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Introduction

Ton channels expressed in the plasma membrane are broadly
classified as voltage-gated ion channels (VGIC®) or ligand-gated
ion channels (LGIC) where the ligand usually is considered to be
an extracellular messenger such as a neurotransmitter. Often, the
same transmitter acts upon an array of G-protein-coupled receptors
(GPCR) as well as LGIC, for example, acetylcholine acting via
the muscarinic GPCR and nicotinic acetylcholine receptor (nAChR)
LGIC. A few notable exceptions include glycine which, to date, is
known to act on LGIC only, and neuropeptides and histamine
which appear to act exclusively via GPCRs. Known LGIC
comprise three to five transmembrane subunits assembled to host
a central ion channel and an extracellular ligand-binding domain.
Opening of the ion channel and associated ion flux evokes an
electrical signal with amplitude and polarity depending upon ion
distribution across the membrane, channel conductance, and
selectivity for cations or anions. Additionally, some LGIC can
trigger Ca>*-dependent events not only through depolarization and
activation of voltage-gated Ca®* channels but also by Ca®* flux
through the LGIC itself. The a7 nAChR, as well as the NMDA-
sensitive glutamate receptor, is highly permeant to Ca>* such that
part of its signal, perhaps the more important signal, may be
metabotropic in nature, triggered by Ca** influx.

nAChRs, members of the Cys-loop superfamily of LGIC, are
widely characterized transmembrane proteins involved in the
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physiological responses to the neurotransmitter ACh' and are
distributed throughout the central nervous system (CNS) and the
peripheral nervous system (PNS).>? These receptors are pentameric
assemblies of subunits surrounding a central pore that gate the flux
of Na™, K*, and Ca** ions.* In addition to their localization in
neurons, nAChRs are found in endocrine cells (adrenal chromaffin
cells) and in classically nonexcitable cells such as endothelial,
epithelial, and immune system cells.>® Thus, ligands acting upon
nAChR may have a diversity of actions, depending upon the nature
of the nAChR subunit(s) and the profile of the ligand. The extensive
therapeutic potential for various nAChR targets has been sum-
marized in a recent review.’

By definition, the receptor site occupied by the endogenous
ligand is called the orthosteric site. The prototypical agonist
nicotine, other natural and synthetic agonists, and competitive
antagonists interact with this site. Several excellent reviews
describing properties of agonists and antagonists are available.®
nAChRs also host multiple allosteric sites. Binding of an
allosteric modulator alone generally has little or no discernible
effect on channel gating but alters the ability of orthosteric ligand
to effect channel gating. Molecules that increase the response
to agonist are known as positive allosteric modulators (PAMs),
whereas those that reduce the response to agonist (excluding
orthosteric competitive antagonists, simple channel blockers, and
structural alterations such as proteolysis) are known as negative
allosteric modulators (NAMs). Such modulators are thought to
alter the relative energy levels of specific receptor states and/or
the energy barriers for state transitions.'®'' Thus, not only
channel opening/closing but also receptor deactivation, desen-
sitization, or resensitization kinetics may be modified.

Allosteric modulators are distinct from and offer, in principle,
a number of advantages over orthosteric ligands. Allosteric
modulators often exhibit little or no intrinsic activity because
their mode of action is to augment or hinder the action of the
endogenous agonist. This mode of action provides greater
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physiological selectivity compared to agonists or antagonists
that act upon receptors selectively but indiscriminately with
regard to ongoing physiological activity. Since allosteric binding
sites are typically located at sites distinct from the orthosteric
site, the potential exists for identifying molecules with superior
subunit selectivity, especially between related family members.
This has been well illustrated with benzodiazepines acting at
the GABA, receptor.'” The mechanisms and modeling of
nAChR allosteric transitions and modulator effects have been
reviewed.'®!'! Further, exhaustive reviews of nAChRs have
recently appeared.”'*'* This review will focus on medicinal
chemistry developments in the area of a7 nAChR PAMs. First,
however, a brief overview of the physiology and pharmacology
of a7 nAChRs is presented.

Nicotinic Acetylcholine Receptors

Seventeen distinct nAChR subunits have been reported.'?
nAChR subunits containing the Cys-loop signature vicinal
cysteines in the appropriate position are designated “o”. ACh
and other agonists bind in the interface between subunits. An
o subunit is required for channel gating, and mature pentameric
nAChRs generally are thought to contain at least two o subunits
of identical or different types. Recent studies have taken
advantage of a homologous snail protein (acetylcholine binding
protein), which assembles as a pentamer similar to the nAChR
extracellular domain, to determine the structural underpinnings
of agonist binding and channel gating.'®'” Moreover, struc-
ture—function studies have revealed that the short amino acid
segment between the second and third transmembrane domain
is an important determinant in the gating process that takes place
during receptor activation.'®

