cognitive improvement was reported
at the two lower doses (5 and 15 mg/day, q.d.) (Sabbagh 2009). However, the
subsequent Phase 2b study failed to show cognitive improvement with RG3487
when added to donepezil in mild-to-moderate AD. It is noteworthy that constipation
was the only AE significantly more common in the RG3487 group, likely due to its
potent 5-HT3 receptor antagonist activity (Sabbagh 2009).

RG3487 was subsequently taken into clinical development for the treatment of
cognitive impairment associated with schizophrenia (CIAS) in an 8-week Phase 2a
study. Patients with stable schizophrenia received RG3487 (5, 15, or 50 mg/day, q.
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d.) added to ongoing treatment of second-generation antipsychotics (Umbricht et al.
2014). Dose selection was based on the results of preclinical studies targeting an
effective plasma exposure in the low nanomolar range. No significant effect of
cognitive improvement was observed with RG3487 as assessed by the MCCB
composite score. The effect of smoking status on MCCB was not evaluated because
of the small number of non-smokers enrolled (Umbricht et al. 2014).

3.1.4 ABT-126

There is limited published information on the preclinical characterization of
ABT-126. One presentation described the procognitive effects of ABT-126 in rodent
and primate models that capture domains of working memory, memory consolida-
tion and recall, pre-attention processing, and short-term memory (Bitner et al. 2013).
In addition, repeated dosing of ABT-126 did not result in attenuation of efficacy in
preclinical models (Bitner et al. 2013). However, it is difficult to determine how well
desensitization was interrogated without knowing more about rodent PK of this
compound.

ABT-126 has also been characterized clinically. In an initial Phase 2a trial in
patients with mild-to-moderate AD, ABT-126 (5 or 25 mg/day, q.d.) was investi-
gated as monotherapy for 12 weeks (Gault et al. 2015). ABT-126 at 25 mg/day (q.d.)
was associated with a trend toward improvement in cognition according to the
ADAS-Cog total score, while 5 mg/day (q.d.) had no beneficial effect compared to
placebo. An exposure-response analysis indicated a significant relationship between
ABT-126 exposure and cognitive improvement suggesting higher doses may pro-
duce better efficacy (Gault et al. 2015). The steady-state unbound plasma concen-
tration of ABT-126 at 25 mg/day (q.d.) was estimated to be in the low nanomolar
range which is close to its binding affinity at the α7 nAChR (Haig et al. 2016b; Liu
et al. 2018; Bitner et al. 2013). A subsequent Phase 2b trial was designed to evaluate
a higher dose range of ABT-126 (25, 50, or 75 mg/day, q.d.) as monotherapy in
subjects with mild-to-moderate AD. The primary endpoint was the change from
baseline to week 24 in the ADAS-Cog total score. Although donepezil (10 mg/day)
significantly improved the ADAS-Cog score in this trial, no significant improvement
was detected at any dose of ABT-126 dose (Gault et al. 2016). Constipation was also
reported as one of the most frequent AEs in this study (Gault et al. 2016). Another
24-week Phase 2b study was conducted to assess the efficacy of ABT-126 (25 or
75 mg/day, q.d.) in subjects with mild-to-moderate AD who were taking stable doses
of AChEIs. Neither dose of ABT-126 demonstrated significant improvement in
cognition at week 24 based on the ADAS-Cog measurement, although 25 mg
ABT-126 did show significant improvement at week 4 and a trend toward improve-
ment at week 8 (Florian et al. 2016). Constipation was again observed as a frequent
AE, especially in the 75 mg group (Florian et al. 2016), and this is consistent with the
compound’s relatively low selectivity vs. the 5-HT3 receptor.

Two Phase 2 trials were conducted to investigate the efficacy of ABT-126 in
patients with schizophrenia. The initial study assessed ABT-126 (10 or 25 mg/day,
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q.d.) in schizophrenic patients for 12 weeks using the MATRICS Consensus Cog-
nitive Battery (MCCB) composite score as the primary endpoint (Haig et al. 2016b).
When smokers and non-smokers were combined, ABT-126 only showed a trend of
improvement in the MCCB composite score. Subgroup analysis suggested that
non-smokers demonstrated a significant improvement at 25 mg and nearly signifi-
cant improvement at 10 mg, whereas no difference was observed in smokers (Haig
et al. 2016b). The following Phase 2 study examined ABT-126 (25, 50, or 75 mg/
day, q.d.) in non-smoking patients with schizophrenia for 24 weeks (Haig et al.
2016a). Unfortunately, ABT-126 did not demonstrate a consistent procognitive
effect in non-smokers at the higher dose range (Haig et al. 2016a).

