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The a9- and a7-containing nicotinic acetylcholine receptors (nAChRs) mediate numerous physiological and
pathological processes by complex mechanisms that are currently the subject of intensive study and debate. In
this regard, selective ligands serve as invaluable investigative tools and, in many cases, potential therapeutics for
the treatment of various CNS disfunctions and diseases, neuropathic pain, inflammation, and cancer. However,
the present scenario differs significantly between the two aforementioned nicotinic subtypes. Over the past few
decades, a large number of selective a7-nAChR ligands, including full, partial and silent agonists, antagonists,
and allosteric modulators, have been described and reviewed. Conversely, reports on selective a9-containing

nAChR ligands are relatively scarce, also due to a more recent characterization of this receptor subtype, and
hardly any focusing on small molecules. In this review, we focus on the latter, providing a comprehensive
overview, while providing only an update over the last five years for a7-nAChR ligands.

1. Introduction

One of the most expressed nAChRs in the mammalian brain is the
homomeric o7 subtype. This receptor subtype is composed by five
identical subunits arranged around a central pore permeable to cations
such as sodium and calcium. Interestingly, otherwise from others nico-
tinic receptors, the a7 and the a9a10 subtype show very high perme-
ability to calcium. This peculiarity confers to o7 subtypes a very
particular behavior; indeed, the influx of calcium ions results in cell
depolarization but it may also result in intracellular signaling generation
followed by gene transcription [1]. The a7-nAChR contains five iden-
tical agonist binding sites, located at subunit interfaces in extracellular
domains, but the occupancy of only one site is able to fully activate the
receptor [2]. Historically, they are characterized as highly sensitive to
a-Bungarotoxin, which acts as an antagonist, and as sensitive to choline,
which acts as an agonist [1]. a7-nAChRs are mainly expressed in CNS
and, in particular, in the cortex, hippocampus and subcortical limbic
regions and, at lower levels, in the thalamus and basal ganglia. In these
areas, their main functions are related to the control of neurotransmitter
release, mediating effects such as cognitive enhancement, neuro-
protection and memory [3]. Reduction of the number and the functional
activity of the a7-nAChRs has been correlated with a number of diseases
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of humans CNS including schizophrenia, Alzheimer’s and Parkinson’s
diseases, bipolar disorder and epilepsy [3]. Therefore, potentiation of
such receptors has emerged as a novel therapeutic strategy for these
neurological pathologies.

a7-nAChRs are also expressed in non-neuronal tissues such as im-
mune cells, astrocytes, microglia and endothelial cells, where they play a
role in immunity, inflammation and neuroprotection [3]. In the last
decade, many efforts have been done to elucidate the role of the
a7-nAChR in the immune system, discovering that it is an important
player of the cholinergic anti-inflammatory pathway [4]. The stimula-
tion of a7-nAChR in macrophages activates several intracellular signal
pathways, G proteins-mediated, such as JAK2-STAT3. Therefore, in
these cells, the a7-nAChR acts as a metabotropic receptor instead of a
“canonical” ionotropic receptor. Indeed, in most of the immune cells,
a7-nAChR’s ionotropic activity has not been detected. Therefore, also in
this context, the potentiation of a7-nAChR activities could be a novel
and very promising strategy for the modulation of inflammatory re-
sponses [5].

Finally, in the recent past, it has been shown that some tumor types,
such as lung cancer and glioblastoma, express o7-containing nAChRs.
Their activation promotes cell proliferation and activate the anti-
apoptotic AKT and pro-proliferative ERK pathways. These nicotine-
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induced effects are blocked by the a7/a9a10 antagonist 2-triethylamo-
niumethyl ether of 4-stilbenol (MG624) [6] and by its analogs ob-
tained by elongation of the ethylene linker between oxygen and nitrogen
[7]. In this scenario, differently from the therapeutic strategies previ-
ously mentioned, the reduction of a7 activity may be beneficial for the
treatment of these very aggressive tumors.

The studies on the anti-tumor activity of MG624 and its derivatives
[7,8] as well the recent investigations on the o7 silent agonist
pCF3-diEPP [9] are very recent striking examples of how the functions
and, more in general, the responses mediated by the a7-nAChR are not
always clearly distinguishable from those mediated by the a9 * -nAChR
(as «9 homomers or, more often, a9a10 heteromers, as indicated by the
asterisk), despite many differentiating features of the two subtypes.
Until recently, the poor stability and expression of a9 * -nAChRs and the
lack of small molecules selectively modulating the a9 * receptor function
have hampered investigations intended to sort out the respective roles,
for instance, in the cholinergic anti-inflammatory system or in the
pro-proliferative pathways. Within this context, the development of a9-
and a9a10-nAChR ligands, mainly antagonists, has been pursued only in
the last decade and rather sporadically aiming at fully understanding the
therapeutic potential of these sui generis nicotinic receptors, not
conventionally classifiable as neither muscle-type or neuronal. They are
composed by five homologous subunits arranging around a central
cationic-permeable pore. The a9 subunit, like the a7 subunit, is able to
form functional homopentameric nAChR subtypes, when expressed in
Xenopus oocytes, but it is also able to form a functional heteropentameric
receptor combining with the «10 subunit [10,11]. In Xenopus oocytes,
the expression of a9a10 subtype results, as occurs for a4f2 receptor, in
two different stoichiometries, namely (¢9)2(x10)3 [12] and (x9)3(a10)2
[13], which have different sensitivity to ACh. Otherwise, the a10 sub-
unit is not able to lead functional channels. Hence, it has been proposed
to act as a structural subunit, providing both complementary and prin-
cipal components to the agonist binding site [14]. However, recent
research [15] found that mammalian «10 subunits can assemble to form
functional homomeric receptor subtypes, when expressed in Xenopus
oocyte, by exposing the oocytes to some alkaloids (i.e., strychnine,
brucine, and methyllycaconitine). This finding could prompt search for
a10-nAChR selective ligands to address questions about pharmacology
of this potential new receptor subtype.

The a9 * ligand-gated ion channels are mainly expressed in the hair
cells of the inner ear, where they represent the primary receptor and are
involved in the sound transmission and sound discrimination [16]. The
a9 and a10 subunit are also expressed in the cells of the immune system,
where they are implicated in the immune response [17]. Interestingly,
there are no evidence that the a9-containing nAChRs, expressed by these
cells, form functional ion channel receptors suggesting, similarly to
a7-nAChRs, that they mediate a metabotropic pathway [18]. The
expression of a9 subunits in the dorsal root ganglion neurons has been
debated from the first publication in 2002 [19], whose results were not
replicated. However, «9-mRNA (and al0-mRNA at low levels) were
recently found in 25% of human dorsal root ganglion neurons [20], as
reviewed by A. B. Elgoyhen in this special issue [21]. Finally, a number
of studies have shown the presence of a9-containig nAChRs in many
cancer cells and tissues, where their activation promotes tumor cell
growth and, conversely, their inhibition has antiproliferative effects.
These results are extensively summarized in a recent review [22].
Therefore, these receptors are mainly expressed in a very few tissues,
and most importantly, otherwise than other neuronal nAChRs, they are
not present in the human brain [23].

2. a9 * - and a7-nAChR ligands
In this section, we summarize the until now developed ligands of 9-

containing receptors (subsection 2.1) and the a7-nAChR ligands re-
ported in the last five years (subsection 2.2).
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2.1. a9 * -nAChR ligands

2.1.1. Screening of known nicotinoids and Cys-loop receptors ligands at a9
* -nAChRs

The pharmacological characterization of a9-containing nAChRs
started with the pioneering work of Belén Elgoyhen and colleagues, who
reported the isolation of the a9-nAChR resulting from injection of a9
cRNA in Xenopus oocytes. By screening of previously known cholinergic
ligands, the authors proposed mixed nicotinic-muscarinic properties for
the newly discovered receptor. Indeed, on one hand, some non-selective
agonists for nicotinic or muscarinic receptors (i.e., ACh, and carbachol),
some selective nicotinic agonists, such as methylcarbachol and sub-
eryldicholine, and some selective muscarinic agonists (i.e., McN-A-343,
and methylfurtrethonium) were able to elicit ion currents in a9-con-
taining nAChR subtypes expressed in Xenopus laevis oocytes (Figure and
Table 1), while, on the other hand, some nicotinic agonists (e.g., epi-
batidine, nicotine, and cytisine), some nicotinic antagonists (ie.,
mecamylamine, dihydro-p-erythroidine, and methyllycaconitine), and
some agonists and antagonist for muscarinic receptors (e.g., muscarine,
pilocarpine, bethanechol, atropine, and gallamine) exhibited inhibitory
properties [24].(Fig. 1).

The same group investigated other ligands of the Cys-loop receptors
superfamily (Fig. 2) and found that nicotinic receptors containing the a9
subunit are blocked by bicuculline, an antagonist of GABA receptors,
and by strychnine, a glycine receptor antagonist. Bicuculline inhibits
ACh evoked currents of ®9-nAChRs expressed in Xenopus laevis oocytes
with ICsg value of 0.768 uM, which is similar to the result obtained by
inhibition of GABA, receptors, and strychnine, which inhibits glycine
receptors with ICsg of 0.05 uM, inhibits ACh evoked currents of a9-
nAChRs expressed in Xenopus laevis oocytes with ICsg value of
0.0178 uM. With lower potency, serotonin, the endogenous agonist at 5-
HTj3 receptor, inhibits ACh-evoked currents of a9-nAChRs expressed in
Xenopus laevis oocytes with ICs of 251 uM (5.4 uM ICsp when tested at
a9a10-nAChRs). In this scenario, ligands for the 5-HT3 receptor have
been evaluated at a9a10-nAChRs expressed in Xenopus laevis oocytes
finding a high inhibitory activity for tropisetron (0.0701 pM ICsg),
ondansetron (0.60 pM ICsp), and bemesetron (MDL-72222, 0.70 uM
ICsp). Such inhibition was proved to be reversible and concentration-
dependent [25,26].

As previously mentioned, the a9a10-nAChRs are mainly expressed in
the hair cells of the inner ear and their activation modulate the sound
transmission. This knowledge triggered the Elgoyhen’s group to inves-
tigate the possible correlation between the ototoxic activity of some
aminoglycosides and their activity at the a9al10-nAChRs [27].
Neomycin (1.2 uM ICsp), gentamicin (3.7 uM ICsp), streptomycin
(6.5 uM ICsp), amikacin (160.2 uM ICsp), and kanamycin (894.0 uM
IC50) were all able to inhibit ACh evoked current in «9-nAChRs
expressed on Xenopus oocytes. A deeper investigation on gentamicin
suggested a non-competitive type of block as a mechanism of action.
This inhibition could explain the suppression of the olivocochlear
efferent function, one of the initial reversible actions of aminoglycosides
at the organ of Corti.

The detection of opioid peptides in the auditory and vestibular
efferent neurons prompted Guth and coworkers to the investigation of
such peptides as a9a10-nAChR ligands [28]. In this research, the
endogenous peptide endomorphin-1 and dynorphin B have been proved
to inhibit, in a reversible and concentration-dependent manner,
a9a10-nAChRs expressed on Xenopus laevis oocytes with 1.7 uM and
1.6 uM ICsy, respectively.

2.1.2. Bis-, tris-, and tetrakis-aza-aromatic quaternary ammonium salts
Besides the pharmacological evaluation of already known molecules
at the a9a10-nAChR, essential to increase knowledge about the phar-
macology of this receptor subtype, and, eventually, to define possible
off-target effects possessed by some pharmacological tools or approved
therapies, the scientific community has moved the attention to the
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Table 1
Functional activity of cholinergic ligands at ®9-nAChR subtypes expressed on
Xenopus laevis oocytes [24].

Activity on a9-nAChR subtypes Activity on a9-nAChR subtypes
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development of molecules that selectively target this receptor subtype.

Relying on previous series of bis-, tris-, and tetrakis-aza-aromatic
quaternary ammonium salts [29-32], Zheng and coworkers, in 2011
[33], reported the a9a10-nAChRs antagonist activity of forty com-
pounds belonging to these structural classes. All the compounds were

Compound ECsp, ptM Compound ICso, .. .

P sor H P HNSIO initially screened at a 100 nM concentration at cloned a9a10-nAChR,
ACh 11.4 Epibatidine 1.6 heterologously expressed in Xenopus oocytes, for their ability to block
Carbachol 63.7 - partial Nicotine 315 ACh-induced currents. A selection of these derivatives was further

agonist ) » evaluated in full concentration-response studies for inhibition of
Methylcarbachol 304 - full agonist Cytisine 43.1 ACh-induced currents at both a9a10- and o7-nAChR. The structure ac-
Suberyldicholine 44.1 - partial Mecamylamine 8.5 . . R . K
agonist tivity relationship analysis of the synthesized compounds suggested
McN-A-343 Weak partial Dihydro-- 24.2 that: a) analogs containing three or four quaternary ammonium
. agonist erythroidine head-groups were more effective in inhibiting a9a10 receptors; b) the
Methylfurtrethonium ~ Weak ft’amal Methyllycaconitine 0.0011 presence of a rigid linker unit (i.e., molecules containing triple bond
agonis . . e o e .
8 Muscarine 84 linker) confers great inhibitory activity at a9a10-nAChRs and high
Pilocarpine 76 selectivity over a7-nAChRs; c) the cationic head-group appears to be
Bethanechol 105 important in conferring selectivity while it has less impact on the
Atropine 1.0 inhibitory potency at a9a10-nAChRs. Within the reported series, com-
Gallamine L5 pounds 1, 2, and 3 (Fig. 3) were the most interesting molecules with
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Fig. 1. Structure of cholinergic ligands screened at «9-nAChRs.
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Fig. 2. Structure of agonists and antagonists of the Cys-loop receptors
superfamily.

a9a10-nAChR subtype with 16 nM and 4.2 nM ICs, respectively, with a
remarkably high selectivity for a9a10- vs a7-nAChR subtype (75 and
360-fold respectively). On the other hand, 3 was the most potent
antagonist of the series capable of inhibiting a9a10-nAChRs with
0.56 nM ICsy but endowed with lower selectivity toward a7-nAChRs
compared to other analogs. Compounds 1, 2, and 3 were also tested in
vivo to evaluate potential analgesic effects and they proved to be effi-
cacious in two animal pain models, namely the rat formalin model of
tonic inflammatory pain and the rat chronic constriction nerve injury,
while they were ineffective in the rat tail-flick test [33,34].

The inhibitory activity of compound 3, was also evaluated against
6,/a3p2p3- (0.1 pM ICs), 06/03p4- (6.1 UM ICsq), adp2- (3.8 pM ICsp),
a3p4- (0.8 uM ICsp), and muscle- (0.12 uM ICsg) nAChR [33,34].
Moreover, 3 had not affinity for GABA, and GABAg receptors and
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several orders of magnitude lower affinity for 5HT3 and k-opioid re-
ceptors compared to «9a10-nAChRs.

2.1.3. 1,1-Diethyl-4-phenylpiperazinium salts

Grasping from a pool of previously synthesized derivatives of 1,1-
diethyl-4-phenylpiperazinium (diEPP), Papke and coworkers have
recently reported some selective agonist and antagonist of a9- and
a9a10-nAChR subtypes by conducting an extensive pharmacological
characterization of more than 25 compounds [35,36]. Some molecules
of this subset (Fig. 4), that have been previously characterized as partial
(e.g., 0-Cl-diEPP) and silent (e.g, p-F-diEPP) agonists for the human
a7-nAChR subtype, when tested on human a9-nAChR subtype,
expressed in Xenopus oocyte, showed inhibitory activity with 4.45 uM
IC5¢ (0-Cl-diEPP) and 5.67 uM ICsg (p-F-diEPP). On the other hand,
p-CN-diEPP and p-CF3-diEPP, a partial and silent agonist at a7-nAChR
subtype respectively, both elicit ion currents in human a9-nAChR sub-
type expressed in Xenopus oocyte with 0.368 uM ECsy (Iyax = 0.76) and
7.04 pM ECsg (Imax = 0.36) respectively. In a parallel study, p-CF3-diEPP
was also evaluated as an anti-inflammatory agent in human whole blood
cultures. The compound was able to inhibit the LPS-induced release of
pro-inflammatory cytokines and the authors concluded that these effects
are probably mediated by nAChR subunits a7, a9 and «10 [9]. Note-
worthy, p-F-diEPP was tested in competition experiment demonstrating
that diEPP analogs compete with ACh for the same binding site at the
a9-nAChR subtype. In vivo, a9 is assembled with al0, therefore the
authors tested the key compounds also on «9a10-nAChR and found no
significant differences from the results obtained at «9-nAChR. Subse-
quently, using the reported EM structure for the homologous a7 receptor
as a template, the authors built a homology model of the a9 receptor and
docked a series of these agonists and antagonists. The identification of a
peculiar binding pocket subsite, located on the (-) side, that is involved
in the agonist’s interaction led to the design of a novel compound with a
modified phenyl core. The new derivative, namely APA-diEPP, showed a
potent full agonist activity at the ®9-nAChR subtype (0.67 uM ECsq and
1.11 Ipax) with 10-fold preference over the a7-nAChR subtype (6.4 uM
ECsp), where it behaves as a partial agonist (0.42 Iyay)-

2.1.4. Analogs of the 2-triethylammonium ethyl ether of 4-stilbenol
(MG624)

The 2-triethylammonium ethyl ether of 4-stilbenol (MG624) was
described, in the past century, as a ganglioplegic agent, devoid of ac-
tivity on neuromuscular junction and with low activity at muscarinic
ACh receptors [37,38]. In 1998, it was first characterized as an antag-
onist at the a7-nAChRs, with moderate and high selectivity over the p4-
and p2-containing nAChRs respectively, and, more recently, its antag-
onist activity at the a9a10-nAChRs was highlighted (6.68 uM ICsq) [6,
39]. Starting from the ability of nicotine to promote cancer progression

Y Yy
gﬁ;@ﬁ%

Fig. 3. Structure of representative bis-, tris-, and tetrakis-aza-aromatic quaternary ammonium salts as selective antagonists of «9x10-nAChRs.
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Fig. 4. Representative compounds from a series of diEPP derivatives with selective agonist and antagonist activities at a9- versus a7-nAChRs.

in tumor type, overexpressing o7- and «9a10-nAChRs, Bavo et al. re-
ported the antiproliferative properties, over adenocarcinoma and glio-
blastoma cells, of MG624 and of some its derivatives with a lengthened
alkylene linker between the charged nitrogen and the ethereal oxygen.
The lengthening of ethylene bridge of MG624 results in potent anti-
proliferative effect paralleled by increased a7- and a9a10-nAChRs
antagonism [7]. A very recent pharmacological investigation of these
compounds highlighted some additional non-nicotinic mechanisms that
could contribute to their antitumor activity [6,8]. A structure-activity
relationship study around the structure of MG624, conducted by the
same research group, led to the discovery of two interesting
small-molecules with selective antagonism activity for either the a9a10-
or the a7-nAChRs (please refer to Section 2.2.2 for compounds with
selective antagonism activity at the o7-nAChRs) [40,41]. Overall,
approximately sixty derivatives of MG624 were synthesized and char-
acterized for binding affinity at the a7-nAChRs and, some of them, at the
a3p4-, and a4p2-nAChRs. In vitro functional characterization has been
performed for a selection of these compounds to evaluate their inhibi-
tory activity, using Xenopus laevis oocytes expressing human o7- or
a9a10-nAChRs. The biological results of the modifications of MG624
concerning the cationic head, the ethylene linker and the styryl portion
allow to define the following structure activity relationships (Fig. 5): (a)
the increase or decrease of the ammonium head volume (e.g., compound
4 and 5, with 5.74 uM and 34.3 pM ICsp at a9a10-nAChR, respectively),
and the inclusion of the ethylene bridge between O- and triethy-
lammonium group into a piperidine or quinuclidine ring (e.g., com-
pound (+)-6, 10.4uM ICs5y at a9al0-nAChR) lead to selective
antagonists at a9a10-nAChRs, devoid of any antagonist activity at

ethylene bridge

—
N
)
B

MG624

o O O
o o @
5 6 7

a7-nAChR; (b) the derigidification of styryl moiety (i.e., compound 7,
9.12uM ICs¢ at a9a10-nAChR) leads to a selective antagonist at
a9a10-nAChR, devoid of any antagonist activity at a7-nAChR.