Subunits other than o were named £3, d, y (embryonic), and €
(adult substitute for y) in skeletal muscle and fish electroplaque.
Since the cloning of neuronal nAChR, muscle o has become ol
and neuronal a subunits are numbered in sequence of discovery.
Neuronal nAChR subunits that did not contain the signature vicinal
cysteines were designated “non-a” in the earlier literature. Today,
all neuronal non-o. are designated “/3” and numbered in order of
discovery with the muscle subunit designated (1. Functional
neuronal nAChR assemblies, defined in expression systems, can
be homomeric, comprising a7 or a8 or @9 subunits. Other subunits
require heteromeric assembly, with at least one subunit (usually
two or three) from the a group (a2, a3, o4, or a6) and the
remainder from the 8 group (52 or 4). Additionally, a7 may
combine with a8 in chick!*?° or with B2 in mammal,?"* and 09
expression is dramatically enhanced by 10 suggesting that the
preferred assembly is a9010.%* The roles of o5 and 33 are less
clear; they may function to modify other assemblies or may
combine with subunits not yet identified.

Native nAChR complexes are not yet fully elucidated.
However, five major categories are generally recognized: (1)
o3p44* and a342*, which mediate peripheral ganglionic nico-
tinic transmission and some CNS functions; (2) a4/52*, which
appears to be CNS-specific and comprises 90% of the high-
affinity nicotine binding sites in rodent brain; (3) o.7*, which is
widespread in brain and shows sensitivity to the antagonists
o-bungarotoxin and methyllycaconitine (MLA); (4) a632*, also
apparently CNS-specific but less abundant than a452*; and (5)
a9%*. The asterisk wild card indicates the possibility that other
subunits might contribute to the native receptor. An additional
level of complexity may be envisaged even with just two
subunits, as with o4 or o3 and (2, where at least two
pharmacologically distinct nAChRs with high and low sensitivi-
ties to agonist®>>’ and differing Ca>" permeabilities>® can be
expressed in recombinant systems.
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It is apparent that nAChRs are involved in a range of
synaptic and extra-synaptic functions. The muscle-type
nAChR is a key mediator of transmission at the neuromus-
cular junction and fish electroplaque. In the PNS, a3/44* and
a3/32* nAChRs mediate ganglionic neurotransmission, whereas
in the CNS a variety of nAChR subtypes, with a42* and
o7* being the most widespread, mediate synaptic and
possibly paracrine functions. Accordingly, nAChRs are
implicated in a range of physiological and pathophysiological
functions related to cognitive function, learning and memory,
reward, motor control, arousal, and analgesia.13 Both o7*
and 04f2* nAChRs are expressed at high levels in areas
involved with learning and memory and play key roles in
modulating neurotransmission in these regions. Reduced
cholinergic activity and dysregulation of nAChRs have been
correlated with cognitive deficits and progressive dementia.”®"!

o7 Nicotinic Acetylcholine Receptors

a7 nAChRs in the CNS have received much attention since
their discovery in the early 1990s.'*%73* These subunits are
found within the brain, autonomic ganglia, adrenal chromaffin
cells, non-neuronal cells, and even skeletal muscle during
development or following denervation. The o.7—09 subtypes
are distinguished from other nAChRs by their relatively high
permeability to Ca®" 3378 rapid desensitization and sensitivity
to antagonists such as a-bungarotoxin and MLA. However, o8*
is known only in chick,*® and 09, although found in mammals,
has a highly restricted distribution in CNS.**** By virtue of
the high Ca>* permeability, these LGIC may participate not
only in electrical signaling but also directly in the activation of
Ca>"-dependent processes. At the cellular level, the activation
of a7 nAChRs can regulate interneuron excitability,***
modulate the release of excitatory and inhibitory neuro-
transmitters,**~>* and play a neuroprotective role.>~® Addition-
ally, roles for this nAChR subtype in endothelial cells, epithelial
cells,immunocompetent cells, and sperm have been implicated. >
While a7 expression is widespread, knockout mice showed
surprisingly subtle deficits.®® However, recent studies with the
knockout mice and with antisense in rats have demonstrated
roles for a7 nAChRs in cognitive and attentive tasks.”®~’* For
example, 7 nAChR gene knockout mice have shown impaired
performance in ethanol-induced contextual fear conditioning,”*
and when crossed with Tg2576 mice expressing human amyloid
B (ApP), they showed further deterioration in hippocampus-
selective associative learning and memory.”?