3.1.5 TC-5619

Preclinically, TC-5619 ameliorated both PPI and social behavior impairments in a
transgenic mouse model of schizophrenia (Hauser et al. 2009). In addition, TC-5619
reversed apomorphine-induced PPI deficits and improved episodic-like memory in a
rat NOR assay (Hauser et al. 2009). In the apomorphine-induced PPI assay, where
the compound was evaluated at 0.1, 0.3, and 1.0 mg/kg, an inverted U-shaped dose-
response curve was observed. Only the middle dose (0.3 mg/kg) was active in this
study. The relationship between pharmacokinetic and pharmacodynamic endpoints
for TC-5619 cannot be determined as the drug exposure data was not reported from
these in vivo studies (Hauser et al. 2009).

In Phase 1 trials, TC-5619 was well tolerated up to a 406 mg single dose and
204 mg multiple dose in healthy subjects (Lieberman et al. 2013). In addition,
TC-5619 significantly improved attention in healthy subjects at the 6.8 mg (single
dose). Based on these Phase 1 data and the preclinical findings, TC-5619 was
expected to produce cognitive benefits at a human dose of approximately 3 mg
(Lieberman et al. 2013). Therefore, a dose range of 1–25 mg/day was selected for the
subsequent 12-week Phase 2 trial for treatment of cognitive and negative symptoms
in patients with schizophrenia (Lieberman et al. 2013) (Lieberman 2013). In this
initial Phase 2 study, TC-5619 was dosed at 1 mg/day (q.d.) for the first 4 weeks
followed by 5 mg/day (q.d.) from weeks 4 to 8 and 25 mg/day (q.d.) from weeks 8 to
12. The primary endpoint was the Groton Maze Learning Task (GMLT), and the
secondary endpoints included the Scale for Assessment of Negative Symptoms
(SANS). Statistically significant improvement was observed for GMLT endpoint
at week 4 when the patients were taking 1 mg/day TC-5619. At this dose level, the
plasma exposure was in the low nanomolar range (Lieberman et al. 2013). The
subsequent Phase 2 study evaluated TC-5619 at 5 or 50 mg/day (q.d.) in schizo-
phrenic patients for 24 weeks (Walling et al. 2016). No statistically significant
benefit was observed with TC-5619 in this study on primary and secondary measures
of cognitive and negative symptoms. The lack of efficacy in the second Phase 2 trial
might be due to the receptor desensitization associated with the sustained drug
exposure at higher dose levels (Walling et al. 2016). A more comprehensive
preclinical characterization of TC-5619, especially the potential co-agonist or
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“priming” effect of TC-5619 in vitro and in vivo, may help clarify the conflicting
clinical findings.

3.2 α7 nAChR PAMs

3.2.1 AVL-3288

In preclinical studies, AVL-3288 normalized sensory gating deficits in DBA/2 mice
in a dose-dependent manner (Ng et al. 2007). Total brain exposures of AVL-3288 at
the behaviorally active dose (0.3 mg/kg) ranged from 0.3 to 1.0 μM during the
sensory gating test. These brain concentrations are close to the in vitro potency of
AVL-3288 measured in oocytes expressing human α7 nAChR, but it is not possible
to draw meaningful conclusions because the unbound brain levels are not known.
AVL-3288 reversed MK-801-induced hyperlocomotion in NSA mice (Ng et al.
2007), attenuated ketamine-induced cognitive impairments in NOR task (Nikiforuk
and Popik 2014; Nikiforuk et al. 2016), and reversed ketamine-induced cognitive
inflexibility (Nikiforuk et al. 2016). These effects are consistent with the hypothesis
that positive modulation of α7 receptor is associated with procognitive effects
(Ng et al. 2007).

AVL-3288 has been evaluated in a Phase 1 trial for safety and preliminary
evidence of procognitive effects in healthy subjects (Gee et al. 2017). The compound
was well tolerated at 3, 10, and 30 mg (single dose) without safety concerns. The
maximum plasma exposure at 30 mg was ~1 μM which is similar to the efficacious
exposure achieved in the preclinical models (Ng et al. 2007). Procognitive effects
were investigated at 2-h post administration of AVL-3288 or placebo in healthy
subjects. A positive but non-significant effect was observed on Repeatable Battery
for the Assessment of Neurocognitive Status (RBANS) Total Scale Score at 10 and
30 mg doses. Furthermore, AVL-3288 showed a trend of increase in P50 inhibition
in the 10 and 30 mg groups compared to placebo (Gee et al. 2017). Higher doses
could not be assessed with AVL-3288 because of insufficient safety margins with
respect to the hERG potassium channel (hERG IC50 ¼ 3 μM for AVL-3288).
Consistent with the off-target activity on hERG channel, a positive correlation
between QTc interval and plasma exposure of AVL-3288 was observed in the
Phase 1 study (Gee et al. 2017). A Phase 1b trial evaluating AVL-3288 (10 or
30 mg/day) in non-smoking patients with schizophrenia was completed in 2018, but
study results had not been released at the time of this writing.