Further pharmacological characterization of compound 4 and other
a9a10-nAChR antagonists of the same series for intrinsic activity
allowed the authors to discover the partial agonism behavior at supra-
micromolar concentration at a9al10-nAChR and to hypothesize a
mechanism of their selective a9a10-nAChR antagonism, which could
consist of opening, engaging the channel, and then blocking the receptor
into a non-conducting and open state. Compound 4 is the most inter-
esting compound of the series being a potent and selective antagonist at
a9a10-nAChR (5.74 uM ICsg), with very low affinity at «7- and a3p4-
nAChR, and completely devoid of activity at the a7-nAChR subtype at
the maximum tested concentration (100 uM). For these features, com-
pound 4 represents a candidate to investigate the debated multifaceted
aspects of a9a10-nAChRs druggability.

2.1.5. a-Conotoxins targeting the a9 * -nAChR

An exhaustive report about the pharmacology and therapeutic po-
tential of conotoxins antagonizing nicotinic acetylcholine receptors is
already presented in this issue by Adams et al. [42] However, an ex-
amination of the structural evolution of conotoxins through medicinal
chemistry techniques together with pharmacological properties of
native and modified a-conotoxins targeting «9a10-nAChRs deserves a
chapter in this review. Scientific interest has recently emerged to modify
and functionalize conopeptides aiming to enhance knowledge about
structure activity relationships and to develop new pharmacological
tools with improved potency and different subtype selectivity.

|

o

J

Fig. 5. Analogs of MG624 endowed with selective antagonist activity toward a9a10- over «7-nAChR subtypes.
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Conotoxins can be divided into subfamilies based on different
criteria: the signal peptide sequence (e.g., A-, D-, I- etc.), the pharma-
cological targets (e.g., a-, y-, 8-, k- etc.), and the cysteine framework
pattern. a-Conotoxins are generally composed of 12-40 amino acid
residues, with four cysteine residues that are important to determine the
secondary structure of this peptides and are essential for the biological
activity. Indeed, cysteine residues form disulfide bridges that confer
different secondary structure (Fig. 6A) based on the bridge pattern,
namely globular (C1-C3, C2-C4), ribbon (C1-C4, C2-C3), and bead
(C1-C2, C3-C4) [43,44].

In 2005, McIntosh et al. reported the first toxin able to distinguish
between o7- and «9a10-nAChRs, namely the a-conotoxin PelA identified
from Conus pergrandis [45]. The a-conotoxin PelA inhibits ACh evoked
current in a9010-nAChRs with 6.9 nM ICsp and displays a 260-fold
higher selectivity for a9a10- respect to a7-nAChRs. a-Conotoxin PelA
has a high sequence similarity with toxins MII and GIC, isolated by other
Conus species, but neither of these two a-conotoxins inhibit responses
elicited by ACh at ®9a10-nAChRs (Table 2).

A novel o-conotoxin from the species Conus regius, namely the
a-RgIA, was identified and characterized as a subtype specific blocker of
the «9010-nAChR. o-RgIA was able to inhibit ACh evoked current at
a9a10-nAChR with 5.2 nM ICsq and a remarkable selectivity for a9a10-
nAChR respect to a7-nAChR (approximately 1000 fold), a3$2-nAChR
(>2000 fold) and other heteromeric nicotinic subtypes [51]. The critical
residues conferring the activity toward a9a10-nAChR of this o-con-
otoxin were determined by Huyn et al. using mutational approach [62].
Both side chain length and charge of Arg7 were proved to be critical for
pharmacological activity, together with the side chain length, but not
charge of Arg9. On the contrary, substitution of Tyrl0 (e.g, with
3-iodo-L-tyrosine) and Argll (e.g., with L-homoarginine) allowed to
increase potency for human a9a10-nAChR subtype.

Another important a-conotoxin is Vcl.1 from the venom ducts of
Conus victoriae, a molecule that entered in clinical trial for the treatment
of neuropathic pain. This conotoxin can selectively block ®9a10-nAChR,
with 19 nM ICsp, compared to > 3,0000 nM ICsp at a7-nAChR. Vcl.1

(A)
S—S— [ S-§ |
CC C C CC C C
' S-S : l—s-s—
Globular Ribbon
57
CcC C C
L g-g-!
Bead
(B)
—S-8—

GCXSDPRCNYDHPEIX-NH,

dicarba[3,16]Vc1.1

| S-S |
GXCSDPRXNYDHPEIC-NH,
|

dicarba[2,8]Vc1.1
Fig. 6. (A) Possible arrangements of disulfide bridges of a-conotoxins: globular

(the most common), ribbon and bead structures. (B) Dicarba bridges modifi-
cations of Vcl.1.
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also blocks a6-containing nAChRs with lower potency and it is a potent
antagonist of N-type calcium channel function through the agonist
activation of GABAp receptor [47,63]. A structure activity relationship
study conducted by scanning mutagenesis of Vcl.1 revealed that resi-
dues Asp5-Arg7 and Aspll-llel5 are fundamental for activity at
®9a10-nAChR. However, introduction of N9G mutation or S4R mutation
resulted in more potent antagonist at this receptor subtype, with ICsq of
6 nM and 17 nM respectively (please note that in this article, Vecl.1
activity was reported to be 109 nM at rat a9a10-nAChR). The new an-
alogs maintained selectivity for ®9a10-nAChR versus o7, a3p2 and a3p4
[48]. Similarly, a structure activity relationship study of Vc1.1 at human
a9010-nAChR conducted by minimal side chain replacement revealed
that single mutations S4 Dab (Dab = diaminobutyric acid), NOW and
NOA all increased antagonistic properties at ®9a10-nAChR. These find-
ings prompted the authors to synthesize analogs Vc1.1[S4 Dab, NOW]
and Vcl.1[S4 Dab, N9A] which possessed a 20-fold increased potency at
human a9a10-nAChR (ICsy of 38.7 nM and 52.5nM, respectively)
compared to Vcl.1 (IC5p of 1000 nM) [49].

Vcl.1, as well as all natural conopeptides, contains disulfide bridges
that are essential for the biological activity but hamper stability and
large-scale production. For these reasons, Vcl.1 has been modified with
dicarba moiety (i.e., the disulfide moiety was substituted with cis or trans
HC=CH moiety) to address the stability issue and to study possible in-
fluence on pharmacological properties. Interestingly, the introduction of
dicarba bridge in position [3,16] (Fig. 6B) allowed selective inhibition of
®9010-nAChR with 2.4 uM ICs for the trans isomer, and 12.0 uM for the
cis isomer, and null activity at GABAg receptors. On the other hand, the
introduction of dicarba bridge in position [2,8] afforded analogs with
selective activity toward GABAg receptors and null activity at the
®9x10-nAChR [50].

A similar study was conducted by structural modification of a-RgIA.
In this case, the introduction of dicarba bridge in position [3,12] allowed
selective inhibition of a9a10-nAChR with 1.15 uM ICsg for the trans
isomer, and 1.47 uM for the cis isomer. The introduction of the dicarba
bridge also allowed to obtain improved a9a10- vs «7-nAChR selectivity
for the cis isomer (inactive at the a7-nAChR subtype), whereas the trans
isomer was unselective for the a9a10-nAChR subtype, exhibiting a
3.95 uM ICsq at the a7- nAChR. [53] Subsequently, the structure of
a-RgIA was modified with the development of a synthetic peptide,
namely RgIA4. This molecule antagonizes selectively a9a10-nAChRs,
with 1.2 nM ICsg, compared to a7-nAChR (4500 nM ICs), other nAChRs
subtypes and other targets (i.e., opioid and GABAg receptors). RgIA4 was
demonstrated to prevent chemotherapy-induced cold allodynia in vivo in
rat and mice after oxaliplatin administration and to produce a sustained
analgesic effect lasting 21 days after oxaliplatin administration in mice
[54,64]. RgIA4 was also successful in the treatment of mechanical
allodynia caused by paclitaxel, thus supporting its efficacy in multiple
chemotherapeutics models [65]. The prevention of cold allodynia after
oxaliplatin administration mediated by RgIA4 was proved to not occur
in a9-nAChR-encoding gene (i.e., CHRNA9) knock out mice and in mice
lacking CD3 + T-cells indicating that both CHRNA9 and CD3 + T-cells
are required to mediate this effect [66].

Recently, Liang et al. reported the synthesis and pharmacological
characterization at nAChR subtypes of a-conotoxin dimers. Using click
chemistry reactions between an azide group of a modified a-conotoxin
and an alkyne-lysine dendron with two alkyne moieties, dimers of
Vcl.1, RgIA# (an analog of a-RgIA truncated and amidated at C-ter-
minal), and PelA were synthesized. The dimerization generally induced
enhanced potency at the a9a10-nAChR expressed on Xenopus oocyte,
with 266 nM ICgsg for the Vcl.l dimer (1000 nM ICsy for Vcl.1),
38.5 nM for the RgIA# dimer (248 nM ICs for RgIA#), and 1.9 nM for
the PelA dimer (21.9 nM ICsq for PeIA). The human «9a10- vs a7-nAChR
selectivity compared to parent a-conotoxin was preserved for Vel.l
dimer, reduced for PelA dimer and abolished for RgIA# dimer (Table 2).
Therefore, RgIA# dimer is an important pharmacological tool that
would be useful to prove dual inhibition targeting these two nAChR
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Table 2
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Conotoxins sequence and activity at «9a10- and o7-nAChRs expressed on Xenopus oocytes. # = amidated at C terminus; * = citrulline; § = 3-Iodo-L-Tyrosine; $>hY

= p3-homo tyrosine; bhY = L-p-homotyrosine; [] = side chain cyclization; X = methylene thioacetal replacement; Pen = L-penicillamine.

Name Sequence ICsp ®9010 (nM) [species] ICso 7 (nM) [species]
MII GCCSNPVCHLEHSNLC# > 10,000 [rat]*
GIC GCCSHPACAGNNQHIC > 10,000 [rat]*
PelA GCCSHPAGSVNHPELC# 6.9 [rat]’ 1800 [rat]”

21.9 [human]” > 10,000 [human]”
PelA dimer 1.9 [human]® 353.6 [human]®
ImI GCCSDPRCAWRC#
Vel.l GCCSDPRCNYDHPEIC# 19 [rat] > 30,000 [rat]*

109 [rat]¢ 7123 [rat]?

1000 [human]” > 10,000 [human]”
Vcl.1[N9G] 6 [rat]® > 3000 [rat]
Vcl.1[S4R] 17 [rat]® > 3000 [rat]
Vc1.1[S4 Dab, N9W] 38.7 [human]®
Vc1.1[S4 Dab, N9A] 52.5 [human]®
Vcl.1-dicarba[3,16]trans 2400 [rat]’
Vcl.1-dicarba[3,16]cis 12,000 [rat]’
Vcl.1 dimer 266 [human]” > 10,000 [human]”
a-RgIA GCCSDPRCRYRCR 5.2 [rat]® 4660 [rat]®

510 [human]”
a-RgIA-dicarba[3,12]trans 1150 [rat]’ 3950 [human]'
a-RgIA-dicarba[3,12]cis 1470 [rat]’ > 3000 [human]'
a-RgIA# GCCSDPRCRYRC# 248.7 [human]” > 1000 [human]”
a-RgIA# dimer 38.5 [human]” 63.1 [human]”
RgIA4 GCCTDPRC* 1QCY 1.2 [mouse]’ 4500 [mouse]’

1.5 [human]®
Cyclic-RgIA4 [GCCTDPRCR}QCY] 3.4 [human]“ 504 [human]®
RgIA-5524 GCXTDPRCR{QX(bhY)R 0.9 [human]" 186 [human]"
RgIA-5474 GC(Pen)TDPRCRIQC(F>hY)R 0.0504 [human]' 115 [human]'
aB-VXXXIVA VRCLEKSGAQPNKLFRPPCCQKG 1200 [rat]™ 30,000 [rat]™

PSFARHSRCVYYTQSRE
«S-GVIIIB SGSTCTCFTSTNCQGSCECLSP 9.79 [rat]" > 1000 [rat]"
PGCYCSNNGIRQRGCSCTCPGT#

«0-GeXIVA TCRSSGRYCRSPYDRRRRYCRRITDACV 4.61 [rat]® 415 [rat]®
[C2A,C9A,C208,C27S]GeXIVA 6.1 [rat]” 1270 [rat]”

33 [human]”
Bt14.12 GDCKPCMHPDCRFNPGRCR# 62.3 [rat]® > 1000 [rat]?
Bt14.12[A2D,+ 19RRR] GCKPCMHPDCRFNPGRCRRRR# 12.7 [rat]? -

@ Data from ref. [45]
b Data from ref. [46]
¢ Data from ref. [47]
d Data from ref. [48]
¢ Data from ref. [49]
f Data from ref. [50]
8 Data from ref. [51]
b Data from ref. [52]
! Data from ref. [53]
J Data from ref. [54]
X Data from ref. [55]
! Data from ref. [56]
™ Data from ref. [57]
" Data from ref. [58]
° Data from ref. [59]
P Data from ref. [60]
4 Data from ref. [61]

subtypes as a promising therapy of various type of cancer [46], similar to
previously reported analogs of MG624, dual inhibitors useful to inves-
tigate the involvement of these receptors in tumor progression [7].

In 2020, a cyclic derivative of RgIA4 was developed aiming to in-
crease stability and to maintain the good pharmacological properties of
the native a-conotoxin. The followed approach was the side-chain
cyclization, meaning that a third cyclization bridge is introduced at
the C- and N-termini in order to not perturb the backbone and, thus, to
maintain high potency. A screening of four different side chains was
conducted, followed by two single amino acid modification that allowed
to select the best cyclic RgIA4 derivative (Cyclic-RgIA4, Table 2). The
potency (3.4 nM ICsp) on human a9a10-nAChR expressed on Xenopus
oocyte indicated a comparable activity to RgIA4 (1.5 nM ICsq). Selec-
tivity was maintained versus all nAChR subtypes (ie., >1000 fold

selectivity for «9a10 versus a2p4, a3p2, a3p4, adp2, adp4, a6/a3p2p3,
ab6/a3p4, f4p4, and muscle type) while for a7-nAChR subtype a 148-fold
selectivity for a9al0- versus a7-nAChR (504 nM ICsy) was found.
Moreover, cyclic RgIA4 derivative showed improved serum stability
compared to RgIA4 and it was able to prevent oxaliplatin induced cold
allodynia [55].

The disulfide replacement with methylene thioacetal bridge has been
evaluated by Zheng et al. who synthesized RgIA-5524, a potent (0.9 nM
ICsp) and selective antagonist at the a9a10-nAChR with improved serum
stability. The RgIA analog showed a good selectivity for a9al0 vs a7
subtype (206-fold), other nAChRs (more than 11,000-fold over a2p2,
a2p4, a3p2, a3p4, a4p2, a4p4, a6/a3p2p3, and a6/03p4) and exerted
low or negligible activity on pain-associated receptors or ion channels (e.
g., opioid receptors, NMDAR, BZD, OCT receptors and various voltage
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gated ion channels). RgIA-5524 relieved neuropathic pain induced by
oxaliplatin administration through inhibition of a9-containing nAChRs,
as demonstrated by in vivo experiments [52].

Another series of RgIA4 derivatives were developed by introduction
of penicillamine, a cysteine surrogate, which allowed the discovery of
RgIA4-5474, a potent inhibitor of a9a10-nAChR (0.0504 nM ICsp) with
2000-fold greater potency compared to a7-nAChR (115 nM ICsp). The
new conotoxin expresses high selectivity also vs all other nAChRs
assayed and exhibits low or negligible activity at opioid receptor sub-
types, N- and L- Ca?* channels and a large panel of other receptors and
ion channels. This substitution also allowed to increase metabolic sta-
bility in serum and the obtained peptide, RgIA4-5474, reversed cold
allodynia and painful cold sensation in oxaliplatin-induced pain model
in mouse [56].

Interestingly, introduction of a fluorescent dye (i.e., Cy3, a cyanine
dye) to the N-terminus of a-conopeptide RgIA-5474 via click chemistry
reaction, allowed the preparation of a novel biomarker, namely RgIA-
5727, capable of potently inhibiting a9a10-nAChR (23 pM ICsp),
selectively versus a7 (290-fold) and other nAChR subtypes (40,000-fold).
The compound can serve as a pharmacological tool to study a9a10-
nAChRs in various cells and tissues [67].

Another conotoxin with selective antagonist activity for the «9a10-
nAChR has been reported in 2015, when McIntosh et al. described the
isolation and identification of aS-GVIIIB. This peptide blocks the a9a10-
nAChR with a 9.79 nM ICsg. Moreover, aS-GVIIIB is selective for «9a10-
nAChR compared to other nAChR subtypes, and it is also selective
compared to 5-HTj receptor, another member of the Cys-loop receptor
superfamily [58]. In the same year, the authors also reported the
isolation of the aO-conotoxin GeXIVA [1,2], a peptide able to antagonize
the «9010-nAChR subtype with 4.61 nM ICs¢ and with a certain selec-
tivity vs other nAChRs (e.g., 90-fold selectivity over a7-nAChR subtype).
Kinetic analysis of toxin dissociation indicated that the binding site of
GeXIVA and that of conotoxin RgIA do not overlap. When tested in the
rat chronic constriction injury model of neuropathic pain, GeXIVA
reduced mechanical hyperalgesia [59]. Furthermore, in vivo adminis-
tration of GeXIVA [1,2] in rats relieved mechanical and cold allodynia
caused by oxaliplatin, and promoted recovery from neuropathic pain
after repeated treatments [68].

GeXIVA was also tested to evaluate its antitumor activity; in partic-
ular, in vitro assays on breast cancer MDA-MB-157 cells highlighted anti-
proliferative and pro-apoptotic activity of the conotoxin. The anti-
proliferative activity was associated to the inhibition of «9a10-nAChR
[69]. Interestingly, Yu et al. reported an assessment of the stability of
GeXIVA [1,2] in serum, enzymes, thiols and in forced stress conditions.
GeXIVA [1,2] was unstable in human serum, similarly to other previ-
ously assayed conopeptides (i.e., RgIA). GeXIVA [1,2] was also unstable
when tested in enzymatic stability studies (ie., in the presence of
simulated gastric fluid and simulated intestinal fluid) and in buffers
containing reducing thiol (i.e., GSH and HSA) [70]. A recent article
investigated the structure activity relationships of this peptide by single
modification of the amino acid sequence and showed that disulfide
bridges are not essential for the biological activity of GeXIVA. This
finding suggests that the structure can be simplified and prompted the
researchers to synthetize some derivatives leading to a new peptide (i.e.,
[C2A,C9A,C20S,C27S]GeXIVA) able to inhibit human a9a10-nAChR
expressed on Xenopus oocyte with 33 nM ICsy and endowed with good
selectivity vs other nAChRs [60].