Given their pivotal roles in CNS function, targeting o7
nAChRs may be considered a viable strategy for treating a
variety of disorders, particularly those involving cognitive and
attention deficits, such as mild cognitive impairment (MCI),
attention deficit disorders, cognitive deficits associated with
schizophrenia, Alzheimer’s disease (AD), and various other
dementias.”*”” Further, o7 nAChRs may have role in slowing
disease progression in AD.** Thus, modulating, or modifying,
the activity of a7 nAChRs has the potential to treat a variety
of cognitive and neurodegenerative disorders.”® Studies with
subtype selective ligands, particularly agonists, have supported
this concept in preclinical models for memory, attention, and
schizophrenia.”®”*®! Additionally, there is growing evidence
that nAChRs, particularly a7, can modulate cellular functions
beyond synaptic transmission. Reported examples include anti-
inflammatory effects via inhibition of the release of macrophage
tumor necrosis factor (TNF-a) and high mobility group box 1
(HMGBI),6547’82’84 roles in cutaneous homeostasis,** and
promotion of angiogenesis.®>®>#¢ Thus, compounds targeting
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Figure 1. Examples of agonists selective for o7 nAChR.

o7 nAChRs have also been considered to have potential for
treating various inflammatory diseases, septic shock, wound
healing, angiogenesis, and skin disorders.®”%*

a7 nAChR Agonists

The prototypical nAChR agonist, nicotine, has itself been shown
to improve attention and cognitive performance, reduce anxiety,
normalize sensory gating, and effect neuroprotection.*”*® However,
nicotine is not sufficiently selective among nAChRs and its utility
is limited by side effects including seizures, irregular heartbeat,
hypertension, and gastrointestinal effects.®*% Accordingly, iden-
tification of subtype-selective compounds that embrace the ben-
eficial effects of nicotine while eliminating or decreasing its adverse
effects continues to be an active area of research.

One of the first compounds reported to be an a7 nAChR
selective agonist is compound 1 (GTS-21), including its hydroxy
metabolite.”>” However, compound 1 also binds 0452 nAChR,
and the o7 selectivity relates primarily to function. Compound
1 shows partial agonist activity at o7 and essentially no agonist
activity at 0432 nAChR. To what extent the o432 binding
contributes to or detracts from activity of the compound such
as in sensory gating®® is not clear. Subsequently, substantially
more potent, selective, and efficacious compounds have ap-
peared with which to test the o7 nAChR hypothesis specifically.
Several reviews have appeared on this subject.”-3*%°-1%

Compound 2 (AR-R 17779) is an early example of an efficacious
o7 nAChR agonist (Figure 1). This compound has been reported
to facilitate the induction of hippocampal long-term potentiation
(LTP) and to improve cognitive performance in social recognition,
water maze, inhibitory avoidance, and scopolamine-induced memory
impairment models.'®" However, compound 2 also activates the
homologous 5-HT3 LGIC in addition to &7 nAChR,"* confound-
ing mechanistic interpretation. Additionally, CNS penetration is
low with brain levels being only about 10% of the plasma
concentration.'®*'™* Further improvements in o7 nAChR selective
compounds are exemplified by compounds 3—5 (Figure 1). Other
quinuclidine analogues (Figure 1) also are known.'®>~'% Compound
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3 (PNU-282987) was shown to enhance GABAergic synaptic
activity in brain slices and to restore sensory gating deficits in
rats.''%!""! The partial agonist 4 (SSR 180711A) was shown to be
efficacious in cognitive domains thought to be deficient in
schizophrenia.''> Compound 5 (PHA-543613), characterized by
rapid brain penetration and high oral bioavailability in rat, has been
shown to improve sensory gating and cognitive performance.'"
Compound 8 (ABBF) improved cognitive performance in social
recognition, object recognition, and water maze tasks.'®> Compound
11 (A-582941), another selective a7 nAChR agonist, was shown
to activate MAP kinase signaling pathways and exhibit broad
spectrum efficacy in models that capture domains of working
memory, sensory gating short-term recognition memory, and long-
term memory consolidation, cognitive domains implicated in
deficits observed in Alzheimer’s disease and schizophrenia.''*'
Collectively, these findings support a procognitive role for o7
nAChR agonists.

Allosteric Modulation of Nicotinic Acetylcholine
Receptors

Modulation of transmission is widely considered to be a
favorable path for neuronal therapeutics. Positive modulators
can increase the gain of the physiological signal without causing
an inappropriate tonic signal, whereas negative modulators could
reduce the gain without completely blocking transmission. Such
effects take advantage of physiological spatial and temporal
selectivity, a considerable advantage in the CNS where the same
receptor may be distributed among a variety of neurons with
different physiological roles. In a broad sense, therapeutic
examples of transmission modulators include biogenic amine
reuptake inhibitors (antidepressants), acetylcholinesterase inhibi-
tors (AD), and L-dopa (Parkinson’s disease), all of which, by
reduced catabolism or increased synthesis, boost synaptic levels
of transmitters contingent upon physiological release of the
transmitter. Benzodiazepines and related “benzodiazepine recep-
tor agonists”, barbiturates, and neurosteroids are examples of
LGIC (GABA,) modulator therapeutics.®®!'""~'?? In the case
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Figure 2. Model of allosteric transitions among resting, activated, and
desensitized states consequent to binding of two molecules of conven-
tional agonist.