3.2.2 JNJ-39393406

Limited information is available regarding the preclinical characterization of
JNJ-39393406. This compound has been reported to improve cognition in animal
models assessing various cognitive domains, including attention, executive function,
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learning and memory, and sensory gating (Winterer et al. 2013). In Phase 1 trials,
JNJ-39393406 was well tolerated with no significant safety findings. In addition,
JNJ-39393406 afforded good oral bioavailability, and exposure in plasma and
cerebrospinal fluid (CSF) exceeded concentrations evaluated in preclinical models
(Winterer et al. 2013).

In a Phase 1 proof-of-mechanism study, JNJ-39393406 was assessed for its
ability to reverse P50 sensory gating deficits in smoking patients with stable psy-
chotic symptoms (Winterer et al. 2013). The patients received JNJ-39393406
(10, 30, 50, 100, and 200 mg, single dose) as an adjunct treatment to antipsychotics.
Sensory gating measurements were performed on day 1 pre-dose and then at 2 and
5 h post-dose. However, JNJ-39393406 failed to reverse sensory P50 gating deficits
in schizophrenic patients at any dose tested. It was suspected that smoking status,
brain penetration of the compound, and small sample size might confound the study
(Winterer et al. 2013).

3.2.3 LND101001

In preclinical studies, LND101001 has demonstrated procognitive effects in both
novel object and social recognition tasks in rats (Sinha et al. 2019). When
LND101001 was administered acutely, the compound reversed time-delay and
scopolamine-induced cognitive deficits at 1 and 3 mg/kg. With a 7-day subchronic
dosing paradigm, LND101001 was able to demonstrate efficacy at lower dose levels
(i.e., 0.15 and 0.5 mg/kg) in the recognition tasks. There was no inverted U-shaped
dose response associated with LND101001 in vivo (Sinha et al. 2019). It is worth
noting that the unbound brain exposures of LND101001 were likely in the
sub-nanomolar range at the efficacious doses, while the in vitro potency (EC50) of
LND101001 is 324 nM. The dissociation between in vitro and in vivo potency has
been observed with many α7 PAMs, such as NS1738, AVL-3288, JNJ-193942,
A-33867744, and RO5126946. Although the in vitro potency of these compounds is
typically in the low μM range, they frequently produce efficacy in vivo at exposures
that are several orders of magnitude lower (Timmermann et al. 2007; Malysz et al.
2010; Dinklo et al. 2011; Sahdeo et al. 2014). Exactly how α7 PAMs produce
efficacy in vivo with such low exposures is not fully understood but this observation
indicates very low levels of target engagement are sufficient to generate robust
pharmacodynamic effects and this is consistent across models and species.

In Phase 1 trials, LND101001 has demonstrated encouraging safety profile and
linear pharmacokinetics. The compound is being evaluated for efficacy and safety as
monotherapy in patients with mild-to-moderate AD (Sinha et al. 2019).
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4 Conclusions

The pharmacology of several distinct chemical structures of agonists and PAMs of
the α7 nAChR has been characterized extensively in preclinical species and less
extensively in humans. Although much has been learned, there are still many
unresolved questions. It is not yet clear whether the α7 nAChR has been adequately
assessed clinically as a target for improving cognition in disorders such as AD and
schizophrenia. We suggest that no definitive answer to this question has been
established and that further preclinical and clinical work is justified. Thus far, most
compounds profiled clinically and preclinically are agonists that have very complex
pharmacology. Many of these compounds appear to demonstrate “priming” at low
concentrations and at higher concentrations produce both agonism and desensitiza-
tion. This complicated pharmacology makes interpretation of the clinical data
challenging. In addition, many of these compounds suffer from selectivity issues
such as antagonism of the 5-HT3 receptor that can affect tolerability and limit the
clinical doses that may be assessed safely. The lack of generally robust clinical
effects observed with α7 nAChR agonists could indicate that this target does not play
an important role in promoting cognition in diseased states. Alternatively, the
confounding clinical results may be a consequence of the difficulty of achieving
appropriate activation of α7 nAChR with an agonist that has a very narrow range of
therapeutic concentrations. Due to the inverted U-shaped dose-response pharmacol-
ogy, the agonist dose must be utilized at which it will robustly activate, but not cause
desensitization of the receptor. Studies with α7 nAChR PAMs might be more
compelling. These compounds should promote the natural spatiotemporal effects
of acetylcholine, but they do not enhance desensitization. As a result, the
concentration-effect function seen with α7 nAChR PAMs in preclinical models is
generally broader than that observed with agonists, and hopefully this will translate
to more robust and reproducible effects in the clinic.
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