More recently, a new conotoxin member of the A-superfamily,
Bt14.12, was cloned from Conus betulinus and was characterized in
pharmacological assays and in SAR studies. Bt14.12 exhibited high po-
tency for inhibition of ®9a10-nAChR expressed on Xenopus oocyte with
62.3 nM ICs¢ and weaker inhibition of other nAChR subtypes (e.g., 042,
ICsp = 4117 nM; a3p2, ICso = 1797 nM; other subtypes tested a2p2,
a2p4, a3p4, a4p4, a7, ICso > 1000 nM). The SAR study allowed the
authors to understand that all amino acid residues significantly
contribute to its potency. A further improvement of the functional
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activity was achieved by deletion of Asp2 combined with the addition of
three Arg residues at N-terminus that resulted in 4-fold increase of po-
tency [61].

2.1.6. a9 * -nAChR allosteric ligands

L-Ascorbic acid is a vitamin capable of modulating the activity of the
Cys-loop receptor superfamily (e.g., GABAsRs, GABA(Rs etc.). For this
reason, Boffi et al. evaluated the modulation, mediated by L-ascorbic
acid, of a4p2-, a7-, and ®9a10-nAChRs. The compound did not have any
effect on the a4p2- and a7-nAChR subtypes, while was able to potentiate
the ACh-induced current at the a9010-nAChR expressed on Xenopus
oocyte. The potentiation occurs in a concentration dependent manner
with an effective concentration ranging from 1 to 30 mM, and it is
stereo-specifically induced by L-ascorbic acid, but not by D-ascorbic
acid. The authors concluded that the current modulation induced by L-
ascorbic acid could be explained by an allosteric mechanism [71].

2.2. a7-nAChR ligands

In this subsection, we review the most recent «7-nAChR agonists and
antagonists. The agonists are more numerous, and we present them
grouped by molecular structures, while the antagonists are fewer and
structurally heterogeneous and thus reported in a single subsection.
Furthermore, a small collection of allosteric modulators, radioligands
and an update on pharmacological characterization of previously known
ligands for the a7-nAChR are described in separate sections.

2.2.1. a7-nAChR agonists

2.2.1.1. Tetrahydroisoquinolines, and tetrahydropyridyl pyridines. Kris-
tensen and coworkers have previously described derivatives of aromatic
Erythrina alkaloids as nAChR antagonists, with compound O-methyl-
corypalline being characterized as a strong and selective binder at a4p2-
nAChR (0.87 uM Kj) versus other nAChR subtypes (i.e., a4p4, a3p4, and
a7) [72]. Starting from this study, a series of O-methylcorypalline and
tetrahydroisoquinoline derivatives were reported by the same research
group allowing the discovery of ligands for the a7- and a4f2-nAChRs
(Fig. 7). The functional characterization of the compounds was deter-
mined at ma4$2-HEK293T and ra3f4- HEK293 in the FLIPR Membrane
Potential Blue assay, and at ha7Ri¢3/NACHO_HEK293 cell line in the
Ca2 + /Fluo-4 assay in the presence of the a7-nAChR PAM
PNU-120596. Within the series, compounds 8 and 9 displayed potent
a7-nAChR agonist activity (i.e., 0.99 pM and 1.2 pM ECs, respectively),
a4p2-nAChR antagonist activity (i.e., 1.2 pM and 1.8 pM ICs, respec-
tively), and negligible or low activity at a334-nAChR. Furthermore,
compound ( %+ )-10 stands out for the best activity at a4p2-nAChRs with
half-maximal inhibitory concentration of 0.52 pM, null activity at a3p4,
and agonist activity at «7-nAChR with 2.6 uM ECsp. Enantiomeric res-
olution of (+)-10 and subsequent pharmacological evaluation
demonstrated that its a4p2 antagonist activity resides on the R-enan-
tiomer, (R)-10 (0.22 uM ICsp), while the S-enantiomer has negligible
activity at this subtype and maintained agonist activity at a7-nAChR
with 5.4 uM ECsp. However, considering the agonist activity of (R)-10 at
a7-nAChRs (i.e., 1.6 uM ECs), the compound is considered a dual a4p2-
antagonist and a7-nAChRs agonist. In vivo administration of (R)-10 in
the mouse forced swim test allowed to discover antidepressant-like ef-
fects. The SAR study also led to the identification of compound 11, a
N-benzyl substituted analog of O-methylcorypalline, endowed with
a7-nAChR antagonist activity with 2.0 uM ICs¢ value and negligible
activity at a4p2- and a3p4-nAChRs [73].

Xing et al. recently reported the pharmacological characterization of
two isomeric nAChR agonists, the natural compounds isoanatabine from
nemertine worm, and anatabine from the commercial tobacco plant. The
racemic compounds were synthesized, and pure enantiomers were iso-
lated by chiral preparative HPLC (compounds 12-15, Fig. 7). The
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Fig. 7. Tetrahydroisoquinolines, and tetrahydropyridyl pyridines derivatives with agonist activity at «7-nAChR subtype.

pharmacological characterization of all 4 compounds showed a dual
agonist activity at a4p2- and a7-nAChR. [74].

2.2.1.2. Quinuclidines. Xue et al. developed a series of derivatives of Br-
IQ17B (Fig. 8), previously identified as a potent agonist for a7-nAChRs
with a 1.8 pM ECsg (64 % Emax) [75], replacing the indolizine moiety
with benzoindolizines (e.g., compound 16, Fig. 8) and with reduced
aromatic pyrrole derivatives (i.e., dihydropyrrolizine, and 5,6,7,8-tetra-
hydroindolizine). Overall, more than thirty derivatives were synthesized
and almost all compounds showed agonist activity at human o7-nAChRs
expressed on Xenopus oocytes. Compound 16 showed 1.88 pM ECsg
(72.4 % Enax), and moderate selectivity over other nAChR subtypes (e.g.,
a4p2, and a3p4) [76].

Another series of a7-nAChR ligands (Fig. 8) containing the quinu-
clidine scaffold was recently reported by Mazurov et al. Thirteen com-
pounds were synthesized and assayed for binding affinity at a7-, a4f2-,
and a3p4-nAChRs. It is worth noting that the configuration of quinu-
clidine ether influences the selectivity at o7- versus a4p2-nAChR sub-
type, being trans-17 more selective for a7-nAChRs (1.4 nM a7 Kj, 73 nM
a4p2 K;) compared to cis-17 (59 nM a7 Kj, 17.3 nM a4$2 K;). Compound
trans-18 displayed the best profile of the series in term of binding
selectivity for a7- versus a4p2-nAChRs (11.1 nM a7 Kj, 220 nM a42 Kj).
Moreover, in vivo antitussive activity was evaluated in a guinea pig
model. Compound trans-18 showed a significant reduction of cumula-
tive number of coughs, meaning that a7-nAChR modulators may be a
novel option to develop antitussive drugs [77].
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Fig. 8. Quinuclidine containing small molecules as agonists of a7-

nAChR subtype.

Dallanoce et al. previously reported the discovery of spirocyclic
quinuclidines as potent agonists (e.g., compound 19, namely (R)-ICH3,
Fig. 9) or silent agonists at a7-nAChRs (e.g., 20, and 21 Fig. 9) [78,79].
Recently, the ADMET properties of the racemate of ICH3 have been
characterized as well as the anti-inflammatory properties and the anti-
proliferative effects on adipose-derived stem cells of (R)-ICH3 resulting
from selective activation of a7-nAChRs [80-83]. Based on the results
obtained with spirocyclic quinuclidines, two novel series of compounds
were designed maintaining the quinuclidine nucleus of 20 and 21, by
introducing a methylene spacer between quinuclidine and the hydrogen
bond acceptor moiety. 1,2,4-oxadiazoles bearing different (hetero)aryl
moieties in 3-position were selected for isoxazoline replacement with
the aim of exploring the a7-nAChRs binding pocket and possibly finding
additional beneficial interactions (e.g, general structures a and b,
Fig. 9). More than twenty-five compounds were synthesized and assayed
in electrophysiological experiments on human o7-nAChRs expressed in
Xenopus laevis oocytes. In general, the previously mentioned structural
changes (i.e., introduction of a methylene spacer and 3-aryl-1,2,4-oxa-
diazole moiety) shifted the activity toward partial agonisms at
a7-nAChRs (e.g., compounds 32a, and 32b). In brief, SAR studies
showed that: (a) partial agonism diminished by increasing size of the
halogen in the tertiary amine series 22a-25a, while the opposite trend
was found within the quaternary ammonium series 22b-25b; (b) polar
methoxy group conferred partial agonism activity in tertiary amine se-
ries (compound 26a-27a); (c) the introduction of heteroaryl substituent
generally enhanced partial agonism activity for tertiary amines (i.e.,
compounds 28a-31a) and resulted in silent agonism for quaternary
analogs (i.e., 28b-30b) [84].

2.2.1.3. 3-Substituted (3-pyridyloxymethyDpiperidines and 4,6-disubsti-
tuted 2-aminopyrimidines. Shen and coworkers have recently conduct-
ed a research campaign to discover novel acetylcholine-binding protein
(AChBP) ligands. Starting from a mini-library screening (70 com-
pounds), a piperidine derivative with high AChBP affinity was selected
as a promising candidate for further development (i.e., compound 34,
Fig. 10) [85]. At this stage, the authors have continued the SAR study
through the synthesis and biological evaluation of 27 analogs after X-ray
analysis of compound 33 co-crystallized with Ls-AChBP. A selection of
compounds based on affinity studies have been evaluated for functional
activity at a7-nAChR. Compounds (S)-34 and 35 behaved as the best
partial agonist efficacy at 7-nAChR (33.3 % and 33.8 % agonist activity
at 100 uM), while compound 36 was the most potent antagonist at
a7-nAChRs with ICsg around 1 pM. Interestingly, compound (S)-34
showed good pharmacokinetic properties after intravenous and oral
administration when tested in mice [86].

The research group led by Taylor reported a series of substituted 2-
aminopyrimidines with unique cooperative binding behavior at Lym-
naea AChBP [87]. Recently, the same research group extended the
search of 2,4,6-trisubstituted pyrimidine analogs targeting «7-nAChRs.
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Starting from compound 37 (Fig. 10), 22 derivatives were synthesized
and pharmacologically characterized in a PNU-120596 dependent,
cell-based calcium influx assay. The data analysis allowed to understand
that: (a) the amino moiety in 2-position is important for the activity at
a7-nAChRs; (b) its removal or substitution changes activity and selec-
tivity without eliminating submicromolar agonist responses; (c) the
di-(2-picolyl)amino group in 4-position is required for a7-nAChR
agonist activity; (d) the functionalization of the 6-position is critical for
activity and selectivity at a7-nAChR; (e) the presence of 2-fluoro-4-me-
thoxyphenyl at 6-position (compound 38) is a winning strategy to in-
crease o7-nAChR ECsg. Electrophysiological recordings performed for
selected compounds allowed to determine half maximal effective con-
centrations (0.11 pM ECs, 0.84 I o of the ACh maximum for compound

10

38; 0.35 pM ECsg, 0.98 Ipax for compound 37) and to understand that
the new series of compounds differ from silent agonists for the ability of
activating the a7 nAChR without the presence of PNU-120596. How-
ever, the compounds stabilize the PAM-sensitive desensitized state.
These data prompted the authors to consider a possible dual activity at
orthosteric and potential allosteric binding sites, a hypothesis that will
need further pharmacological evidence to explain the activity of these
noncanonical agonists [88].

2.2.2. a7-nAChR antagonists

As mentioned in the Section 2.1.4, a structure-activity relationship
study around the structure of MG624 was conducted by Bolchi and co-
workers, which enabled the discovery of selective small-molecules tar-
geting the a7- or the a9a10-nAChRs [40,41]. Within this study, binding
affinity at a7-, a3p4-, and a4p2-nAChRs guided the in vitro functional
characterization on Xenopus oocytes expressing human o7- or
a9a10-nAChRs. The biological results of analogs modified at the cationic
head, the ethylene linker and the styryl portion allowed to define the
following structure activity relationships (Fig. 11): (a) the inclusion of
the ethylene bridge between O- and triethylammonium group into (R)—
3-pyrrolidiniumoxy substructure, namely compound 39, (23 nM K; and
1.49 uM ICsp at a7-nAChR and 36.5 uM ICsp at a9a10-nAChR), produces
a 4-fold improvement in term of a7-nAChR binding affinity compared to
MG624 and a 7-fold improvement in term of o7 versus «a9a10-nAChR
selective antagonist activity compared to MG624 (104 nM K; and
1.99 uM ICsg at a7-nAChR and 6.68 uM ICsg at a9a10-nAChR); (b) the
rigidification of the styryl portion of MG624 into an aromatic bicycle
including a H-bond donor NH, such as 2-benzoimidazolyl (i.e., com-
pound 40), 5-indolyl (i.e., compound 41) leads to increased a7-nAChR
binding affinities (33.6 nM and 18.7 nM K;, respectively) and o7- over
a3p4-nAChR selectivity compared to the parent compound.

The high affinity at «7-nAChR of 41 and 39 prompted the authors to
hybridize the two compounds leading to 42, which stands out for the
very high o7-nAChR affinity (0.82 nM K;) and for the potent and se-
lective antagonism at a7-nAChR (1.07 pM ICsg) producing a full inhi-
bition of ACh induced function at this receptor subtype with remarkable
selectivity vs a9a10-nAChR (15.9 uM ICsp). The mechanism of action of
this compound was compatible with open-channel type of block and
further experiments will be required to confirm this hypothesis. The SAR
analysis showed that, starting from MG624, it was possible to obtain
selective antagonist at a7-nAChR by making modifications of both the
styryl moiety and cationic head.

Lépez et al. have previously reported compound 43 as a selective
antagonist for a7-nAChRs [89]. The same research group has recently
elaborated on the structure of this compound by modification of the
cationic head (Fig. 12). In general, compounds 45a-c inhibited ion
currents elicited by choline in interneurons from the stratum radiatum
hippocampal CA1 area (i.e., endogenous rat a7-nAChRs) more potently
than 44a-c. 45a was the most potent antagonist of the series at
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Fig. 12. Miscellaneous structures of antagonists of the «a7-nAChR subtype.

a7-nAChRs, with 10 uM concentration capable to induce complete in-
hibition of the ion currents elicited by choline [90].

With the aim of finding novel chemotypes targeting the a7-nAChRs,
Zhang et al. have performed a pharmacophore-based virtual screening of
the commercial small-molecule database ChemDiv. Based on virtual
screening results, a pool of 13 compounds was than assayed using two-
electrode voltage clamp (TEVC) technique in Xenopus oocytes expressing
human o7-nAChRs allowing to select T761-0184 (Fig. 12) as a candi-
date for further development. A SAR study guided by molecular docking
was performed by exploring different aromatic substituents in 3-position
and, then, combined modifications at 3- and 8- positions, providing the
synthesis and pharmacological characterization of fifty-one compounds.
Selected analogs of the series exhibited antagonist activity with ICsq
values ranging from 3.3 pM to 13.7 pM. The most interesting compound,
46, exhibited selective inhibition of a7-nAChR subtype (5.4 uM ICsg)
versus other nAChR subtypes (i.e., a4p2, and a3p4) [91].

Dukat et al. have previously identified MD-354 (Fig. 12) as a new
chemotype capable of inhibiting ACh elicited currents on a7-nAChRs.
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This compound (at 10 or 100 pM concentration) was ineffective at dis-
placing ['%°I]iodo-MLA in ligand binding assay using rat cerebral cortex
homogenate and was consequently postulated to act as a negative
allosteric modulator [92]. The same research group has recently pub-
lished a SAR study, consisting of twenty analogs of MD-354, by modu-
lating the 3-position of phenyl moiety and/or by introducing alkyl
substituents on N-aryl. Within the presented series of compounds and
with exemption of three cases, the inhibitory potency at a7-nAChRs
expressed in Xenopus oocytes using two-electrode voltage-clamp tech-
nique was generally maintained with ICsy ranging from 13 uM to
170 puM. On one hand, introduction of bulkier halogen in 3-position (i.e.,
Br or I) was beneficial, and introduction of -CF3 or -OCH3 moieties was
tolerated. On the other hand, substitution on N; with -CHs, -CHyCHgs,
and -CH(CH3s)2 was beneficial for inhibitory activity, while introduction
of a bulkier cyclopentyl in the same position abolished inhibitory ac-
tivity. The most potent compound of the series, 47, exhibited inhibition
of a7-nAChR with 13 uM ICsp, with a 3-fold potency increment
compared to parent compound MD-354 (42 uM ICsp). The compound
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also showed negligible affinity for other nAChR subtypes and 5-HTj
receptor. Compound 47 completely inhibited binding of [12°I]Tyr54--
monoiodo-a-bungarotoxin to the native a7-nAChR in autoradiography
experiment conducted in rat brain sections at 100 uM, a result that
suggested that the inhibitory action would not be only imputable to
competitive antagonism because the required concentration to obtain
substantial displacement of radioligand was greater than ICsq [93].
Methyllicaconitine (MLA) is a potent and selective oa7-nAChR
competitive antagonist (2 nM ICsp). The structure activity relationships
have been examined in previous reports, proving the importance of ni-
trogen atom, side chain of nitrogen atom, and ester side chain [94-97].
The structure of MLA has also been previously simplified synthesizing
ring E analogs (Fig. 12) [98], an approach very recently recalled by
Blagbrough and coworkers who synthesized AE-bicyclic analogs of MLA,
bearing different ester moieties and N-side chain substituents. All
compounds displayed antagonist activity at a7-nAChR expressed on
Xenopus oocyte in electrophysiological experiments, despite decreased if
compared to parent compound MLA (1 nM of MLA reduces the ACh
[100 uM] evoked currents at a7-nAChR to 3.4 %). Introduction of benzyl
substituent on nitrogen atom allowed to obtain the most potent com-
pound of the series, namely compound 48, capable of reducing the ACh
(100 uM) evoked currents at «7-nAChR to 53%, when applied at 1 nM
concentration. This finding sets the basis for a new series of a7-nAChR
antagonists that will need further development and pharmacological

OH

(OH)14

Fig. 13. Structures of a series of di- and hepta-valent nicotine derivatives as
antagonists of the a7-nAChR subtype.
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characterizations [99].

The research group of Gouin et al. recently reported the synthesis
and pharmacological characterization of di- (i.e., compounds 50-54)
and hepta-valent (i.e., compound 56) nicotine derivatives (Fig. 13),
which were constructed using ethylene glycol chains of different length
or cyclodextrin cores, respectively. All compounds showed inhibition of
ACh evoked currents on a7-nAChR subtype expressed in Xenopus laevis
oocytes. Compound 50 was the most potent compound of the two series
showing a 12 uM ICsp, namely 16-fold greater potency than parent
compound 49 (195 uM ICsg). For the other analogs, increasing the
ethylene glycol spacer length produced a decrease of ICsq values (i.e.,
greater potency), with compound 51 and 54 exhibiting 611 uM and
21 uM ICs, respectively. The heptavalent compound 56 showed a
196 uM ICsp, with 4-fold decrement compared to parent compound 55
(56 uM ICso) [100].