of nAChRs, despite the beneficial effects of subtype selective
agonists, uncertainty exists whether chronic treatment with
agonists might provide suboptimal benefit due to sustained
activation and desensitization of the nAChR.'** An alternate
approach to modulate o7 nAChR function is by enhancing
effects of the endogenous neurotransmitter acetylcholine via
positive allosteric modulation, reinforcing endogenous cholin-
ergic neurotransmission without directly and indiscriminately
activating the receptor. This provides another level of selectivity
in that the modulator would be expected to produce little effect
except upon the physiologically determined synaptic release of
neurotransmitter ACh. A potential disadvantage in the PAM
approach is that by relying on endogenous neurotransmitter,
efficacy may diminish under certain conditions, such as in
advanced stages of neurodegeneration.

General Principles and Considerations for nAChR
Modulation

As noted above, nAChRs, like other receptors and ion
channels, function by allosteric transitions and could be affected
by modulators as well as conventional agonists and antago-
nists.'?* Agonist, once bound, is able to induce conformational
transition of the LGIC from a resting state (channel closed) to
an activated state (channel open, Figure 2). Activation may be
followed by return to the resting state with agonist dissociation
or by transition to a desensitized state (channel closed) if agonist
remains bound. For a7 nAChR, high concentrations of agonist
can produce desensitization in <1 s. Return to a reactivatable
state is generally thought to require agonist dissociation and
transition back to the resting conformation. However, some
modulators are able to reactivate o7 nAChR currents'? and it
is not clear that this requires agonist dissociation. Transition
between resting and desensitized state is thought to be bidirec-
tional such that some ligands could induce transition from resting
to desensitized state without transitioning through the activated
channel open state.'?*'%’

The kinetics of these allosteric transitions are governed by
rate constants related to the energy barriers between allosteric
states, determining the probability that any individual LGIC will
be found in a given conformation at any instant in time.'®'?%!2
In a simple model (Figure 2), channel activation is governed
by on and off rate constants for agonist binding, a rate constant
for transition from resting to activated (open) state, and rate
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constants for transition out of the activated state to desensitized
and to resting states. The LGIC undergoes spontaneous transi-
tions between resting and activated states, and perhaps between
other states, but with low probability. Binding of orthosteric
agonist markedly increases the probability of resting to activated
transition. Subsequently, the LGIC may enter desensitized state
with bound ligand, a low-energy state. Additionally, there is
evidence that some orthosteric ligands, e.g., one type of partial
agonist, may induce transition to desensitized state directly,
bypassing the open channel state. Modulators should interact
with the LGIC in some way but should not directly compete
for the same site as conventional agonist/antagonist ligands.
Positive allosteric modulators (PAMs) increase the agonist
response and may do so by stabilizing the activated, open
channel state. Additionally, because rapid desensitization limits
the peak response to agonist, especially for a7 nAChR, PAMs
that reduce desensitization or destabilize the desensitized state
may, through that action, also increase the apparent peak
response amplitude. Negative allosteric modulators (NAMs) may
have the opposite effects. Indirect modulation may occur through
other processes, such as via phosphorylation of the LGIC or
modified association with other membrane proteins. By defini-
tion, a modulator should not itself be an agonist. However, under
some conditions, a PAM may appear to have partial agonist
properties, as the small but finite probability for LGIC to exist
in the activated state in the absence of bound agonist could be
enhanced by the PAM.'?%:!2°

Even in the simplistic scheme depicted in Figure 2, several
types of modulators could be envisioned. One may facilitate
transition from resting to open channel state upon activation
by agonist, increasing agonist response amplitude without
significant effect on response decay rate (see Lo modi-
fication'?%'*%). Examples of such modulators have appeared and
are referred to as type I PAMs. Other modulators may stabilize
the open channel state, in theory, to the point where it has the
lowest free energy in the presence of agonist plus modulator.
This would not only enhance response amplitude but also reduce
receptor desensitization and potentially allow reactivation from
the desensitized state. Indeed, compounds producing such effects
at a7 nAChR have been identified recently and are referred to
as type Il PAMs (see below). However, it should be recognized
that these broad classifications are largely phenomenological.
They serve to categorize modulator effects and direct medicinal
chemistry, but the specific molecular mechanism(s) underlying
each type of effect remains to be established. Given the
intricacies of LGIC states and kinetics, it should be anticipated
that more than one mechanism could underlie the broad
modulator categories identified to date.