2.2.3. Allosteric ligands

A very recent review by Romanelli and coworkers, focusing on
allosteric modulators of o4p2- and a7-nAChRs, describes in deep
different types of modulators, mechanism of actions and the most
important a7 positive and negative allosteric modulators (PAM and
NAM, respectively) [101]. This review will cover only allosteric mod-
ulators of a7-nAChR published from 2018 that were not analyzed in the
previously mentioned work.

With the aim of finding new chemotype targeting oa7-nAChRs as
allosteric modulators, Qi Sun and coworkers have synthesized a series of
fused pyrimidin-ones (general structure A, Fig. 14) and performed
pharmacological characterization at a7-nAChRs expressed in Xenopus
oocytes using two-electrode voltage clamp technique. Compound 57
was characterized as type I PAM with ECsg of 3.20 uM and a maximum
effect of 320% in the presence of ACh (100 pM). A SAR study was then
conducted to improve efficacy of 57 by modification of all moieties and
highlighted the key pharmacophore moiety being the N6-(2-chloro-6-
methyl)-phenyl. The most promising compound of the series 58
exhibited an ECsp of 1.26 uM and a maximum effect of 1633% in the
presence of 100 pM ACh. The compound is selective for a7- over other
nAChR subtypes (i.e., a4p2, a3p4), and versus other receptors 5-HT3p,
NMDA, and GABA,. Upon assessment of excellent pharmacokinetic
profile and good brain tissue distributions, compound 58 was evaluated
in vivo in mouse schizophrenia model where it was able to reverse the
prepulse inhibition deficit induced by MK-801 [102]. Another analog of
57, JWX-A0108 (59), behaved as a7-nAChR type I PAM capable of
selectively enhance currents in the presence of the agonist ACh with
ECsg value of 4.35 uM. This compound was also proved to be effective in
mice models of schizophrenia as it was able to reverse the prepulse in-
hibition deficit and impaired spatial working memory, both induced by
MK-801 [103].

Starting from compound 57-59, the authors replaced the central
core with nicotinamide structure and synthesized more than 30 analogs.
Among them, compound 60 stands out as a potent (i.e., ECsg = 3.34 pM
and a maximum effect of 1474 % in the presence of 100 pM ACh) and
selective a7-nAChR PAM versus other nAChR subtypes and 5-HT34 re-
ceptor [104]. The same research group continued to develop compounds
as PAM of a7-nAChRs and identified a novel key pharmacophore,
namely 1,3,5-triazin-2-amine. Compound 61 (Fig. 14) is the represen-
tative compound of the new series characterized as type I PAM, with an
ECsp of 3.0 uM and a maximum effect of 3860 % in the presence of
100 uM ACh. The compound is characterized by high selectivity, good
pharmacokinetic profile in mice and effective to reverse the prepulse
inhibition deficit induced by MK-801 in mouse schizophrenia model
[105].

Smelt et al. described a virtual screening of the DrugBank database
using a pharmacophore model as template for the search of a7-nAChRs
allosteric modulators. 81 compounds were selected in this first phase
and the compounds were the divided into four classes: carbonic anhy-
drase inhibitors, cyclin-dependent kinase inhibitors, diuretics acting at
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Fig. 14. Fused pyrimidin-one, nicotinamide, and 1,3,5-triazin-2-amine containing PAM of the a7-nAChR.

the Na*-K*-CI cotransporter, and fluoroquinolone antibiotics. The best
ranked compounds of each class (i.e., DB04763, DB08122, furosemide
and pefloxacin, Fig. 15) were selected for the following pharmacological
characterization performed at a7-nAChRs expressed on Xenopus oocyte
using two-electrode voltage-clamp technique. Furosemide was found to
be an a7-nAChR PAM with ECsg value of 0.2 mM in the presence of
50 pM ACh (maximum level of potentiation of 1.6-fold at 1 mM con-
centration of furosemide). DB04763, DB08122, and pefloxacin were
characterized as a7-nAChR NAM with ICso of 46.4 uM, 1.7 mM, and
388 uM respectively when co-applied with 100 pM of ACh [106].

Being inspired by structures of other important a7-nAChR PAMs,
Nielsen et al. designed a new series of functionalized 1,4-disubstituted
1,2,3-triazoles by applying cycloaddition reactions using supported
copper nanoparticles as catalyst (Fig. 15). The new series of compounds
were assayed at o7-nAChRs expressed on BOSC23 cells by single-
channel and whole-cell recordings. 62, the most interesting and effica-
cious compound of the series, was characterized as type 1 PAM. The SAR
study summarized in Fig. 15 allowed to uncover phosphonate-
functionalized 1,2,3-triazoles as novel building block to reach o7-
nAChR PAM activity [107].

Despite the discovery of new chemotype as allosteric modulators,
known compounds with other pharmacological target have also been
recently studied to assess the activity toward o7- and a9a10-nAChRs as
allosteric modulators.

Cannabidiol (CBD, Fig. 16) is the second most abundant cannabinoid
compound contained in marijuana. The increasing interest in this ther-
apeutic agent has intensified investigations on molecular targets, also
comprising a7-nAChRs. The research group of Cecilia Bouzat recently
published an extensive pharmacological characterization of CBD by
high-resolution single-channel recordings and confocal microscopy. A

concentration-dependent decrease of single-channel activity on o7-
nAChR expressed in BOSC-23 cell line was revealed with ICsg estimated
value of 0.5 uM. The mechanism of inhibition of CBD was investigated in
deep and postulated to be compatible with the stabilization of the closed
or desensitized conformational states of a7-nAChR subtype [108].

Tricyclic antidepressants (TCAs) have been proved to inhibit
different nAChR subtypes, thus, Garcia-Colunga et al. studied the o7-
and a9a10-nAChRs activity of this class of compounds by using a com-
bination of Ca?' influx and voltage clamp recordings. Imipramine,
amitriptyline, and doxepin (Fig. 16) have inhibitory activity at a7 (ICsos
of 6.6 UM, 2.7 uM, and 5.9 1M respectively, inhibition of Ca?" influx in
GH3-a7 cells), ®9a10 (ICs¢ of imipramine = 0.53 puM, voltage-clamp),
and hippocampal o7 * -nAChRs (ICsp of imipramine 42.2 uMV,
voltage-clamp). A different mechanism of action was postulated for a7-
and a9a10-nAChRs inhibition by functional and molecular modeling
studies, for instance a noncompetitive inhibition of a7-nAChRs through
interaction with two overlapping luminal sites, and a competitive inhi-
bition of a9a10-AChRs through interaction with the orthosteric sites
[109]. The same research group continued pharmacological in-
vestigations at a7-nAChRs of antidepressants with different structure
and different pharmacological profile. The effects of norfluoxetine,
fluoxetine, escitalopram, imipramine, mirtazapine, bupropion, and
venlafaxine (Fig. 16) on ion current elicited by choline in rat CA1 hip-
pocampal interneurons were measured by electrophysiological re-
cordings. At the 20 pM concentration, all tested compounds were
capable to inhibit ion current of a7-nAChRs with the following rank,
being escitalopram the most potent (42.3% I¢y, control inhibition), and
norfluoxetine the weakest (17.7% Ic, control inhibition): escitalopram
~ venlafaxine ~ fluoxetine ~ bupropion > imipramine ~ mirtazapine
~ norfluoxetine [110].
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2.2.4. a7-nAChR radioligands

As far as the a7-nAChR radioligands are concerned, the recent
literature is mainly focused on PET tracers of the two selective a7-
nAChR agonists 63 (K; = 0.023 nM) and 64 (K; = 0.28 nM) (Fig. 17). In
addition to the most utilized derivatives of 63, i.e., [*8F]IDBT10 and
especially [!®F]JASEM, a group of fluorinated derivatives and one
iodinated analog of 64 were identified and preliminarily investigated
(Fig. 17). Among them, the radiosynthesis of compounds 65 and 66, that
emerged from newly prepared fluorene-9-one analogs, was translated to
a rapid and fully automated process that should in principle promote
their preclinical study [111].

In a set of new derivatives of 1,4-diazobicyclo[3.2.2]nonane syn-
thesized and evaluated as nicotinic ligands by Wang et al., five com-
pounds displayed high binding affinity (K; = 0.001-25nM) for o7-
nAChRs. Among them, primary amine 67 (K; = 0.0069 nM, Fig. 17)
bound o7-nAChRs with exceptionally high affinity coupled with a
> 10,000-fold selectivity over the a4p2 subtype, exhibited no significant
hERG (human ether-a-go-go-related gene) inhibition, and showed
agonistic activities in patch clamp electrophysiology assays. The corre-
sponding fluoro-containing derivative 68 maintained a good affinity and
selectivity profile (K; = 2.98 nM at o7 vs K; = 3.69 uM at a4p2) and was
radiolabeled with '®F to afford ['®F]168. The latter showed high in vitro
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stability and permeated the BBB to specially label a7 receptors in the
brain. Moreover, micro-PET/CT experiments in normal rats confirmed
accumulation of the compound in the brain, thus indicating in ['®F168 a
promising PET radiotracer for a7-nAChR imaging [112].

The same research group further utilized the 9 H-fluoren-9-one
scaffold to design novel potential radiotracers for imaging cerebral o7-
nAChRs. The meta-iodine substituted 9-fluorenone 69, that retained a
high binding affinity (K; = 9.3 nM) and > 500-fold o7 vs a4p2 selec-
tivity, was chosen for radiolabeling with 1251 1251169 (Fig. 17) showed
good in vitro stability and BBE permeation. In addition, cerebral bio-
distribution analyses, self-blockade studies with nonlabelled 69, ex vivo
autoradiography, and micro-SPECT/CT in mice put in evidence an
overall encouraging in vivo pharmacokinetic profile [113].

By applying an efficient reaction sequence that involved a Suzuki-
Miyaura cross coupling reaction, Ouach et al. described the synthesis
of a library of bis(het)aryl-1,2,3-triazole quinuclidine ligands targeting
a7-nAChR. The exploration of SAR indicated that nine of the new
compounds exhibited below nanomolar K; values for the a7 subtype, the
best scores being invariably obtained when the triazole was substituted
with the 5-phenyl-2-thiophenyl moiety [114]. Once the agonist o7
profile and the selectivity over a4p2-nAChRs and serotoninergic 5-HT3
receptors for the most interesting ligands was assessed, the two
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Fig. 17. Molecular structures of a7-nAChR radioligands using *®F and 1%°L.
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fluorine-containing compounds 70 (K; = 13 nM) and 71 (K; = 5nM)
were radiolabeled with '®F for preliminary in vivo evaluation and CNS
compatibility. Although the two compounds crossed the BBB after i.v.
injection, neither [*®F170 nor [*®F]71 (Fig. 17) specifically accumulated
in brain regions rich in a7-nAChR and were not significantly displaced
by the a7-nAChR antagonist MLA [114]. These data further demonstrate
that the previously cited [\®F]ASEM, due to its very high affinity for the
a7-nAChR (K; = 0.4 nM), is at present the reference PET-tracer for in vivo
binding of the a7-nAChR. The outcomes from a study using [‘FJASEM
in patients with schizophrenia indicated the feasibility of investigating
this receptor subtype as a potential target [115], and the same radio-
tracer entered a study by Coughlin et al., which compared the binding of
[*®F]ASEM in the hippocampus of individuals who had recent-onset
psychosis with that in healthy controls [116]. Although further studies
are needed, the results are consistent with lower hippocampal avail-
ability of the a7-nAChR subtype in nonsmoking individuals (11) with
recent-onset psychosis, particularly those with nonaffective psychosis,
than in healthy volunteers (15).

The same research group performed a cross-sectional study, in which
14 patients with mild cognitive impairment (MCI), a prodromal stage to
dementia, and 17 cognitively intact, elderly controls completed [*8F]
ASEM PET. The overall data evidenced higher availability of a7-nAChRs
in MCI patients than in healthy controls across all brain regions, in
accordance with both postmortem studies, reporting higher a7-nAChR
levels in the early stages of AD, and animal models of AD [117]. A po-
tential validation of the high availability of a7-nAChRs as a biomarker of
MCI may therefore prove suitable for earlier detection of AD.

Among the recent PET exploration of a7-nAChRs with [*8F]ASEM,
Vetel et al. investigated the evolution of these receptor subtype in vivo
with PET imaging in a rat model mimicking early stages of PD, a study
carried out at 3, 7, and 14 days following a partial striatal unilateral
lesion with 6-hydroxydopamine in adult rats [118]. After collecting the
last imaging data, the status of nigrostriatal dopamine neurons as well as
different markers of neuroinflammation was evaluated on brain sections
by autoradiography and immunofluorescence experiments. An
over-expression of a7-nAChRs at early stages after lesion was observed,
that could reflect a biphasic M2 (anti-inflammatory)/M1 (inflamma-
tory) phenotype of the activated microglia. These findings indicate
a7-nAChR agonists as a putative therapeutic treatment in PD, high-
lighting their use at the early stages of the disease.

Another report is related to the application of [\®F]JASEM as radio-
tracer for the imaging of a7-nAChR expression in the vasculature. Yang
et al. established atherosclerotic plaques models of carotid arteries in
ApoE— /— mice and abdominal aorta in New Zealand rabbits and re-
ported a PET/CT imaging conducted with [*®FJASEM, that made it
feasible to image atherosclerotic plaques and to evaluate the vulnera-
bility of plaques toward rupture [119]. Overall, [ISF]ASEM as a mo-
lecular probe showed a good sensitivity in detecting inflammation and
may display a stronger signal intensity of inflamed atherosclerotic pla-
ques compared to the standard 18F—ﬂuorodeoxyglucose ([*®F]
FDG)-based nuclear medicine imaging protocol, thus being a promising
radiotracer for the early identification of atherosclerotic plaques and
other chronic inflammation diseases.

Since a7-nAChRs are involved in several cognitive and physiologic
processes and their expression levels and patterns change in neurologic
and psychiatric diseases, Donat et al. explored new selective radio-
ligands for the a7-nAChR in view of investigating its distribution and
occupancy profile in the mammalian brain. To such an end, the in vitro
binding properties of ['2°I]JASEM (Fig. 17) in the mouse, rat and pig
brain using autoradiography were analyzed, together with the in vivo
binding profile of ['8F]ASEM in the pig brain by PET/CT [120]. [*%°1]
ASEM allowed sensitive and selective imaging of a7-nAChR in vitro, with
better signal-to-noise ratio and other advantages over a tracer like
[1?°I]a-bungarotoxin. Data also suggested that ['2°ITASEM may poten-
tially bind heteromeric a782-nAChRs. On the other hand, [*8F]1ASEM
was characterized by high brain uptake and suitable kinetic properties
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for in vivo quantification of a7-nAChR in the pig, in line with previously
published data.

2.2.5. Recent advancements in the characterization of previously
discovered a7-nAChR ligands

The recent literature also offers pharmacological advancements of
previously discovered compounds targeting the o7-nAChRs. Among
others, GTS-21, PNU-282987, PHA-543613, and TC-5619 (i.e., Brada-
nicline) have been extensively used as pharmacological tools in vitro, ex
vivo, and in vivo studies (Fig. 18).

GTS-21 is an a7-nAChR agonist [121,122] that was previously
studied in clinical trials for schizophrenia, Alzheimer disease, attention
deficit hyperactivity disorder, obesity, and for anti-inflammatory effect
in human endotoxemia model [123]. Recently, GTS-21 was studied in
animal models of several pathologies that, on one hand, prove the
involvement of a7-nAChRs in such pathological conditions and, on the
other, highlight potential therapeutic usefulness of GTS-21 and other
a7-nAChR agonists.

The anti-inflammatory and neuroprotective activity of GTS-21 was
evaluated in neuroinflammation and Parkinson’s disease (PD) mouse
models with positive outcome of effectiveness and with a proof of the
a7-nAChRs mediation for the anti-inflammatory activity [124]. Car-
dioprotective effect via the cholinergic anti-inflammatory pathway of
GTS-21 was proved with two interesting reports investigating the effects
of GTS-21 in LPS-induced sepsis myocardial injury in mice and in
streptozotocin-induced diabetic cardiomyopathy in rats. In the latter
case, the authors mentioned a possible independent mechanism in
addition to a7-nAChR activation due to only a partial reverse of GTS-21
action after pretreatment with a7-nAChR antagonist (i.e., MLA) [125,
126]. In this regard, B. K. Garg and R. H. Loring previously investigated
the activity of GTS-21 in two cell models and proved that a part of its
anti-inflammatory activity is mediated by a7-nAChRs in macrophages,
but other cell-specific independent mechanisms are also involved [127].

Some other reports recently examined and proved the anti-
inflammatory activity of GTS-21 to abate diabetes-induced kidney
injury [128], to attenuate acute lung injury after renal
ischemia-reperfusion injury in mice model [129], to suppress the pro-
duction of IL-6 and NO in peripheral blood mononuclear cells of chronic
obstructive pulmonary disease patients [130], to improve intestinal
barrier function in mice DSS-induced intestinal colitis model [131], and
to reduce radiation-induced lung injury in mouse model [132].
Furthermore, GTS-21 administered in mice after intracerebroventricular
administration of streptozotocin proved to protect from oxidative stress,
neuroinflammation, and to improve insulin signaling, thus indicating
potential usefulness of ®7-nAChR agonists for insulin resistance induced
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Fig. 18. Structure of GTS-21, PNU-282987, PHA-543613, and TC-5619.
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by Alzheimer disease [133].

PNU-282987 is an «7-nAChR agonist characterized by high binding
affinity (K; = 27 nM) and high potency (ECsg at a7-5HT3 chimera =
154 nM) at this receptor subtype. PNU-282987 showed selectivity over
neuromuscular junction receptor subtype (i.e., alp1lyd) and the a3p4-
nAChR subtype, and a 62-fold preference for a7-nAChR versus 5-HT3
receptor [134]. This compound was used to prove the importance of
cholinergic anti-inflammatory system in a model of chronic allergic
airway inflammation in mice [135], and was proved to suppress the
secretion of pro-inflammatory factors in DSS-induced colitis mice model,
thus inducing a protective effect in this model [136]. Recent advance-
ments also allowed to deepen mechanistic knowledge on the neurogenic
and regenerative effect that was observed previously in adult murine
retina and could be useful in the future to develop novel therapeutic
opportunities for functional vision loss [137].

PHA-543613 is an a7-nAChR agonist characterized by high binding
affinity (K; = 8.8 nM), and high potency (ECsy at a7-5HT3 chimera
= 65 nM). This compound was discovered as potential therapeutic for
cognitive deficits associated to schizophrenia [138]. Recently,
PHA-543613 was used as pharmacological tool in Alzheimer disease
models allowing to understand that (a) the administration of
PHA-543613 improved impaired cognitive function in presenilin 1 (PS1)
and presenilin 2 (PS2) conditional double knockout mice model [139],
and (b) the co-administration subeffective doses of PHA-543613 and
memantine enhance cognitive effect greater then respective mono
treatments in a rats scopolamine-induced amnesia model [140].

Bradanicline (i.e., TC-5619) is a selective agonist of the a7-nAChRs
with high binding affinity (K; = 1.4 nM) and high potency (ECsg
17 nM, Epax = 76%) at this receptor subtype. This compound is char-
acterized by a 1000-fold greater selectivity for a7- versus a4p2-nAChR
subtype and has negligible activity for muscle or ganglionic nAChR
subtypes. TC-5619 entered in multiple clinical trials to treat cognitive
impairment associated to neurological disorders as schizophrenia, Alz-
heimer and attention deficit hyperactivity disorder [141]. More
recently, the compound also entered in clinical trials for refractory
chronic cough treatment. In this respect, TC-5619 has been proved to
have antitussive effect in guinea pigs. In addition, a selective agonist of
a4p2-nAChR subtypes (i.e., TC-6683) did not have effect on evoked
cough responses in this animal model, while another a7 selective agonist
(i.e., PHA-543613) inhibited evoked cough responses [142].