For GABAA LGIC, homologous to nAChR, PAM binding
sites have been identified and binding interactions between PAM
and orthosteric ligand have been characterized and utilized in
drug discovery efforts. However, among other members of the
Cys-loop LGIC family, PAMs generally have been characterized
more by function than binding. At o7 nAChR, there are
numerous examples of highly effective PAMs that have no
apparent direct effect on orthosteric ligand binding. Several
factors may contribute to this: (a) binding generally is deter-
mined at equilibrium and probably reflects the desensitized
nAChHR state, while function reflects the open-channel state; i.e.,
there is a large kinetic disparity between function and binding
measurements; (b) increasing the rate of transition from resting
(closed channel) to activated (open channel) states could increase
response amplitude while having little effect on orthosteric
ligand binding at equilibrium; (c) the o7 nAChR desensitizes
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rapidly such that slowing the rate of desensitization could
increase the amplitude of the response while having little effect
on orthosteric ligand binding at equilibrium; (d) binding typically
is measured with radiolabeled antagonist (MLA or o.-bungaro-
toxin), while for PAM it may be more relevant to measure
agonist binding and to measure individual kinetic parameters
rather than equilibrium binding; (e) orthosteric ligands may be
differentially affected by a given PAM,"*! and too few examples
have been studied for a7 nAChR. Models to differentiate
orthosteric ligand from allosteric modulator effect on binding
have been developed,'*'"'*? but little has been done to apply
such models to a7 nAChR.

Recently described o7 nAChR PAMs can have profound
effects not only on the agonist response amplitude but also on
the apparent Hill coefficient in the agonist concentration—
response relationship. Some have suggested that the increase
in Hill coefficient may reflect the number of agonist molecules
required to activate the receptor. This may be the case, but it is
difficult to determine from the measurements and models
typically applied. In a mathematical model, the apparent Hill
coefficient also could be altered by changing the free energy of
isomerization between certain allosteric states without altering
the number of orthosteric ligand sites.'*>'*° Indeed, o7 nAChR
activation and desensitization rates are sufficiently rapid that
the ligand and receptor do not reach steady state in most
response measurements, and thus, application of the Hill
equation may be inappropriate in a formal sense. Such measure-
ments may serve to compare one agonist to another under similar
conditions but should not be taken too far in studies of receptor
mechanism. Nondesensitizing mutagenized a7 nAChR may be
helpful, but whether recent PAMs affect the mutagenized and
wild-type nAChR similarly needs further study.

Among other recombinant nAChR, (2-containing nAChRs
desensitize more slowly than a7, and 4-containing nAChRs
desensitize even more slowly. Estradiol acts as an o432 PAM, '3
but its effect is relatively weak. Both a352 and a432 nAChR
demonstrate high- and low-sensitivity subforms,* which would
complicate the evaluation of PAM mechanisms unless the
subform could be isolated or the PAM could be demonstrated
to be highly selective for one subform. Zinc modulates nAChR
and affects the relatively slowly desensitizing 0434 nAChR
recombinant most profoundly,'** providing perhaps a simpler
substrate for evaluation of nAChR PAM mechanisms. However,
nAChR PAMs of current therapeutic interest may act through
different sites and mechanisms.

Finally, as noted before, under some conditions, an o7
nAChR PAM, particularly at higher concentrations, may produce
an agonist-like effect. This does not necessarily represent a
second mechanism of nAChR activation, however. Modeling
predicts that even a pure PAM mechanism could produce
apparent receptor activation by augmenting the effect of
spontaneous allosteric transitions.'?>!3° Further, under some
conditions o7 nAChR activation could result from the combined
effects of PAM plus choline, a weak but effective o7 agonist
present in blood and cerebrospinal fluid (~10 uM) and released
from cells into bathing media in vitro.

Endogenous nAChR Modulators

nAChRs may be regulated physiologically by endogenous
PAMs, possibly including serum albumin or associated
substances.'*>!*® Zinc, found in high concentrations in specific
neurons of brain, spinal cord, and sensory ganglia,'?”:!3%
modulates nAChR function, with the most profound actions on
a4* nAChR."** The role of neuronal zinc remains unclear but
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is potentially relevant to the pathology of AD.'*° Other
endogenous nAChR modulators are proteins belonging to the
Ly-6/urokinase plasminogen activator receptor (uPAR) super-
family of receptor and secreted proteins, which participate in
signal transduction, cellular adhesion, and immune cell activa-
tion. These include SLURP (-1 and -2), a secreted protein found
in the circulation,'*®'*" and lynx (-1 and -2),"**7'** which
contains a glycosylphosphatidylinositol (GPI) membrane anchor
and is found in the brain. Interestingly, these proteins bear
striking homology to the snake toxin o-bungarotoxin, a nAChR
selective antagonist. The plasma concentration of SLURP-1 is
sufficient to serve as an a7 nAChR PAM,'*® raising the
possibility that these LGIC may be regulated by endogenous
PAM, in addition to choline and low concentrations of ACh
released as a paracrine factor. Consistent with this speculation,
mutations in SLURP have been linked to a human dermatologi-
cal disorder'* and both SLURP-1 and the a7 nAChR have been
implicated in epidermal cell function.®*'*® Under such condi-
tions, synthetic a7 nAChR PAMs may serve as replacement
therapeutics as well as a means to adjust the gain on cholinergic
synaptic transmission.

Indirect nAChR Modulators

nAChRs, like many other receptors, may be modulated
through phosphorylation or engagement of other intracellular
pathways. Taking advantage of such processes could provide
significant therapeutic utility, if done in a reasonably selective
manner. Mechanisms and opportunities for selectivity are not
entirely clear at present. Thus, although one can modulate o7
nAChR through such pathways, indirectly acting compounds
are not allosteric modulators in a strict sense. Examples of such
compounds are provided in Figure 3 (top row).

The nootropics 12 (nefiracetam) and 13 (aniracetam) have
been found to potentiate o7 and 0432 nAChR (Figure 3).'4"~'°2
Additionally, a metabolite of aniracetam has been found to
modulate a7 nAChRs'>* and compound 12 has been reported
to also potentiate NMDA-sensitive LGIC."** Compounds 12 and
13 have been reported to enhance hippocampal transmission
and behavioral performance.'”"'3>!3¢ The molecular mecha-
nism(s) underlying these effects is not fully elucidated but
apparently involves G protein activation and kinase-mediated
pathways. 47153154157 ‘While interesting in the context of
nAChR mechanisms, these compounds are not a7 nAChR
selective and their protein kinase pathway activation could
produce a multitude of other effects.

The tyrosine kinase inhibitor 14 (genistein) modulates o7
nAChHR function through kinase pathways and possibly by direct
receptor interaction. A study involving measurements of receptor
phosphorylation, use of other kinase and phosphatase inhibitors,
and overexpression of Src kinase indicated that compound 14,
acting as a tyrosine kinase inhibitor, could potentiate 7 nAChR
responses.'>® Further, mutagenesis of the a7 nAChR localized
the effect to Tyr-386 and Tyr-442 of the TM3—TM4 cytoplas-
mic loop. Other studies have suggested that 14, again as a kinase
inhibitor, could increase o7 nAChR responses by up-regulating
membrane insertion of the receptor.159 However, some effects
of 14 can be quite rapid, seemingly more consistent with a direct
interaction with the 0.7 nAChR than with a mechanism requiring
cellular permeation and alteration of receptor phosphorylation.'*
Thus, compound 14 may potentiate 0.7 nAChR responses by
more than one mechanism and may point toward another class
of direct-acting a7 PAM. However, the varied effects of
compound 14 complicate its utility as an in vivo tool and the
structural aspects responsible for direct a7 PAM as opposed to
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Figure 3. Indirect (first row) and direct (second row) allosteric modulators of o7 nAChR.

the indirect modulation of a7 nAChR expression or function
remain to be determined. Although limited information regarding
structure—activity relationships of genistein related to its kinase
inhibition properties are available,'®® no SAR studies related
to its PAM activity at &7 nAChRs have surfaced.

Direct-Acting nAChR PAMs

Early studies identified codeine and certain acetylcholinesterase
inhibitors (physostigmine and 15 (galantamine) but not donepezil
or rivastigmine) as nAChR modulators.'®'~'*® Compound 15
(Figure 3), depending on the concentration tested, was reported to
potentiate or inhibit type IA currents evoked by choline in cultured
hippocampal neurons. Because these currents are thought to be
mediated by the activation of 07 containing receptors, it was
proposed that compound 15 effects are partially mediated by the
allosteric potentiation of o7 nAChRs. The binding site, identified
with the aid of a blocking antibody, was localized to a region of
the nAChR N-terminal extracellular domain close to, but not within,
the agonist binding site. However, as nAChR PAMs, the effects
of agents like compound 15 are subtle and not selective. Further-
more, effects associated with acetylcholinesterase inhibition limit
and confound the ability to use these agents as tools for proof of
principle studies, and there is not a clear pharmacophore model
for the design of potent and selective PAMs based on these agents.

Earlier known PAMs interacting directly with the &7 nAChR
include compounds such as 16 (5-hydroxyindole)'®” and the
anthelmintic ivermectin (17).'%® Compound 17, one of the first
a7 PAMs described, increases maximal ACh-evoked current,
reduces the ECs value of ACh, and increases the slope of the
concentration—activation curve. Likewise, compound 16 causes
a significant increase of subsequent ACh-evoked current at the
a7 nAChR. There is some evidence that 16, but not 15 or 17,
modestly enhances agonist binding potency, as assessed by
radiolabeled antagonist displacement.'®”'”° Both compounds 16
and 17 are neither potent nor highly selective. For example,
high concentrations (1-20 mM) of 16 are required for potentiat-
ing ACh evoked o7 nAChR mediated current, calcium or
glutamate release.'®” With regard to receptor selectivity, com-
pound 16 is reported to also modulate 5-HT3 LGIC,'”" and 17
modulates mammalian and invertebrate chloride LGIC.'"*"'">

a7 nAChR Selective PAMs

Novel a7 nAChR-selective PAMs belonging to diverse
chemotypes have more recently emerged. The binding sites for
these compounds have not been elucidated, but the fact that

their effects are rapid suggests a direct effect. As mentioned
earlier, two profiles of PAMs may be recognized: type I that
predominately affects the apparent peak current and type II that
increases both the apparent peak current and slows the desen-
sitization profile of the agonist response.