3. Concluding remarks

a9- and a10- were the last nAChR subunits to be identified and
successful expression of a9al0-receptors in mammalian cells is rela-
tively recent as well as the possibility of extended screening for «9a10-
nAChR selective lead compounds. Consequences of this are the here
reviewed shortage of a9a10 selective small molecules ligands and the far
from complete characterization of the pharmacology of this distinct non-
neuronal and non-muscle nicotinic heteromeric receptor composed only
of a subunits. The combination of the two a9 and «10 subunits in the
pentamer giving different stoichiometries and the contribution of each
subunit to the principal and complementary components of the orthos-
teric binding site are additional issues to be addressed in the study of this
receptor and the action modes of its agonists and antagonists. Moreover,
the development PAMs targeting «9a10-nAChRs is an attractive, but still
unexplored approach.

Quite different is, instead, the scenario for a7-nAChR ligands. Thanks
to deeper structural and pharmacological characterization of this re-
ceptor subtype, several selective agonists, partial agonists, silent ago-
nists and positive allosteric modulators have been identified and their
action elucidated in the last decades. Although none of them has reached
the goal of pharmacotherapeutical application to date, their therapeutic
potentialities are undisputable. Ligand- and target-based design of se-
lective a7 ligands has been successfully pursued with the synthesis and
the pharmacological characterization of a large number of compounds
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that have allowed relatively sound SARs to be drawn. For these com-
pounds and those of new generation, an additional spectrum of inves-
tigation is opened by the relatively recent discovery of the a7p2-nAChR,
whose functional and pharmacological profile just begins to be deci-
phered and needs to be distinguished from the homomeric a7-nAChR.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

CRediT authorship contribution statement

CB conceptualized the review. CB, AG, and MP equally contributed
to writing, reviewing, and editing the manuscript. All authors approved
the submitted final version.

Declaration of Competing Interest
The authors declare no conflicts of interest.
Data availability
No data was used for the research described in the article.

References

[1] E.X. Albuquerque, E.F.R. Pereira, M. Alkondon, S.W. Rogers, Mammalian
nicotinic acetylcholine receptors: from structure to function, Physiol. Rev. 89
(2009) 73-120, https://doi.org/10.1152/PHYSREV.00015.2008.

N. Andersen, J. Corradi, S.M. Sine, C. Bouzat, Stoichiometry for activation of
neuronal o7 nicotinic receptors, Proc. Natl. Acad. Sci. USA 110 (2013)
20819-20824, https://doi.org/10.1073/PNAS.1315775110/SUPPL _FILE/
PNAS.201315775SI.PDF.

C. Bouzat, M. Lasala, B.E. Nielsen, J. Corradi, M. del Carmen Esandi, Molecular
function of a7 nicotinic receptors as drug targets, J. Physiol. 596 (2018)
1847-1861, https://doi.org/10.1113/JP275101.

M. Rosas-Ballina, K.J. Tracey, Cholinergic control of inflammation, J. Intern.
Med. 265 (2009) 663-679, https://doi.org/10.1111/J.1365-2796.2009.02098.X.
A.J. Hone, J.M. Mclntosh, Nicotinic acetylcholine receptors: therapeutic targets
for novel ligands to treat pain and inflammation, Pharmacol. Res. 190 (2023),
106715, https://doi.org/10.1016/J.PHRS.2023.106715.

V. Mucchietto, F. Fasoli, S. Pucci, M. Moretti, R. Benfante, A. Maroli, S. Di Lascio,
C. Bolchi, M. Pallavicini, C. Dowell, M. McIntosh, F. Clementi, C. Gotti, ®9- and
o7-containing receptors mediate the pro-proliferative effects of nicotine in the
A549 adenocarcinoma cell line, Br. J. Pharmacol. 175 (2018) 1957-1972,
https://doi.org/10.1111/bph.13954.

F. Bavo, S. Pucci, F. Fasoli, C. Lammi, M. Moretti, V. Mucchietto, D. Lattuada,
P. Viani, C. De Palma, R. Budriesi, I. Corradini, C. Dowell, J.M. McIntosh,

F. Clementi, C. Bolchi, C. Gotti, M. Pallavicini, Potent antiglioblastoma agents by
hybridizing the onium-alkyloxy-stilbene based structures of an «7-nAChR, «9-
nAChR antagonist and of a pro-oxidant mitocan, J. Med. Chem. 61 (2018)
10531-10544, https://doi.org/10.1021/acs.jmedchem.8b01052.

S. Pucci, C. Bolchi, F. Bavo, M. Pallavicini, C. De Palma, M. Renzi, S. Fucile,

R. Benfante, S. Di Lascio, D. Lattuada, J.L. Bessereau, M. D’Alessandro, V. Risson,
M. Zoli, F. Clementi, C. Gotti, Evidence of a dual mechanism of action underlying
the anti-proliferative and cytotoxic effects of ammonium-alkyloxy-stilbene-based
o7- and a9-nicotinic ligands on glioblastoma cells, Pharmacol. Res. 175 (2022),
https://doi.org/10.1016/j.phrs.2021.105959.

K. Richter, R.L. Papke, C. Stokes, D.C. Roy, E.S. Espinosa, P.M.K. Wolf, A. Hecker,
J. Liese, V.K. Singh, W. Padberg, K.D. Schliiter, M. Rohde, J.M. McIntosh, B.

J. Morley, N.A. Horenstein, V. Grau, A.R. Simard, Comparison of the anti-
inflammatory properties of two nicotinic acetylcholine receptor ligands,
phosphocholine and pCF3-diEPP, Front. Cell Neurosci. 16 (2022), https://doi.
org/10.3389/fncel.2022.779081.

A.B. Elgoyhen, D.S. Johnson, J. Boulter, D.E. Vetter, S. Heinemann, a9: An
acetylcholine receptor with novel pharmacological properties expressed in rat
cochlear hair cells, Cell 79 (1994) 705-715, https://doi.org/10.1016/0092-8674
(94)90555-X.

A.B. Elgoyhen, D.E. Vetter, E. Katz, C. v Rothlin, S.F. Heinemann, J. Boulter,
alphalO: a determinant of nicotinic cholinergic receptor function in mammalian
vestibular and cochlear mechanosensory hair cells, in: Proc. Natl. Acad. Sci. USA,
98, 2001, pp. 3501-3506, https://doi.org/10.1073/PNAS.051622798.

P. v Plazas, E. Katz, M.E. Gomez-Casati, C. Bouzat, A.B. Elgoyhen, Stoichiometry
of the alpha9alphal0 nicotinic cholinergic receptor, J. Neurosci. 25 (2005)
10905-10912, https://doi.org/10.1523/JNEUROSCI.3805-05.2005.

D.C. Indurthi, E. Pera, H.L. Kim, C. Chu, M.D. McLeod, J. Michael McIntosh, N.
L. Absalom, M. Chebib, Presence of multiple binding sites on 9210 nAChR

[2]

[3

[4

[5]

(6]

[71

[8

[9

[10]

[11]

[12]

[13]


https://doi.org/10.1152/PHYSREV.00015.2008
https://doi.org/10.1073/PNAS.1315775110/SUPPL_FILE/PNAS.201315775SI.PDF
https://doi.org/10.1073/PNAS.1315775110/SUPPL_FILE/PNAS.201315775SI.PDF
https://doi.org/10.1113/JP275101
https://doi.org/10.1111/J.1365-2796.2009.02098.X
https://doi.org/10.1016/J.PHRS.2023.106715
https://doi.org/10.1111/bph.13954
https://doi.org/10.1021/acs.jmedchem.8b01052
https://doi.org/10.1016/j.phrs.2021.105959
https://doi.org/10.3389/fncel.2022.779081
https://doi.org/10.3389/fncel.2022.779081
https://doi.org/10.1016/0092-8674(94)90555-X
https://doi.org/10.1016/0092-8674(94)90555-X
https://doi.org/10.1073/PNAS.051622798
https://doi.org/10.1523/JNEUROSCI.3805-05.2005

A. Giraudo et al.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

receptors alludes to stoichiometric-dependent action of the a-conotoxin, Vcl.1,
Biochem. Pharmacol. 89 (2014) 131-140, https://doi.org/10.1016/J.
BCP.2014.02.002.

J.C. Boffi, I. Marcovich, J.K. Gill-Thind, J. Corradi, T. Collins, M.M. Lipovsek,
M. Moglie, P. v Plazas, P.O. Craig, N.S. Millar, C. Bouzat, A.B. Elgoyhen,
Differential contribution of subunit interfaces to a9a10 nicotinic acetylcholine
receptor function, Mol. Pharmacol. 91 (2017) 250-262, https://doi.org/10.1124/
mol.116.107482.

A.J. Hone, J.M. McIntosh, Alkaloid ligands enable function of homomeric human
a10 nicotinic acetylcholine receptors, Front. Pharmacol. 13 (2022), https://doi.
org/10.3389/fphar.2022.981760.

E. Katz, A.B. Elgoyhen, M.E. Gémez-Casati, M. Knipper, D.E. Vetter, P.A. Fuchs,
E. Glowatzki, Developmental regulation of nicotinic synapses on cochlear inner
hair cells, J. Neurosci. 24 (2004) 7814-7820, https://doi.org/10.1523/
JNEUROSCI.2102-04.2004.

H. Peng, R.L. Ferris, T. Matthews, H. Hiel, A. Lopez-Albaitero, L.R. Lustig,
Characterization of the human nicotinic acetylcholine receptor subunit alpha
(alpha) 9 (CHRNA9) and alpha (alpha) 10 (CHRNA10) in lymphocytes, Life Sci.
76 (2004) 263-280, https://doi.org/10.1016/J.LFS.2004.05.031.

K. Richter, V. Mathes, M. Fronius, M. Althaus, A. Hecker, G. Krasteva-Christ,
W. Padberg, A.J. Hone, J.M. McIntosh, A. Zakrzewicz, V. Grau, Phosphocholine-
an agonist of metabotropic but not of ionotropic functions of a9-containing
nicotinic acetylcholine receptors, Sci. Rep. 6 (2016), https://doi.org/10.1038/
srep28660.

K.S. Lips, U. Pfeil, W. Kummer, Coexpression of a9 and «10 nicotinic
acetylcholine receptors in rat dorsal root ganglion neurons, Neuroscience 115
(2002) 1-5, https://doi.org/10.1016/5S0306-4522(02)00274-9.

S. Shiers, R.M. Klein, T.J. Price, Quantitative differences in neuronal
subpopulations between mouse and human dorsal root ganglia demonstrated
with RNAscope in situ hybridization, Pain 161 (2020) 2410, https://doi.org/
10.1097/J.PAIN.0000000000001973.

A.B. Elgoyhen, The a9a10 acetylcholine receptor: a non-neuronal nicotinic
receptor, Pharmacol. Res. 190 (2023), 106735, https://doi.org/10.1016/J.
PHRS.2023.106735.

S. Pucci, M. Zoli, F. Clementi, C. Gotti, ®9-containing nicotinic receptors in
cancer, Front. Cell Neurosci. 15 (2022), https://doi.org/10.3389/
FNCEL.2021.805123.

B.J. Morley, P. Whiteaker, A.B. Elgoyhen, Commentary: nicotinic acetylcholine
receptor «9 and «10 subunits are expressed in the brain of mice, Front Cell
Neurosci. 12 (2018), https://doi.org/10.3389/FNCEL.2018.00104.

M. Verbitsky, C.V. Rothlin, E. Katz, A. Belén Elgoyhen, Mixed
nicotinic-muscarinic properties of the a9 nicotinic cholinergic receptor,
Neuropharmacology 39 (2000) 2515-2524, https://doi.org/10.1016/50028-
3908(00)00124-6.

C.V. Rothlin, E. Katz, M. Verbitsky, A. Belén Elgoyhen, The «9 Nicotinic
Acetylcholine Receptor Shares Pharmacological Properties with Type A
y-Aminobutyric Acid, Glycine, and Type 3 Serotonin Receptors, Mol Pharmacol
55 (1999) 248-254, https://doi.org/10.1124/MOL.55.2.248.

C.V. Rothlin, M.I. Lioudyno, A.F. Silbering, P.V. Plazas, M.E. Gomez Casati,

E. Katz, P.S. Guth, A.B. Elgoyhen, Direct Interaction of Serotonin Type 3 Receptor
Ligands with Recombinant and Native «9a10-Containing Nicotinic Cholinergic
Receptors, Mol Pharmacol 63 (2003) 1067-1074.

C.V. Rothlin, E. Katz, M. Verbitsky, D.E. Vetter, S.F. Heinemann, A.B. Elgoyhen,
Block of the a9 nicotinic receptor by ototoxic aminoglycosides,
Neuropharmacology 39 (2000) 2525-2532, https://doi.org/10.1016/50028-
3908(00)00056-3.

M.IL Lioudyno, M. Verbitsky, E. Glowatzki, J.C. Holt, J. Boulter, J.E. Zadina, A.
B. Elgoyhen, P.S. Guth, The a9/a10-containing nicotinic ACh receptor is directly
modulated by opioid peptides, endomorphin-1, and dynorphin B, proposed
efferent cotransmitters in the inner ear, Mol. Cell. Neurosci. 20 (2002) 695-711,
https://doi.org/10.1006/mcne.2002.1150.

J.T. Ayers, L.P. Dwoskin, A.G. Deaciuc, V.P. Grinevich, J. Zhu, P.A. Crooks, bis-
Azaaromatic quaternary ammonium analogues: ligands for a4p2* and a7*
subtypes of neuronal nicotinic receptors, Bioorg. Med. Chem. Lett. 12 (2002)
3067-3071, https://doi.org/10.1016/5S0960-894X(02)00687-X.

G. Zheng, S.P. Sumithran, A.G. Deaciuc, L.P. Dwoskin, P.A. Crooks, tris-
Azaaromatic quaternary ammonium salts: novel templates as antagonists at
nicotinic receptors mediating nicotine-evoked dopamine release, Bioorg. Med.
Chem. Lett. 17 (2007) 6701-6706, https://doi.org/10.1016/J.
BMCL.2007.10.062.

G. Zheng, Z. Zhang, M. Pivavarchyk, A.G. Deaciuc, L.P. Dwoskin, P.A. Crooks, Bis-
azaaromatic quaternary ammonium salts as antagonists at nicotinic receptors
mediating nicotine-evoked dopamine release: An investigation of binding
conformation, Bioorg. Med. Chem. Lett. 17 (2007) 6734-6738, https://doi.org/
10.1016/J.BMCL.2007.10.052.

Z. Zhang, G. Zheng, M. Pivavarchyk, A.G. Deaciuc, L.P. Dwoskin, P.A. Crooks,
Tetrakis-azaaromatic quaternary ammonium salts: Novel subtype-selective
antagonists at neuronal nicotinic receptors that mediate nicotine-evoked
dopamine release, Bioorg. Med. Chem. Lett. 18 (2008) 5753-5757, https://doi.
org/10.1016/J.BMCL.2008.09.084.

G. Zheng, Z. Zhang, C. Dowell, E. Wala, L.P. Dwoskin, J.R. Holtman, J.

M. Mclntosh, P.A. Crooks, Discovery of non-peptide, small molecule antagonists
of ®9a10 nicotinic acetylcholine receptors as novel analgesics for the treatment of
neuropathic and tonic inflammatory pain, Bioorg. Med. Chem. Lett. 21 (2011)
2476-2479, https://doi.org/10.1016/j.bmcl.2011.02.043.

17

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Pharmacological Research 193 (2023) 106801

J.R. Holtman, L.P. Dwoskin, C. Dowell, E.P. Wala, Z. Zhang, P.A. Crooks, J.

M. McIntosh, The novel small molecule a9a10 nicotinic acetylcholine receptor
antagonist ZZ-204G is analgesic, Eur. J. Pharmacol. 670 (2011) 500-508, https://
doi.org/10.1016/j.ejphar.2011.08.053.

M. Quadri, R.L. Papke, N.A. Horenstein, Dissection of N,N-diethyl-N'-
phenylpiperazines as o7 nicotinic receptor silent agonists. This manuscript is
dedicated to Professor Koji Nakanishi on the occasion of his 90th birthday,
Bioorg. Med Chem. 24 (2016) 286-293, https://doi.org/10.1016/].
bmec.2015.12.017.

R.L. Papke, H. Andleeb, C. Stokes, M. Quadri, N.A. Horenstein, Selective agonists
and antagonists of ®9 versus a7 nicotinic acetylcholine receptors, ACS Chem.
Neurosci. 13 (2022) 624-637, https://doi.org/10.1021/acschemneuro.1c00747.
G. Cavallini, P. Mantegazza, E. Massarani, R. Tommasini, Sull’attivita
ganglioplegica di alcuni derivati alchilaminici dello stilbene e del difenile., I
Farmaco. 6 (1953) 317-331.

P. Mantegazza, R. Tommasini, Central antinicotinic activity of 4-oxystilbene and
4-oxydiphenylethane derivatives, Arch. Int Pharmacodyn. Ther. 103 (1955)
371-403.

C. Gotti, B. Balestra, M. Moretti, G.E. Rovati, L. Maggi, G. Rossoni, F. Berti,

L. Villa, M. Pallavicini, F. Clementi, 4-Oxystilbene compounds are selective
ligands for neuronal nicotinic aBungarotoxin receptors, Br J Pharmacol 124
(1998) 1197-1206, https://doi.org/10.1038/5J.BJP.0701957.

F. Bavo, M. Pallavicini, S. Pucci, R. Appiani, A. Giraudo, H. Oh, D.L. Kneisley,
B. Eaton, L. Lucero, C. Gotti, F. Clementi, P. Whiteaker, C. Bolchi, Subnanomolar
affinity and selective antagonism at «7 nicotinic receptor by combined
modifications of 2-triethylammonium ethyl ether of 4-stilbenol (MG624), J. Med.
Chem. 66 (2023) 306-332, https://doi.org/10.1021/acs.jmedchem.2c01256.

F. Bavo, M. Pallavicini, S. Pucci, R. Appiani, A. Giraudo, B. Eaton, L. Lucero,

C. Gotti, M. Moretti, P. Whiteaker, C. Bolchi, From 2-triethylammonium ethyl
ether of 4-stilbenol (MG624) to selective small-molecule antagonists of human
a9a10 nicotinic receptor by modifications at the ammonium ethyl residue,

J. Med. Chem. 65 (2022) 10079-10097, https://doi.org/10.1021/acs.
jmedchem.2c00746.

H.-S. Tae, D.J. Adams, Nicotinic acetylcholine receptor subtype expression,
function, and pharmacology: therapeutic potential of a-conotoxins, Pharmacol.
Res. (2023), 106747, https://doi.org/10.1016/J.PHRS.2023.106747.

E.K.M. Lebbe, S. Peigneur, I. Wijesekara, J. Tytgat, Conotoxins targeting nicotinic
acetylcholine receptors: an overview, Mar. Drugs 12 (2970-3004. 12) (2014)
2970-3004, https://doi.org/10.3390/MD12052970.