Type I PAMs

In addition to compounds like 16 and 14 mentioned above,
a number of compounds have recently been reported as positive
allosteric modulators with little effect on desensitization kinetics.
Scientists at Univeristy of California—Irvine, taking advantage
of the sequence homology between GABA, and nAChR,
hypothesized that compounds acting as positive allosteric
modulators at GABA, receptors also may modulate o7
nAChRs.'”® To this end they screened, for a7 PAM activity, a
series of enaminones previously identified as PAMs of GABA
receptors evoking modulation at a site distinct from the
benzodiazepine, neuroactive steroid, and isosteric binding
sites.'””'”® Compound 18 (compound 6 or XY4083) was
identified as an 0.7 nAChR PAM (Figure 4). Although detailed
SAR remains to be described, the amide moiety of enaminones
appears to be critical for o7 PAM activity. Currents enhanced
by this PAM retained the fast kinetic and desensitization
properties of the 7 nAChR. In rodent models, compound 18
normalized sensory-gating deficits in DBA/2 mice and improved
working memory in the eight-arm radial maze.'”® Pharmaco-
kinetic studies suggested that the brain levels achieved were
adequate to modulate o7 nAChRs in these behavioral tests. For
example, in the sensory-gating studies, the brain level of the
compound corresponded to 0.3 uM after intravenous administra-
tion of 0.3 mg/kg. This exposure level correlated with positive
modulation of a7 nAChRs by 20% (120% of control) as
measured by analysis of peak current response.

More recently, a urea derivative 19 (NS1738) has been
described as an o7 nAChR PAM (Figure 4). In this series almost
invariably one of the phenyl moieties of the urea is substituted
by one or more electron-withdrawing groups.'®*® Oocyte and
patch clamp electrophysiology experiments reveal that this
compound augmented the a7 nAChR response to ACh by about
2- to 3-fold, increasing both potency and maximal efficacy of
the neurotransmitter, with an ECsy value for modulator activity
of 3.4 uM. Urea 19 had only marginal effects on the decay
kinetics of the o7 nAChR response, reflecting minimal effect
on receptor desensitization. Nevertheless, compound 19 was
found to improve recognition memory and reverse impairments
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Figure 4. Examples of type I and type II allosteric modulators of o7 nAChR.

in water maze performance by (—)-scopolamine in rats.'®' The
minimal effective dose was 30 mg/kg and was associated with
a brain concentration of ~1 uM.

Type I1 PAMs

Compound 20 (PNU-120596) remains one of the better
characterized type T1 PAMs."'®? These urea analogues possess
phenyl-substituted electron-donating groups on one nitrogen of
the urea and a five-membered heterocycle bearing an electron-
withdrawing group on the other nitrogen. Compound 20 not
only increased peak ACh-evoked a7 nAChR current by ~4-
fold (modulation ECsp = 1.5 uM) but also substantially
increased the duration of the response by suppressing de-
sensitization.'>>-'82

Like other type II PAMs, compound 20 is capable of restoring
current responses at an already desensitized a7 nAChR.
Although ureas 19 and 20 are structurally related, it is interesting
to note that their characteristics as &7 nAChR PAMs are quite
different. Both compounds enhance response amplitudes, but
only 20 demonstrated a profound effect on the desensitization
kinetics. The differential profiles of 19 and 20 suggest that these
molecules may have distinct modes of action. In vivo, compound
20 improved sensory gating deficits induced by amphetamine
in rats, a pharmacological model proposed to reflect circuit
disturbance associated with schizophrenia. Compound 20 also
improved performance in a rodent short-term recognition
memory model.'®* Brain concentrations of 20 associated with
the minimally effective dose were ~80 nM following intrave-
nous and subcutaneous administration (0.3 mg/kg). This expo-
sure is comparable to the concentration that produced a
measurable modulation of ACh-evoked currents (by ~25%) in
hippocampal neurons or in a7 nAChR expressing cells, sug-
gesting that a relatively low level of modulator activity is
sufficient for evoking in vivo efficacy. At a behaviorally
efficacious dose range, compound 20 also increased the phos-
phorylation of key biochemical markers such as cyclic AMP
response element binding protein (CREB), a well-recognized
signaling mechanism implicated in learning and memory.