X. Li, H.S. Tae, Y. Chu, T. Jiang, D.J. Adams, R. Yu, Medicinal chemistry,
pharmacology, and therapeutic potential of a-conotoxins antagonizing the a9a10
nicotinic acetylcholine receptor, Pharmacol. Ther. 222 (2021), 107792, https://
doi.org/10.1016/J.PHARMTHERA.2020.107792.

J.M. Mclntosh, P.V. Plazas, M. Watkins, M.E. Gomez-Casati, B.M. Olivera, A.

B. Elgoyhen, A novel a-conotoxin, PelA, cloned from conus pergrandis,
discriminates between rat «9a10 and o7 nicotinic cholinergic receptors, J. Biol.
Chem. 280 (2005) 30107-30112, https://doi.org/10.1074/JBC.M504102200.

J. Liang, H.S. Tae, X. Xu, T. Jiang, D.J. Adams, R. Yu, Dimerization of
a-conotoxins as a strategy to enhance the inhibition of the human o7 and 9010
nicotinic acetylcholine receptors, J. Med. Chem. 63 (2020) 2974-2985, https://
doi.org/10.1021/acs.jmedchem.9b01536.

M. Vincler, S. Wittenauer, R. Parker, M. Ellison, B.M. Olivera, J.M. McIntosh,
Molecular mechanism for analgesia involving specific antagonism of a9a10
nicotinic acetylcholine receptors, Proceedings of the National Academy of
Sciences 103 (2006) 17880-17884, https://doi.org/10.1073/PNAS.0608715103.
R. Halai, R.J. Clark, S.T. Nevin, J.E. Jensen, D.J. Adams, D.J. Craik, Scanning
mutagenesis of a-conotoxin Vcl.1 reveals residues crucial for activity at the
a9a10 nicotinic acetylcholine receptor, J. Biol. Chem. 284 (2009) 20275-20284,
https://doi.org/10.1074/jbc.M109.015339.

X. Chu, H.S. Tae, Q. Xu, T. Jiang, D.J. Adams, R. Yu, a-conotoxin Vcl.1 structure-
activity relationship at the human «9a10 nicotinic acetylcholine receptor
investigated by minimal side chain replacement, ACS Chem. Neurosci. 10 (2019)
4328-4336, https://doi.org/10.1021/acschemneuro.9b00389.

B.J. Van Lierop, S.D. Robinson, S.N. Kompella, A. Belgi, J.R. McArthur, A. Hung,
C.A. Macraild, D.J. Adams, R.S. Norton, A.J. Robinson, Dicarba a-conotoxin
Vcl.1 analogues with differential selectivity for nicotinic acetylcholine and
GABAB receptors, ACS Chem. Biol. 8 (2013) 1815-1821, https://doi.org/
10.1021/cb4002393.

M. Ellison, C. Haberlandt, M.E. Gomez-Casati, M. Watkins, A.B. Elgoyhen, J.

M. McIntosh, B.M. Olivera, a-RgIA: A novel conotoxin that specifically and
potently blocks the ®#9x10 nAChR, Biochemistry 45 (2006) 1511-1517, https://
doi.org/10.1021/bi0520129.

N. Zheng, S.B. Christensen, C. Dowell, L. Purushottam, J.J. Skalicky, J.

M. MclIntosh, J.M. McIntosh, D.H.C. Chou, Discovery of methylene thioacetal-
incorporated o-RgIA analogues as potent and stable antagonists of the human
a9a10 nicotinic acetylcholine receptor for the treatment of neuropathic pain,

J. Med. Chem. 64 (2021) 9513-9524, https://doi.org/10.1021/acs.
jmedchem.1c00802.

S. Chhabra, A. Belgi, P. Bartels, B.J. Van Lierop, S.D. Robinson, S.N. Kompella,
A. Hung, B.P. Callaghan, D.J. Adams, A.J. Robinson, R.S. Norton, Dicarba
analogues of a-conotoxin RgIA. Structure, stability, and activity at potential pain
targets, J. Med. Chem. 57 (2014) 9933-9944, https://doi.org/10.1021/
jm501126u.

S.B. Christensen, A.J. Hone, I. Roux, J. Kniazeff, J.P. Pin, G. Upert, D. Servent,
E. Glowatzki, J.M. McIntosh, RgIA4 potently blocks mouse 910 nAChRs and


https://doi.org/10.1016/J.BCP.2014.02.002
https://doi.org/10.1016/J.BCP.2014.02.002
https://doi.org/10.1124/mol.116.107482
https://doi.org/10.1124/mol.116.107482
https://doi.org/10.3389/fphar.2022.981760
https://doi.org/10.3389/fphar.2022.981760
https://doi.org/10.1523/JNEUROSCI.2102-04.2004
https://doi.org/10.1523/JNEUROSCI.2102-04.2004
https://doi.org/10.1016/J.LFS.2004.05.031
https://doi.org/10.1038/srep28660
https://doi.org/10.1038/srep28660
https://doi.org/10.1016/S0306-4522(02)00274-9
https://doi.org/10.1097/J.PAIN.0000000000001973
https://doi.org/10.1097/J.PAIN.0000000000001973
https://doi.org/10.1016/J.PHRS.2023.106735
https://doi.org/10.1016/J.PHRS.2023.106735
https://doi.org/10.3389/FNCEL.2021.805123
https://doi.org/10.3389/FNCEL.2021.805123
https://doi.org/10.3389/FNCEL.2018.00104
https://doi.org/10.1016/S0028-3908(00)00124-6
https://doi.org/10.1016/S0028-3908(00)00124-6
https://doi.org/10.1124/MOL.55.2.248
http://refhub.elsevier.com/S1043-6618(23)00157-3/sbref26
http://refhub.elsevier.com/S1043-6618(23)00157-3/sbref26
http://refhub.elsevier.com/S1043-6618(23)00157-3/sbref26
http://refhub.elsevier.com/S1043-6618(23)00157-3/sbref26
https://doi.org/10.1016/S0028-3908(00)00056-3
https://doi.org/10.1016/S0028-3908(00)00056-3
https://doi.org/10.1006/mcne.2002.1150
https://doi.org/10.1016/S0960-894X(02)00687-X
https://doi.org/10.1016/J.BMCL.2007.10.062
https://doi.org/10.1016/J.BMCL.2007.10.062
https://doi.org/10.1016/J.BMCL.2007.10.052
https://doi.org/10.1016/J.BMCL.2007.10.052
https://doi.org/10.1016/J.BMCL.2008.09.084
https://doi.org/10.1016/J.BMCL.2008.09.084
https://doi.org/10.1016/j.bmcl.2011.02.043
https://doi.org/10.1016/j.ejphar.2011.08.053
https://doi.org/10.1016/j.ejphar.2011.08.053
https://doi.org/10.1016/j.bmc.2015.12.017
https://doi.org/10.1016/j.bmc.2015.12.017
https://doi.org/10.1021/acschemneuro.1c00747
http://refhub.elsevier.com/S1043-6618(23)00157-3/sbref37
http://refhub.elsevier.com/S1043-6618(23)00157-3/sbref37
http://refhub.elsevier.com/S1043-6618(23)00157-3/sbref37
https://doi.org/10.1038/SJ.BJP.0701957
https://doi.org/10.1021/acs.jmedchem.2c01256
https://doi.org/10.1021/acs.jmedchem.2c00746
https://doi.org/10.1021/acs.jmedchem.2c00746
https://doi.org/10.1016/J.PHRS.2023.106747
https://doi.org/10.3390/MD12052970
https://doi.org/10.1016/J.PHARMTHERA.2020.107792
https://doi.org/10.1016/J.PHARMTHERA.2020.107792
https://doi.org/10.1074/JBC.M504102200
https://doi.org/10.1021/acs.jmedchem.9b01536
https://doi.org/10.1021/acs.jmedchem.9b01536
https://doi.org/10.1073/PNAS.0608715103
https://doi.org/10.1074/jbc.M109.015339
https://doi.org/10.1021/acschemneuro.9b00389
https://doi.org/10.1021/cb4002393
https://doi.org/10.1021/cb4002393
https://doi.org/10.1021/bi0520129
https://doi.org/10.1021/bi0520129
https://doi.org/10.1021/acs.jmedchem.1c00802
https://doi.org/10.1021/acs.jmedchem.1c00802
https://doi.org/10.1021/jm501126u
https://doi.org/10.1021/jm501126u

A. Giraudo et al.

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

provides long lasting protection against oxaliplatin-induced cold allodynia, Front.
Cell Neurosci. 11 (2017), https://doi.org/10.3389/fncel.2017.00219.

N. Zheng, S.B. Christensen, A. Blakely, C. Dowell, L. Purushottam, J.M. McIntosh,
D.H.C. Chou, Development of conformationally constrained a-RgIA analogues as
stable peptide antagonists of human a9a10 nicotinic acetylcholine receptors,

J. Med. Chem. 63 (2020) 8380-8387, https://doi.org/10.1021/acs.
jmedchem.0c00613.

J. Gajewiak, S.B. Christensen, C. Dowell, F. Hararah, F. Fisher, P.N. Huynh, B.
M. Olivera, J.M. McIntosh, Selective penicillamine substitution enables
development of a potent analgesic peptide that acts through a non-opioid-based
mechanism, J. Med. Chem. 64 (2021) 9271-9278, https://doi.org/10.1021/acs.
jmedchem.1¢00512.

S. Luo, S. Christensen, D. Zhangsun, Y. Wu, Y. Hu, X. Zhu, S. Chhabra, R.

S. Norton, J.M. McIntosh, A novel inhibitor of ®9a10 nicotinic acetylcholine
receptors from conus vexillum delineates a new conotoxin superfamily, PLOS One
8 (2013), https://doi.org/10.1371/journal.pone.0054648.

S.B. Christensen, P.K. Bandyopadhyay, B.M. Olivera, J.M. McIntosh, aS-conotoxin
GVIIIB potently and selectively blocks a9a10 nicotinic acetylcholine receptors,
Biochem. Pharmacol. 96 (2015) 349-356, https://doi.org/10.1016/j.
bcp.2015.06.007.

S. Luo, D. Zhangsun, P.J. Harvey, Q. Kaas, Y. Wu, X. Zhu, Y. Hu, X. Li, V.I. Tsetlin,
S. Christensen, H.K. Romero, M. McIntyre, C. Dowell, J.C. Baxter, K.S. Elmslie, D.
J. Craik, J.M. McIntosh, Cloning, synthesis, and characterization of aO-conotoxin
GeXIVA, a potent a9x10 nicotinic acetylcholine receptor antagonist, Proc. Natl.
Acad. Sci. USA 112 (2015) E4026-E4035, https://doi.org/10.1073/
pnas.1503617112.

P. Xu, Q. Kaas, Y. Wu, X. Zhu, X. Li, P.J. Harvey, D. Zhangsun, D.J. Craik, S. Luo,
Structure and activity studies of disulfide-deficient analogues of ao-conotoxin
GeXIVA, J. Med Chem. 63 (2020) 1564-1575, https://doi.org/10.1021/acs.
jmedchem.9b01409.

Q. Huang, X. Chu, H. Zhang, S. Yu, L. Zhang, X. Zhang, R. Yu, C. Guo, Q. Dai,
Discovery and structural and functional characterization of a novel A-superfamily
conotoxin targeting a9a10 nicotinic acetylcholine receptor, ACS Chem. Biol. 17
(2022) 2483-2494, https://doi.org/10.1021/acschembio.2c00315.

P.N. Huynh, P.J. Harvey, J. Gajewiak, D.J. Craik, J. Michael McIntosh, Critical
residue properties for potency and selectivity of a-Conotoxin RgIA towards «9a10
nicotinic acetylcholine receptors, Biochem Pharmacol. 181 (2020), https://doi.
org/10.1016/j.bcp.2020.114124.

M. Vincler, J.M. McIntosh, Targeting the a9a10 nicotinic acetylcholine receptor
to treat severe pain, Expert Opin. Ther. Targets 11 (2007) 891-897, https://doi.
org/10.1517/14728222.11.7.891.

H.K. Romero, S.B. Christensen, L. di Cesare Mannelli, J. Gajewiak,

R. Ramachandra, K.S. Elmslie, D.E. Vetter, C. Ghelardini, S.P. Iadonato, J.

L. Mercado, B.M. Olivera, J.M. McIntosh, Inhibition of «9a10 nicotinic
acetylcholine receptors prevents chemotherapy-induced neuropathic pain, Proc.
Natl. Acad. Sci. USA 114 (2017) E1825-E1832, https://doi.org/10.1073/
pnas.1621433114.

P.N. Huynh, D. Giuvelis, S. Christensen, K.L. Tucker, J.M. McIntosh, RgIA4
accelerates recovery from paclitaxel-induced neuropathic pain in rats, Mar. Drugs
18 (2020), https://doi.org/10.3390/md18010012.

P.N. Huynh, S.B. Christensen, J.M. McIntosh, RgIA4 prevention of acute
oxaliplatin-induced cold allodynia requires a9-containing nicotinic acetylcholine
receptors and CD3+ T-cells, Cells 11 (2022) 3561, https://doi.org/10.3390/
cells11223561.

F. Fisher, Y. Zhang, P.F.Y. Vincent, J. Gajewiak, T.J. Gordon, E. Glowatzki, P.
A. Fuchs, J.M. McIntosh, Cy3-RgIA-5727 labels and inhibits a9-containing
nAChRs of cochlear hair cells, Front. Cell Neurosci. 15 (2021), https://doi.org/
10.3389/fncel.2021.697560.

H. Wang, X. Li, D. Zhangsun, G. Yu, R. Su, S. Luo, The a9«10 nicotinic
acetylcholine receptor antagonist ao-conotoxin GeXIVA[1,2] alleviates and
reverses chemotherapy-induced neuropathic pain, Mar. Drugs 17 (2019), https://
doi.org/10.3390/md17050265.

Z. Sun, J. Bao, M. Zhangsun, S. Dong, D. Zhangsun, S. Luo, AO-conotoxin GexIVa
inhibits the growth of breast cancer cells via interaction with 9 nicotine
acetylcholine receptors, Mar. Drugs 18 (2020), https://doi.org/10.3390/
md18040195.

S. Yu, Y. Wu, P. Xu, S. Wang, D. Zhangsun, S. Luo, Effects of serum, enzyme, thiol,
and forced degradation on the stabilities of «O-Conotoxin GeXIVA[1,2] and
GeXIVA [1,4], Chem. Biol. Drug Des. 91 (2018) 1030-1041, https://doi.org/
10.1111/cbdd.13167.

J.C. Boffi, C. Wedemeyer, M. Lipovsek, E. Katz, D.J. Calvo, A.B. Elgoyhen,
Positive modulation of the «9a10 nicotinic cholinergic receptor by ascorbic acid,
Br. J. Pharmacol. 168 (2013) 954-965, https://doi.org/10.1111/j.1476-
5381.2012.02221.x.

F. Crestey, A.A. Jensen, M. Borch, J.T. Andreasen, J. Andersen, T. Balle, J.

L. Kristensen, Design, synthesis, and biological evaluation of Erythrina alkaloid
analogues as neuronal nicotinic acetylcholine receptor antagonists, J. Med. Chem.
56 (2013) 9673-9682, https://doi.org/10.1021/JM4013592/SUPPL FILE/
JM4013592_SI_001.DOCX.

F. Crestey, A.A. Jensen, C. Soerensen, C.B. Magnus, J.T. Andreasen, G.H.J. Peters,
J.L. Kristensen, Dual nicotinic acetylcholine receptor a4f$2 antagonists/a7
agonists: synthesis, docking studies, and pharmacological evaluation of
tetrahydroisoquinolines and tetrahydroisoquinolinium salts, J. Med. Chem. 61
(2018) 1719-1729, https://doi.org/10.1021/acs.jmedchem.7b01895.

H. Xing, S. Keshwah, A. Rouchaud, W.R. Kem, A pharmacological comparison of
two isomeric nicotinic receptor agonists: the marine toxin isoanatabine and the

18

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

Pharmacological Research 193 (2023) 106801

tobacco alkaloid anatabine, Mar. Drugs 18 (2020), https://doi.org/10.3390/
md18020106.

J.S. Tang, B.X. Xie, X.L. Bian, Y. Xue, N.N. Wei, J.H. Zhou, Y.C. Hao, G. Li, L.
R. Zhang, K.W. Wang, Identification and in vitro pharmacological
characterization of a novel and selective «7 nicotinic acetylcholine receptor
agonist, Br-IQ17B, Acta Pharmacol. Sin. 36 (7. 36) (2015) 800-812, https://doi.
org/10.1038/aps.2015.9.

Y. Xue, X. He, T. Yang, Y. Wang, Z. Liu, G. Zhang, Y. Wang, K. Wang, L. Zhang,
L. Zhang, Discovery of fused heterocyclic carboxamide derivatives as novel «7-
nAChR agonists: synthesis, preliminary SAR and biological evaluation, Eur. J.
Med. Chem. 182 (2019), https://doi.org/10.1016/j.ejmech.2019.111618.

A. Mazurov, J. Ho, T. Low, J. Hoeng, Novel o7 nicotinic acetylcholine receptor
modulators as potential antitussive agents, Bioorg. Med. Chem. Lett. 80 (2023),
129067, https://doi.org/10.1016/J.BMCL.2022.129067.

C. Dallanoce, P. Magrone, C. Matera, F. Frigerio, G. Grazioso, M. DeAmici,

S. Fucile, V. Piccari, K. Frydenvang, L. Pucci, C. Gotti, F. Clementi, C. DeMicheli,
Design, synthesis, and pharmacological characterization of novel spirocyclic
quinuclidinyl-A2-isoxazoline derivatives as potent and selective agonists of a7
nicotinic acetylcholine receptors, ChemMedChem 6 (2011) 889-903, https://doi.
org/10.1002/CMDC.201000514.

M. Quadri, C. Matera, A. Silnovié¢, M.C. Pismataro, N.A. Horenstein, C. Stokes, R.
L. Papke, C. Dallanoce, Identification of a7 nicotinic acetylcholine receptor silent
agonists based on the spirocyclic quinuclidine-52-isoxazoline scaffold: synthesis
and electrophysiological evaluation, ChemMedChem 12 (2017) 1335-1348,
https://doi.org/10.1002/CMDC.201700162.

M.S.S. Intriago, R. Piovesana, A. Matera, M. Taggi, R. Canipari, C. Fabrizi,

C. Papotto, C. Matera, M. De Amici, C. Dallanoce, A.M. Tata, The mechanisms
mediated by a7 acetylcholine nicotinic receptors may contribute to peripheral
nerve regeneration, Molecules 26 (7668. 26) (2021) 7668, https://doi.org/
10.3390/MOLECULES26247668.

C. Matera, G. Dondio, D. Braida, L. Ponzoni, M. De Amici, M. Sala, C. Dallanoce,
In vivo and in vitro ADMET profiling and in vivo pharmacodynamic
investigations of a selective a7 nicotinic acetylcholine receptor agonist with a
spirocyclic A2-isoxazoline molecular skeleton, Eur. J. Pharmacol. 820 (2018)
265-273, https://doi.org/10.1016/J.EJPHAR.2017.12.047.

M. Pernarella, R. Piovesana, C. Matera, A. Faroni, M. Fiore, L. Dini, A.J. Reid,
C. Dallanoce, A.M. Tata, Effects mediated by the o7 nicotinic acetylcholine
receptor on cell proliferation and migration in rat adipose-derived stem cells, Eur.
J. Histochem. 64 (2020) 61-70, https://doi.org/10.4081/ejh.2020.3159.

G. Scabia, R. Cancello, C. Dallanoce, S. Berger, C. Matera, A. Dattilo, A. Zulian,
1. Barone, G. Ceccarini, F. Santini, M. De Amici, A.M. Di Blasio, M. Maffei, ICH3, a
selective alpha7 nicotinic acetylcholine receptor agonist, modulates adipocyte
inflammation associated with obesity, J. Endocrinol. Investig. 43 (2020)
983-993, https://doi.org/10.1007/540618-020-01182-Z/FIGURES/6.

M. Quadri, A. Silnovi¢, C. Matera, N.A. Horenstein, C. Stokes, M. De Amici, R.
L. Papke, C. Dallanoce, Novel 5-(quinuclidin-3-ylmethyl)-1,2,4-oxadiazoles to
investigate the activation of the a7 nicotinic acetylcholine receptor subtype:
synthesis and electrophysiological evaluation, Eur. J. Med. Chem. 160 (2018)
207-228, https://doi.org/10.1016/j.ejmech.2018.10.015.

J. Shen, X.C. Yang, M.C. Yu, L. Xiao, X.J. Zhang, H.J. Sun, H. Chen, G.X. Pan, Y.
R. Yan, S.C. Wang, W. Li, L. Zhou, Q. Xie, L.Q. Yu, Y.H. Wang, L.M. Shao,
Discovery, synthesis, biological evaluation and structure-based optimization of
novel piperidine derivatives as acetylcholine-binding protein ligands, Acta
Pharmacol. Sin. 38 (1. 38) (2016) 146-155, https://doi.org/10.1038/
aps.2016.124.

X. Yang, J. Shen, L. Jiang, W. Li, M. Yu, G. Pan, Y. Yan, C. Zhang, W. Jia, L. Xiao,
L. Zhou, L. Shao, Discovery, cocrystallization and biological evaluation of novel
piperidine derivatives as high affinity Ls-AChBP ligands possessing a7 nAChR
activities, Eur. J. Med. Chem. 160 (2018) 37-48, https://doi.org/10.1016/j.
ejmech.2018.09.073.

K. Kaczanowska, M. Harel, Z. Radi¢, J.P. Changeux, M.G. Finn, P. Taylor,
Structural basis for cooperative interactions of substituted 2-aminopyrimidines
with the acetylcholine binding protein, Proc. Natl. Acad. Sci. USA 111 (2014)
10749-10754, https://doi.org/10.1073/PNAS.1410992111/SUPPL _FILE/
PNAS.1410992111.SAPP.PDF.

G.A. Camacho-Hernandez, C. Stokes, B.M. Duggan, K. Kaczanowska, S. Brandao-
Araiza, L. Doan, R.L. Papke, P. Taylor, Synthesis, pharmacological
characterization, and structure-activity relationships of noncanonical selective
agonists for a7 nAChRs, J. Med. Chem. 62 (2019) 10376-10390, https://doi.org/
10.1021/acs.jmedchem.9b01467.

H.R. Arias, J.J. Lopez, D. Feuerbach, A. Fierro, M.O. Ortells, E.G. Pérez, Novel 2-
(substituted benzyl)quinuclidines inhibit human «7 and a4p2 nicotinic receptors
by different mechanisms, Int. J. Biochem. Cell Biol. 45 (2013) 2420-2430,
https://doi.org/10.1016,/J.BIOCEL.2013.08.003.

J.J. Lépez, J. Garcia-Colunga, E.G. Pérez, A. Fierro, Methylpiperidinium iodides
as novel antagonists for «7 nicotinic acetylcholine receptors, Front. Pharmacol. 9
(2018), https://doi.org/10.3389/FPHAR.2018.00744.

H. Zhang, X. He, X. Wang, B. Yu, S. Zhao, P. Jiao, H. Jin, Z. Liu, K. Wang,

L. Zhang, L. Zhang, L. Zhang, Design, synthesis and biological activities of
piperidine-spirooxadiazole derivatives as a7 nicotinic receptor antagonists, Eur.
J. Med. Chem. 207 (2020), https://doi.org/10.1016/j.ejmech.2020.112774.

M. Dukat, A. Wesolowska, G. Alley, S. Young, G.R. Abdrakhmanova, H.

A. Navarro, R. Young, R.A. Glennon, MD-354 selectively antagonizes the
antinociceptive effects of (-)nicotine in the mouse tail-flick assay,
Psychopharmacology 210 (2010) 547-557, https://doi.org/10.1007/500213-
010-1857-0/FIGURES/6.


https://doi.org/10.3389/fncel.2017.00219
https://doi.org/10.1021/acs.jmedchem.0c00613
https://doi.org/10.1021/acs.jmedchem.0c00613
https://doi.org/10.1021/acs.jmedchem.1c00512
https://doi.org/10.1021/acs.jmedchem.1c00512
https://doi.org/10.1371/journal.pone.0054648
https://doi.org/10.1016/j.bcp.2015.06.007
https://doi.org/10.1016/j.bcp.2015.06.007
https://doi.org/10.1073/pnas.1503617112
https://doi.org/10.1073/pnas.1503617112
https://doi.org/10.1021/acs.jmedchem.9b01409
https://doi.org/10.1021/acs.jmedchem.9b01409
https://doi.org/10.1021/acschembio.2c00315
https://doi.org/10.1016/j.bcp.2020.114124
https://doi.org/10.1016/j.bcp.2020.114124
https://doi.org/10.1517/14728222.11.7.891
https://doi.org/10.1517/14728222.11.7.891
https://doi.org/10.1073/pnas.1621433114
https://doi.org/10.1073/pnas.1621433114
https://doi.org/10.3390/md18010012
https://doi.org/10.3390/cells11223561
https://doi.org/10.3390/cells11223561
https://doi.org/10.3389/fncel.2021.697560
https://doi.org/10.3389/fncel.2021.697560
https://doi.org/10.3390/md17050265
https://doi.org/10.3390/md17050265
https://doi.org/10.3390/md18040195
https://doi.org/10.3390/md18040195
https://doi.org/10.1111/cbdd.13167
https://doi.org/10.1111/cbdd.13167
https://doi.org/10.1111/j.1476-5381.2012.02221.x
https://doi.org/10.1111/j.1476-5381.2012.02221.x
https://doi.org/10.1021/JM4013592/SUPPL_FILE/JM4013592_SI_001.DOCX
https://doi.org/10.1021/JM4013592/SUPPL_FILE/JM4013592_SI_001.DOCX
https://doi.org/10.1021/acs.jmedchem.7b01895
https://doi.org/10.3390/md18020106
https://doi.org/10.3390/md18020106
https://doi.org/10.1038/aps.2015.9
https://doi.org/10.1038/aps.2015.9
https://doi.org/10.1016/j.ejmech.2019.111618
https://doi.org/10.1016/J.BMCL.2022.129067
https://doi.org/10.1002/CMDC.201000514
https://doi.org/10.1002/CMDC.201000514
https://doi.org/10.1002/CMDC.201700162
https://doi.org/10.3390/MOLECULES26247668
https://doi.org/10.3390/MOLECULES26247668
https://doi.org/10.1016/J.EJPHAR.2017.12.047
https://doi.org/10.4081/ejh.2020.3159
https://doi.org/10.1007/S40618-020-01182-Z/FIGURES/6
https://doi.org/10.1016/j.ejmech.2018.10.015
https://doi.org/10.1038/aps.2016.124
https://doi.org/10.1038/aps.2016.124
https://doi.org/10.1016/j.ejmech.2018.09.073
https://doi.org/10.1016/j.ejmech.2018.09.073
https://doi.org/10.1073/PNAS.1410992111/SUPPL_FILE/PNAS.1410992111.SAPP.PDF
https://doi.org/10.1073/PNAS.1410992111/SUPPL_FILE/PNAS.1410992111.SAPP.PDF
https://doi.org/10.1021/acs.jmedchem.9b01467
https://doi.org/10.1021/acs.jmedchem.9b01467
https://doi.org/10.1016/J.BIOCEL.2013.08.003
https://doi.org/10.3389/FPHAR.2018.00744
https://doi.org/10.1016/j.ejmech.2020.112774
https://doi.org/10.1007/S00213-010-1857-0/FIGURES/6
https://doi.org/10.1007/S00213-010-1857-0/FIGURES/6

A. Giraudo et al.

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

0.1 Alwassil, S. Khatri, M.K. Schulte, S.S. Aripaka, J.D. Mikkelsen, M. Dukat,
N1H-and N1-substituted phenylguanidines as o7 nicotinic acetylcholine (nACh)
receptor antagonists: structure-activity relationship studies, ACS Chem. Neurosci.
12 (2021) 2194-2201, https://doi.org/10.1021/ACSCHEMNEURO.1C00212/
ASSET/IMAGES/LARGE/CN1C00212_0005.JPEG.

D.J. Hardick, G. Cooper, T. Scott-Ward, L.S. Blagbrough, B.V.L. Potter,

S. Wonnacott, Conversion of the sodium channel activator aconitine into a potent
a7-selective nicotinic ligand, FEBS Lett. 365 (1995) 79-82, https://doi.org/
10.1016/0014-5793(95)00426-A.

L.S. Blagbrough, P.A. Coates, D.J. Hardick, T. Lewis, M.G. Rowan, S. Wonnacott,
B.V.L. Potter, Acylation of lycoctonine: semi-synthesis of inuline, delsemine
analogues and methyllycaconitine, Tetrahedron Lett. 35 (1994) 8705-8708,
https://doi.org/10.1016/50040-4039(00)78477-2.

D.J. Hardick, 1.S. Blagbrough, G. Cooper, B.V.L. Potter, T. Critchley,

S. Wonnacott, Nudicauline and elatine as potent norditerpenoid ligands at rat
neuronal a-bungarotoxin binding sites: Importance of the 2-(methylsuccinimido)
benzoyl moiety for neuronal nicotinic acetylcholine receptor binding, J. Med.
Chem. 39 (1996) 4860-4866, https://doi.org/10.1021/JM9604991/ASSET/
IMAGES/MEDIUM/JM9604991U00001A.GIF.

G.D. Manners, K.E. Panter, S.W. Pelletier, Structure-activity relationships of
norditerpenoid alkaloids occurring in toxic larkspur (delphinium) species, J. Nat.
Prod. 58 (1995) 863-869, https://doi.org/10.1021/NP50120A007/ASSET/
NP50120A007.FP.PNG_V03.

S.C. Bergmeier, D.J. Lapinsky, R.B. Free, D.B. McKay, Ring E analogs of
methyllycaconitine (MLA) as novel nicotinic antagonists, Bioorg. Med. Chem.
Lett. 9 (1999) 2263-2266, https://doi.org/10.1016/50960-894X(99)00378-9.
A.M.A. Qasem, M.G. Rowan, V.R. Sanders, N.S. Millar, L.S. Blagbrough, Synthesis
and antagonist activity of methyllycaconitine analogues on human a7 nicotinic
acetylcholine receptors, ACS Biol. Med Chem. (2022), https://doi.org/10.1021/
ACSBIOMEDCHEMAU.2C00057 /ASSET/IMAGES/LARGE/BG2C00057_0007.
JPEG.

Y. Brissonnet, R. Araoz, R. Sousa, L. Percevault, S. Brument, D. Deniaud,

D. Servent, J.-Y. Le Questel, J. Lebreton, S.G. Gouin, Di- and heptavalent nicotinic
analogues to interfere with o7 nicotinic acetylcholine receptors, Bioorg. Med.
Chem. 27 (2019) 700-707, https://doi.org/10.1016/j.bmc.2019.01.013.

D. Manetti, S. Dei, H.R. Arias, L. Braconi, A. Gabellini, E. Teodori, M.

N. Romanelli, Recent advances in the discovery of nicotinic acetylcholine
receptor allosteric modulators, Molecules 28 (1270. 28) (2023) 1270, https://doi.
org/10.3390/MOLECULES28031270.

Y. Li, L. Sun, T. Yang, W. Jiao, J. Tang, X. Huang, Z. Huang, Y. Meng, L. Luo,
X. Wang, X. Bian, F. Zhang, K. Wang, Q. Sun, Design and synthesis of novel
positive allosteric modulators of o7 nicotinic acetylcholine receptors with the
ability to rescue auditory gating deficit in mice, J. Med. Chem. 62 (2019)
159-173, https://doi.org/10.1021/ACS.JMEDCHEM.7B01492/SUPPL _FILE/
JM7B01492_SI_002.CSV.

L. lan Sun, T. yi Yang, N. ning Wei, W. Lu, W. xuan Jiao, Q. qi Zhou, Y. zhen Miao,
Q. Gao, X. tong Wang, Q. Sun, K.W. Wang, Pharmacological characterization of
JWX-A0108 as a novel type I positive allosteric modulator of a7 nAChR that can
reverse acoustic gating deficits in a mouse prepulse inhibition model, Acta
Pharmacol. Sin. 40 (2019) 737-745, https://doi.org/10.1038/541401-018-0163-
y.

X. Li, W. Xie, X. Wang, Z. Huang, X. Bian, K. Wang, Q. Sun, Chemical conversion
of nicotinamide into type I positive allosteric modulator of a7 nAChRs, Bioorg.
Med. Chem. Lett. 29 (2019) 1928-1933, https://doi.org/10.1016/j.
bmcl.2019.05.046.

X. Wang, H. Xiao, J. Wang, Z. Huang, G. Peng, W. Xie, X. Bian, H. Liu, C. Shi,
T. Yang, X. Li, J. Gao, Y. Meng, Q. Jiang, W. Chen, F. Hu, N. Wei, X. Wang,

L. Zhang, K.W. Wang, Q. Sun, Synthesis and biological evaluation of novel
triazine derivatives as positive allosteric modulators of a7 nicotinic acetylcholine
receptors, J. Med. Chem. 64 (2021) 12379-12396, https://doi.org/10.1021/ACS.
JMEDCHEM.1C01058/SUPPL_FILE/JM1C01058_SI_004.PDB.

C.L.C. Smelt, V.R. Sanders, J. Newcombe, R.P. Burt, T.D. Sheppard, M. Topf, N.
S. Millar, Identification by virtual screening and functional characterisation of
novel positive and negative allosteric modulators of the 7 nicotinic acetylcholine
receptor, Neuropharmacology 139 (2018) 194-204, https://doi.org/10.1016/j.
neuropharm.2018.07.009.

B.E. Nielsen, S. Stabile, C. Vitale, C. Bouzat, Design, synthesis, and functional
evaluation of a novel series of phosphonate-functionalized 1,2,3-triazoles as
positive allosteric modulators of a7 nicotinic acetylcholine receptors, ACS Chem.
Neurosci. 11 (2020) 2688-2704, https://doi.org/10.1021/
acschemneuro.0c00348.

J.F. Chrestia, M. del Carmen Esandi, C. Bouzat, Cannabidiol as a modulator of a7
nicotinic receptors, Cell. Mol. Life Sci. 79 (2022), https://doi.org/10.1007/
s00018-022-04600-y.

H.R. Arias, E. Vazquez-Gomez, A. Herndndez-Abrego, S. Gallino, D. Feuerbach, M.
O. Ortells, A.B. Elgoyhen, J. Garcia-Colunga, Tricyclic antidepressants inhibit
hippocampal a7* and «9a10 nicotinic acetylcholine receptors by different
mechanisms, Int. J. Biochem. Cell Biol. 100 (2018) 1-10, https://doi.org/
10.1016/j.biocel.2018.04.017.

Y. Duarte, M. Rojas, J. Canan, E.G. Pérez, F. Gonzalez-Nilo, J. Garcia-Colunga,
Different classes of antidepressants inhibit the rat o7 nicotinic acetylcholine
receptor by interacting within the ion channel: a functional and structural study,
Molecules 26 (2021), https://doi.org/10.3390/molecules26040998.

R. Teodoro, M. Scheunemann, B. Wenzel, D. Peters, W. Deuther-Conrad, P. Brust,
Synthesis and radiofluorination of novel fluoren-9-one based derivatives for the

19

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

Pharmacological Research 193 (2023) 106801

imaging of a7 nicotinic acetylcholine receptor with PET, Bioorg. Med. Chem. Lett.
28 (2018) 1471-1475, https://doi.org/10.1016/J.BMCL.2018.03.081.

S. Wang, Y. Fang, H. Wang, H. Gao, G. Jiang, J. Liu, Q. Xue, Y. Qi, M. Cao,

B. Qiang, H. Zhang, Design, synthesis and biological evaluation of 1,4-Diazobi-
cylco[3.2.2]nonane derivatives as «7-Nicotinic acetylcholine receptor PET/CT
imaging agents and agonists for Alzheimer’s disease, Eur. J. Med. Chem. 159
(2018) 255-266, https://doi.org/10.1016/J.EJMECH.2018.09.064.

H. Gao, S. Wang, B. Qiang, S. Wang, H. Zhang, Radioiodinated 9-fluorenone
derivatives for imaging a7-nicotinic acetylcholine receptors, MedChemComm 10
(2019) 2102-2110, https://doi.org/10.1039/COMD00415G.

A. Ouach, J. Vercouillie, E. Bertrand, N. Rodrigues, F. Pin, S. Serriere, L. Boiaryna,
A. Chartier, N. Percina, P. Tangpong, Z. Gulhan, C. Mothes, J.B. Deloye,

D. Guilloteau, G. Page, F. Suzenet, F. Buron, S. Chalon, S. Routier, Bis(het)aryl-
1,2,3-triazole quinuclidines as «7 nicotinic acetylcholine receptor ligands:
Synthesis, structure affinity relationships, agonism activity, [18F]-radiolabeling
and PET study in rats, Eur. J. Med. Chem. 179 (2019) 449-469, https://doi.org/
10.1016/J.EJMECH.2019.06.049.

D.F. Wong, H. Kuwabara, A.G. Horti, J.M. Roberts, A. Nandi, N. Cascella,

J. Brasic, E.M. Weerts, K. Kitzmiller, J.A. Phan, L. Gapasin, A. Sawa, H. Valentine,
G. Wand, C. Mishra, N. George, M. McDonald, W. Lesniak, D.P. Holt, B.B. Azad, R.
F. Dannals, W. Kem, R. Freedman, A. Gjedde, Brain PET imaging of a7-nAChR
with [18F]ASEM: reproducibility, occupancy, receptor density, and changes in
Schizophrenia, Int. J. Neuropsychopharmacol. 21 (2018) 656-667, https://doi.
org/10.1093/1JNP/PYY021.

J.M. Coughlin, Y. Du, J.L. Crawford, L.H. Rubin, B.B. Azad, W.G. Lesniak, A.

G. Horti, D.J. Schretlen, A. Sawa, M.G. Pomper, The availability of the a7
nicotinic acetylcholine receptor in recent-onset psychosis: a study using 18F-
ASEM PET, J. Nucl. Med. 60 (2018) 241-243, https://doi.org/10.2967/
JNUMED.118.213686.

J.M. Coughlin, L.H. Rubin, Y. Du, S.P. Rowe, J.L. Crawford, H.B. Rosenthal, S.
M. Frey, E.S. Marshall, L.K. Shinehouse, A. Chen, C.L. Speck, Y. Wang, W.

G. Lesniak, I. Minn, A. Bakker, V. Kamath, G.S. Smith, M.S. Albert, B.B. Azad, R.
F. Dannals, A. Horti, D.F. Wong, M.G. Pomper, High availability of the a7
nicotinic acetylcholine receptor in brains of individuals with mild cognitive
impairment: a pilot study using 18F-ASEM PET, J. Nucl. Med. 61 (2019) 423-426,
https://doi.org/10.2967/JNUMED.119.230979.