More recently described quinoline sulfonamides exemplified
by 21 are reported as PAMs of a7 nAChR, increasing the peak

current amplitude and substantially slowing the desensitization
kinetics.'” On the basis of peak current amplitude measure-
ments, the cyclopentaquinoline analogue has been found to have
potency (modulation ECsy = 1.3 uM) comparable to that of
urea 20, and both compounds are considerably more potent than
indole 16 (modulation ECsop = 1 mM). It is interesting to note
that fused tetrahydroquinolines reported in this series as o7
PAMs are substituted at the 8-position with a sulfonamide
group.'®*

Representing another chemical class, three thiazoles (Figure
4) were initially reported as PAMs.'® These compounds
potentiated a7, a2p4, a4p2, and a4pB4 but not peripheral
ganglionic o3*, muscle al-containing nAChRs, or other ion
channels such as NMDA, AMPA, and GABA4. Thus, the
compounds do not appear to be selective for a7 nAChR but
show a remarkably favorable selectivity for CNS nAChRs. By
selection of the thiazole analogue 22 (LY-2087101) as a
prototype and using a chimeric a7/5-HT; receptor hosting the
N-terminal extracellular domain and the transmembrane and
C-terminal regions of the 5-HTj receptor, it was revealed that
the site of allosteric potentiation by this compound lies in regions
other than the N-terminal extracellular domain, unlike 16 and
15."7186 More recently, a thiazole derivative 25 (JNJ1930942)
has been reported as an a7 nAChR PAM'*® (Figure 4).
Compound 25 increases the peak current amplitude and
substantially slows the desensitization kinetics, with a modula-
tion ECsy value of 4.2 uM.

Perspectives and Future Directions

The past 40 years or so have witnessed a rising interest in
allosteric modulation as a means of regulating receptor and ion
channel function. Prominent examples directly relevant to the
Cys-loop family of LGIC are the varied GABA, allosteric
modulators, including widely successful sleep medicines. Here,
subunit selective pharmacological fine-tuning has been realized
with drugs acting allosterically. Allosteric modulators of a7
nAChRs such as those reviewed here are introductory examples
of a novel emerging pharmacology that will hold our attention
in the future.
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The results summarized above show that a variety of
chemotypes could modulate 0.7 nAChRs through interaction at
distinct sites on the protein that may or may not be located
extracellularly. Quite simplistically, at least two different profiles
of PAMs may be envisaged: type I PAMs that predominately
affect the peak current and agonist sensitivity exemplified by
compounds such as 18 and 19, and type II PAMs that, in
addition, cause modification of the desensitization profile of
agonist responses exemplified by compound 20. Both types of
PAMs have been reported to show in vivo efficacy in animal
models of cognition. In some cases, in vitro properties and
physiochemical properties remain to be further optimized
because compounds are limited by relatively low potency, low
solubility, metabolic stability, and/or adequate CNS penetration.
Accordingly, identification of selective, potent, and pharmaco-
kinetically acceptable PAMs continues to be an active area of
discovery research.

From a mechanistic sense, PAMs of differential in vitro
profiles should prove to be valuable tools with which to further
define the physiology and pharmacology of a7 nAChR trans-
mission and with which to interrogate biophysical models of
nAChR function along the lines of the Monod—Wyman—
Changeux model of allosteric receptor function.*'2%-'87-189
Information regarding the complexity of PAM binding sites is
emerging, but the molecular mechanisms are not well under-
stood. It is also unclear whether PAMs with differential in vitro
profiles, e.g., type I vs type II, exhibit differences in the spectrum
of in vivo efficacy, safety, and tolerability profiles. In particular,
whether the type II profile is desirable or undesirable in view
of potential consequences of sustained Ca>" influx is a question
yet to be completely resolved.

Mechanistic differences between PAMs and agonists could
be critical for drug development. Orthosteric agonists could
trigger continued activation of the receptor even in the absence
of physiological activity by the corresponding neuronal network.
Or in the case of a rapidly desensitizing receptor such as the
o7 nAChR, such compounds could actually attenuate endog-
enous transmission while activating only a small fraction of the
channels. PAMs, on the other hand, are limited by the nature
of the receptor modulation, and their actions are dependent on
the availability of endogenously available agonist. Some of the
immediate challenges to expedite drug discovery and develop-
ment in this area include identifying modulator binding sites,
clarifying desirable in vitro functional profiles, determining the
optimal selectivity profile, and establishing the ability to
expediently screen the varied functional effects of PAMs.
Finally, it remains to be determined whether PAMs, in reality,
display additional advantages compared to agonists in terms of
efficacy, tolerance, or compensatory mechanisms preclinically
and, ultimately, in the clinic. Addressing these challenging
questions, a significant new focus in the field of nAChR
research, should pave the way for attractive novel therapeutics
with which to address neuropsychiatric and neurodegenerative
diseases without unwanted side effects.
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