S. Vetel, J. Vercouillie, F. Buron, J. Vergote, C. Tauber, J. Busson, G. Chicheri,
S. Routier, S. Sérriere, S. Chalon, Longitudinal PET imaging of a7 nicotinic
acetylcholine receptors with [18FJASEM in a rat model of Parkinson’s disease,
Mol. Imaging Biol. 22 (2020) 348-357, https://doi.org/10.1007/511307-019-
01400-Y/FIGURES/6.

T. Yang, D. Wang, X. Chen, Y. Liang, F. Guo, C. Wu, L. Jia, Z. Hou, W. Li, Z.X. He,
X. Wang, 18F-ASEM imaging for evaluating atherosclerotic plaques linked to o7-
nicotinic acetylcholine receptor, Front. Bioeng. Biotechnol. 9 (2021) 471, https://
doi.org/10.3389/FBIOE.2021.684221/BIBTEX.

C.K. Donat, H.H. Hansen, H.D. Hansen, R.C. Mease, A.G. Horti, M.G. Pomper, E.
T. L’Estrade, M.M. Herth, D. Peters, G.M. Knudsen, J.D. Mikkelsen, In vitro and in
vivo characterization of dibenzothiophene derivatives [125I]Iodo-ASEM and
[18F]ASEM as radiotracers of homo- and heteromeric a7 nicotinic acetylcholine
receptors, Molecules 25 (1425. 25) (2020) 1425, https://doi.org/10.3390/
MOLECULES25061425.

C.A. Briggs, D.J. Anderson, J.D. Brioni, J.J. Buccafusco, M.J. Buckley, J.

E. Campbell, M.W. Decker, D. Donnelly-Roberts, R.L. Elliott, M. Gopalakrishnan,
M.W. Holladay, Y.H. Hui, W.J. Jackson, D.J.B. Kim, K.C. Marsh, A. O’Neill, M.
A. Prendergast, K.B. Ryther, J.P. Sullivan, S.P. Arneric, Functional
characterization of the novel neuronal nicotinic acetylcholine receptor ligand
GTS-21 in vitro and in vivo, Pharmacol. Biochem. Behav. 57 (1997) 231-241,
https://doi.org/10.1016/50091-3057(96)00354-1.

R.L. Papke, E. Meyer, T. Nutter, V.V. Uteshev, a7 Receptor-selective agonists and
modes of a7 receptor activation, Eur. J. Pharmacol. 393 (2000) 179-195, https://
doi.org/10.1016/50014-2999(00)00009-1.

Search on ClinicalTrials.gov, (n.d.). (https://clinicaltrials.gov/search?con
d=GTS-21) (accessed April 5, 2023).

J.E. Park, Y.H. Leem, J.S. Park, D.Y. Kim, J.L. Kang, H.S. Kim, Anti-inflammatory
and neuroprotective mechanisms of GTS-21, an «7 nicotinic acetylcholine
receptor agonist, in neuroinflammation and Parkinson’s disease mouse models,
Int. J. Mol. Sci. 23 (2022), https://doi.org/10.3390/ijms23084420.

W. Kong, K. Kang, Y. Gao, H. Liu, X. Meng, Y. Cao, S. Yang, W. Liu, J. Zhang,
K. Yu, M. Zhao, GTS-21 protected against LPS-induced sepsis myocardial injury in
mice through a7nAChR, Inflammation 41 (2018) 1073-1083, https://doi.org/
10.1007/s10753-018-0759-x.

M.E. Youssef, H.M. Abdelrazek, Y.M. Moustafa, Cardioprotective role of GTS-21
by attenuating the TLR4/NF-kB pathway in streptozotocin-induced diabetic
cardiomyopathy in rats, Naunyn Schmiede Arch. Pharm. 394 (2021) 11-31,
https://doi.org/10.1007/500210-020-01957-4.

B.K. Garg, R.H. Loring, GTS-21 has cell-specific anti-inflammatory effects
independent of a7 nicotinic acetylcholine receptors, PLOS One 14 (2019),
https://doi.org/10.1371/journal.pone.0214942.

Q. Meng, X. Tian, J. Li, N. Pruekprasert, R. Dhawan, G.G. Holz, R.N. Cooney, GTS-
21, a selective alpha7 nicotinic acetylcholine receptor agonist, ameliorates
diabetic nephropathy in Leprdb/db mice, Sci. Rep. 12 (2022), 22360, https://doi.
org/10.1038/541598-022-27015-y.

D. Goto, S. Nagata, Y. Naito, S. Isobe, T. Iwakura, T. Fujikura, N. Ohashi, A. Kato,
H. Miyajima, K. Sugimoto, H. Yasuda, Nicotinic acetylcholine receptor agonist
reduces acute lung injury after renal ischemia-reperfusion injury by acting on


https://doi.org/10.1021/ACSCHEMNEURO.1C00212/ASSET/IMAGES/LARGE/CN1C00212_0005.JPEG
https://doi.org/10.1021/ACSCHEMNEURO.1C00212/ASSET/IMAGES/LARGE/CN1C00212_0005.JPEG
https://doi.org/10.1016/0014-5793(95)00426-A
https://doi.org/10.1016/0014-5793(95)00426-A
https://doi.org/10.1016/S0040-4039(00)78477-2
https://doi.org/10.1021/JM9604991/ASSET/IMAGES/MEDIUM/JM9604991U00001A.GIF
https://doi.org/10.1021/JM9604991/ASSET/IMAGES/MEDIUM/JM9604991U00001A.GIF
https://doi.org/10.1021/NP50120A007/ASSET/NP50120A007.FP.PNG_V03
https://doi.org/10.1021/NP50120A007/ASSET/NP50120A007.FP.PNG_V03
https://doi.org/10.1016/S0960-894X(99)00378-9
https://doi.org/10.1021/ACSBIOMEDCHEMAU.2C00057/ASSET/IMAGES/LARGE/BG2C00057_0007.JPEG
https://doi.org/10.1021/ACSBIOMEDCHEMAU.2C00057/ASSET/IMAGES/LARGE/BG2C00057_0007.JPEG
https://doi.org/10.1021/ACSBIOMEDCHEMAU.2C00057/ASSET/IMAGES/LARGE/BG2C00057_0007.JPEG
https://doi.org/10.1016/j.bmc.2019.01.013
https://doi.org/10.3390/MOLECULES28031270
https://doi.org/10.3390/MOLECULES28031270
https://doi.org/10.1021/ACS.JMEDCHEM.7B01492/SUPPL_FILE/JM7B01492_SI_002.CSV
https://doi.org/10.1021/ACS.JMEDCHEM.7B01492/SUPPL_FILE/JM7B01492_SI_002.CSV
https://doi.org/10.1038/s41401-018-0163-y
https://doi.org/10.1038/s41401-018-0163-y
https://doi.org/10.1016/j.bmcl.2019.05.046
https://doi.org/10.1016/j.bmcl.2019.05.046
https://doi.org/10.1021/ACS.JMEDCHEM.1C01058/SUPPL_FILE/JM1C01058_SI_004.PDB
https://doi.org/10.1021/ACS.JMEDCHEM.1C01058/SUPPL_FILE/JM1C01058_SI_004.PDB
https://doi.org/10.1016/j.neuropharm.2018.07.009
https://doi.org/10.1016/j.neuropharm.2018.07.009
https://doi.org/10.1021/acschemneuro.0c00348
https://doi.org/10.1021/acschemneuro.0c00348
https://doi.org/10.1007/s00018-022-04600-y
https://doi.org/10.1007/s00018-022-04600-y
https://doi.org/10.1016/j.biocel.2018.04.017
https://doi.org/10.1016/j.biocel.2018.04.017
https://doi.org/10.3390/molecules26040998
https://doi.org/10.1016/J.BMCL.2018.03.081
https://doi.org/10.1016/J.EJMECH.2018.09.064
https://doi.org/10.1039/C9MD00415G
https://doi.org/10.1016/J.EJMECH.2019.06.049
https://doi.org/10.1016/J.EJMECH.2019.06.049
https://doi.org/10.1093/IJNP/PYY021
https://doi.org/10.1093/IJNP/PYY021
https://doi.org/10.2967/JNUMED.118.213686
https://doi.org/10.2967/JNUMED.118.213686
https://doi.org/10.2967/JNUMED.119.230979
https://doi.org/10.1007/S11307-019-01400-Y/FIGURES/6
https://doi.org/10.1007/S11307-019-01400-Y/FIGURES/6
https://doi.org/10.3389/FBIOE.2021.684221/BIBTEX
https://doi.org/10.3389/FBIOE.2021.684221/BIBTEX
https://doi.org/10.3390/MOLECULES25061425
https://doi.org/10.3390/MOLECULES25061425
https://doi.org/10.1016/S0091-3057(96)00354-1
https://doi.org/10.1016/S0014-2999(00)00009-1
https://doi.org/10.1016/S0014-2999(00)00009-1
https://clinicaltrials.gov/search?cond=GTS-21
https://clinicaltrials.gov/search?cond=GTS-21
https://doi.org/10.3390/ijms23084420
https://doi.org/10.1007/s10753-018-0759-x
https://doi.org/10.1007/s10753-018-0759-x
https://doi.org/10.1007/s00210-020-01957-4
https://doi.org/10.1371/journal.pone.0214942
https://doi.org/10.1038/s41598-022-27015-y
https://doi.org/10.1038/s41598-022-27015-y

A. Giraudo et al.

[130]

[131]

[132]

[133]

[134]

[135]

[136]

splenic macrophages in mice, Am. J. Physiol. Ren. Physiol. 322 (2022)
F540-F552, https://doi.org/10.1152/ajprenal.00334.2021.

S. Douaoui, R. Djidjik, M. Boubakeur, M. Ghernaout, C. Touil-boukoffa,

M. Oumouna, F. Derrar, Y. Amrani, GTS-21, an «7nAChR agonist, suppressed the
production of key inflammatory mediators by PBMCs that are elevated in COPD
patients and associated with impaired lung function, Inmunobiology 225 (2020),
https://doi.org/10.1016/j.imbio.2020.151950.

Z.Ye, Y. Zhu, N. Tang, X. Zhao, J. Jiang, J. Ma, H. Zhang, o7 nicotinic
acetylcholine receptor agonist GTS-21 attenuates DSS-induced intestinal colitis by
improving intestinal mucosal barrier function, Mol. Med. 28 (2022), https://doi.
org/10.1186/510020-022-00485-6.

Z. Mei, X. Tian, J. Chen, Y. Wang, Y. Yao, X. Li, C. Yang, S. Zhang, C. Xie, o7-
nAchR agonist GTS-21 reduces radiation-induced lung injury, Oncol. Rep. 40
(2018) 2287-2297, https://doi.org/10.3892/0R.2018.6616/HTML.

P. Yamini, R.S. Ray, S. Yadav, J. Dhaliwal, M. Yadav, K.K. Kondepudi, K. Chopra,
o7nAChR activation protects against oxidative stress, neuroinflammation and
central insulin resistance in ICV-STZ induced sporadic Alzheimer’s disease,
Pharmacol. Biochem. Behav. 217 (2022), https://doi.org/10.1016/j.
pbb.2022.173402.

A.L. Bodnar, L.A. Cortes-Burgos, K.K. Cook, D.M. Dinh, V.E. Groppi, M. Hajos, N.
R. Higdon, W.E. Hoffmann, R.S. Hurst, J.K. Myers, B.N. Rogers, T.M. Wall, M.
L. Wolfe, E. Wong, Discovery and structure-activity relationship of quinuclidine
benzamides as agonists of a7 nicotinic acetylcholine receptors, J. Med. Chem. 48
(2005) 905-908, https://doi.org/10.1021/JM049363Q/SUPPL_FILE/
JM049363QS120041130_011335.PDF.

N.M. Pinheiro, C.J.C.P. Miranda, F.R. Santana, M. Bittencourt-Mernak, F.

M. Arantes-Costa, C. Olivo, A. Perini, S. Festa, L.C. Caperuto, L.F.L.C. Tibério, M.
A.M. Prado, M.A. Martins, V.F. Prado, C.M. Prado, Effects of VAChT reduction
and o7nAChR stimulation by PNU-282987 in lung inflammation in a model of
chronic allergic airway inflammation, Eur. J. Pharmacol. 882 (2020), https://doi.
org/10.1016/j.ejphar.2020.173239.

W. Pu, Z. Su, J. Wazir, C. Zhao, L. Wei, R. Wang, Q. Chen, S. Zheng, S. Zhang,
H. Wang, Protective effect of a7 nicotinic acetylcholine receptor activation on
experimental colitis and its mechanism, Mol. Med. 28 (2022), https://doi.org/
10.1186/510020-022-00532-2.

20

[137]

[138]

[139]

[140]

[141]

[142]

Pharmacological Research 193 (2023) 106801

S.E. Webster, J.B. Spitsbergen, D.M. Linn, M.K. Webster, D. Otteson, C. Cooley-
Themm, C.L. Linn, Transcriptome changes in retinal pigment epithelium Post-
PNU-282987 treatment associated with adult retinal neurogenesis in mice, J. Mol.
Neurosci. 72 (2022) 1990-2010, https://doi.org/10.1007/s12031-022-02049-z.
D.G. Wishka, D.P. Walker, K.M. Yates, S.C. Reitz, S. Jia, J.K. Myers, K.L. Olson, E.
J. Jacobsen, M.L. Wolfe, V.E. Groppi, A.J. Hanchar, B.A. Thornburgh, L.A. Cortes-
Burgos, E.H.F. Wong, B.A. Staton, T.J. Raub, N.R. Higdon, T.M. Wall, R.S. Hurst,
R.R. Walters, W.E. Hoffmann, M. Hajos, S. Franklin, G. Carey, L.H. Gold, K.

K. Cook, S.B. Sands, S.X. Zhao, J.R. Soglia, A.S. Kalgutkar, S.P. Arneric, B.

N. Rogers, Discovery of N-[(3R)-1-azabicyclo[2.2.2]oct-3-yl]furo[2,3-c]pyridine-
5- carboxamide, an agonist of the a7 nicotinic acetylcholine receptor, for the
potential treatment of cognitive deficits in schizophrenia: synthesis and structure-
activity relationship, J. Med. Chem. 49 (2006) 4425-4436, https://doi.org/
10.1021/JM0602413/SUPPL_FILE/JM0602413S120060503_013451.PDF.

J. Lv, Y. Duan, X. Wang, H. Wu, J. Chen, W. Zhang, S. Ke, F. Wang, H. Ni, X. Cao,
Alpha7 nicotinic acetylcholine receptor agonist PHA-543613 improves memory
deficits in presenilin 1 and presenilin 2 conditional double knockout mice, Exp.
Neurol. 359 (2023), 114271, https://doi.org/10.1016/J.
EXPNEUROL.2022.114271.

N. Bruszt, Z.K. Bali, S.A. Tadepalli, L.V. Nagy, I. Hernadi, Potentiation of
cognitive enhancer effects of Alzheimer’s disease medication memantine by
alpha?7 nicotinic acetylcholine receptor agonist PHA-543613 in the Morris water
maze task, Psychopharmacology 238 (2021) 3273-3281, https://doi.org/
10.1007/500213-021-05942-4.

A.A. Mazurov, D.C. Kombo, T.A. Hauser, L. Miao, G. Dull, J.F. Genus, N.

B. Fedorov, L. Benson, S. Sidach, Y. Xiao, P.S. Hammond, J.W. James, C.H. Miller,
D. Yohannes, Discovery of (2S,3R)-N-[2-(pyridin-3-ylmethyl)-1-azabicyclo[2.2.2]
oct-3-yl] benzo[b]furan-2-carboxamide (TC-5619), a selective a7 nicotinic
acetylcholine receptor agonist, for the treatment of cognitive disorders, J. Med.
Chem. 55 (2012) 9793-9809, https://doi.org/10.1021/JM301048A/SUPPL_
FILE/JM301048A_SI_001.PDF.

B.J. Canning, Q. Liu, M. Tao, R. DeVita, M. Perelman, D.W. Hay, P.

V. Dicpinigaitis, J. Liang, Evidence for alpha7 nicotinic receptor activation during
the cough suppressing effects induced by nicotine and identification of ATA-101
as a potential novel therapy for the treatment of chronic cough, J. Pharmacol.
Exp. Ther. 380 (2022) 94-103, https://doi.org/10.1124/jpet.121.000641.


https://doi.org/10.1152/ajprenal.00334.2021
https://doi.org/10.1016/j.imbio.2020.151950
https://doi.org/10.1186/s10020-022-00485-6
https://doi.org/10.1186/s10020-022-00485-6
https://doi.org/10.3892/OR.2018.6616/HTML
https://doi.org/10.1016/j.pbb.2022.173402
https://doi.org/10.1016/j.pbb.2022.173402
https://doi.org/10.1021/JM049363Q/SUPPL_FILE/JM049363QSI20041130_011335.PDF
https://doi.org/10.1021/JM049363Q/SUPPL_FILE/JM049363QSI20041130_011335.PDF
https://doi.org/10.1016/j.ejphar.2020.173239
https://doi.org/10.1016/j.ejphar.2020.173239
https://doi.org/10.1186/s10020-022-00532-2
https://doi.org/10.1186/s10020-022-00532-2
https://doi.org/10.1007/s12031-022-02049-z
https://doi.org/10.1021/JM0602413/SUPPL_FILE/JM0602413SI20060503_013451.PDF
https://doi.org/10.1021/JM0602413/SUPPL_FILE/JM0602413SI20060503_013451.PDF
https://doi.org/10.1016/J.EXPNEUROL.2022.114271
https://doi.org/10.1016/J.EXPNEUROL.2022.114271
https://doi.org/10.1007/s00213-021-05942-4
https://doi.org/10.1007/s00213-021-05942-4
https://doi.org/10.1021/JM301048A/SUPPL_FILE/JM301048A_SI_001.PDF
https://doi.org/10.1021/JM301048A/SUPPL_FILE/JM301048A_SI_001.PDF
https://doi.org/10.1124/jpet.121.000641

	Small molecule ligands for α9 ​∗ ​and α7 nicotinic receptors: A survey and an update, respectively
	1 Introduction
	2 α9 ​∗ ​- and α7-nAChR ligands
	2.1 α9 ​∗ ​-nAChR ligands
	2.1.1 Screening of known nicotinoids and Cys-loop receptors ligands at α9 ​∗ ​-nAChRs
	2.1.2 Bis-, tris-, and tetrakis-aza-aromatic quaternary ammonium salts
	2.1.3 1,1-Diethyl-4-phenylpiperazinium salts
	2.1.4 Analogs of the 2-triethylammonium ethyl ether of 4-stilbenol (MG624)
	2.1.5 α-Conotoxins targeting the α9 ∗ -nAChR
	2.1.6 α9 ∗ -nAChR allosteric ligands

	2.2 α7-nAChR ligands
	2.2.1 α7-nAChR agonists
	2.2.1.1 Tetrahydroisoquinolines, and tetrahydropyridyl pyridines
	2.2.1.2 Quinuclidines
	2.2.1.3 3-Substituted (3-pyridyloxymethyl)piperidines and 4,6-disubstituted 2-aminopyrimidines

	2.2.2 α7-nAChR antagonists
	2.2.3 Allosteric ligands
	2.2.4 α7-nAChR radioligands
	2.2.5 Recent advancements in the characterization of previously discovered α7-nAChR ligands


	3 Concluding remarks
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	References


