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Abstract

Despite the proven efficacy of current pharmacotherapies for tobacco dependence, relapse rates
continue to be high, indicating that novel medications are needed. Currently, several smoking
cessation agents are available, including varenicline (Chantix®), bupropion (Zyban®), and cytisine
(Tabex®). Varenicline and cytisine are partial agonists at the a4f2* nicotinic acetylcholine
receptor (NAChR). Bupropion is an antidepressant but is also an antagonist at a332* ganglionic
nAChRs. The rewarding effects of nicotine are mediated, in part, by nicotine-evoked dopamine
(DA) release leading to sensitization, which is associated with repeated nicotine administration
and nicotine addiction. Receptor antagonists that selectivity target central nAChR subtypes
mediating nicotine-evoked DA release should have efficacy as tobacco use cessation agents with
the therapeutic advantage of a limited side-effect profile. While a-conotoxin Ml (a-CtxMII)-
insensitive NAChRs (e.g., a4p32*) contribute to nicotine-evoked DA release, these nAChRs are
widely distributed in the brain, and inhibition of these receptors may lead to nonselective and
untoward effects. In contrast, a-CtxMlI-sensitive nAChRs mediating nicotine-evoked DA release
offer an advantage as targets for smoking cessation, due to their more restricted localization
primarily to dopaminergic neurons. Small drug-like molecules that are selective antagonists at a-
CtxMII-sensitive nAChR subtypes that contain a6 and B2 subunits have now been identified.
Early research identified a variety of quaternary ammonium analogs that were potent and selective
antagonists at nAChRs mediating nicotine-evoked DA release. More recent data have shown that
novel, non-quaternary bis-1,2,5,6-tetrahydropyridine analogs potently inhibit (1C50<1 nM)
nicotine-evoked DA release in vitro by acting as antagonists at a-CtxMII-sensitive nAChR
subtypes; these compounds also decrease NIC self-administration in rats.
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1. INTRODUCTION

Cigarette smoking is the most preventable cause of death with regard to global health.
Despite the known health consequences of chronic smoking, compulsive tobacco use still
persists throughout the world. Despite the proven efficacy of some current
pharmacotherapies for tobacco dependence, relapse rates continue to be high (George &
O’Malley, 2004; Hajek, McRobbie, & Myers, 2013; Hajek, Stead, et al., 2013; Hurt et al.,
2003; Wileyto et al., 2004), indicating a need for alternative and more efficacious
pharmacotherapies. Cessation therapies are available utilizing either nicotine replacement
therapy (i.e., the nicotine patch and gum) or the use of nicotinic acetylcholine receptor
(nAChR) partial agonists (e.g., varenicling).

Tobacco dependence is described as a chronic, relapsing disorder in which compulsive drug
use persists despite negative consequences (George & O’Malley, 2004; Le Foll & Goldberg,
2009; Rose, 2008). About 80% of those who attempt to quit smoking relapse within the first
month, and only 3% remain abstinent at 6 months (Benowitz, 2009), indicating that new
medications are needed to specifically address the problem of relapse (George & O’Malley,
2004; Harmey, Griffin, & Kenny, 2012; Hurt et al., 2003; Irvin, Hendricks, & Brandon,
2003). The rewarding effects of nicotine are mediated, at least in part, by nicotine-evoked
dopamine (DA) release leading to sensitization, which is associated with repeated nicotine
administration and NIC addiction. Based on findings that the nonselective NAChR
antagonist mecamylamine (MEC) has efficacy as a tobacco use cessation agent but is limited
by peripherally mediated side effects, antagonist molecules with selectivity for central
nAChR subtypes mediating nicotine-evoked DA release should have efficacy as tobacco use
cessation agents with the therapeutic advantage of a limited side-effect profile.

2. CURRENT SMOKING CESSATION THERAPIES THAT TARGET nAChRs

2.1. Varenicline and cytisine

Varenicline was developed by Pfizer, Inc. and approved by the FDA as a smoking cessation
agent in 2006. Varenicline not only acts as a partial agonist at a4p2* nAChRs but also
interacts weakly with a3p2* and a6p2* nAChRs and is a full agonist at a7 nAChRs
(Mihalak, Carroll, & Luetje, 2006). Varenicline has been shown to substitute for nicotine in
drug discrimination studies in rats and blocks nicotine self-administration. In a randomized
controlled clinical trial, carried out after 1 year of varenicline therapy, the rate of continuous
tobacco use abstinence was 10% for placebo and 23% for varenicline; this compared
favorably with the rate for bupropion (15%) (Jorenby et al., 2006). A subsequent meta-
analysis of 101 clinical studies investigating varenicline showed it to be more effective than
both bupropion and nicotine replacement therapy (~1.5 odds ratio) (Mills, Wu, Spurden,
Ebbert, & Wilson, 2009).

A public health advisory notice was issued by the FDA in 2008 indicating that patients on
varenicline experience serious neuropsychiatric symptoms, including depressed mood,
suicidal ideation, and attempted or completed suicide (FDA public health advisory, 2008). In
2009, the FDA required both varenicline and bupropion to carry black box warnings, due to
public reports of side effects, including depression, suicidal thoughts, and suicidal actions
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(FDA public health advisory, 2009). However, a recent a study of the medical records of
119,546 adults who had used a smoking cessation product between 1st September 2006 and
31st October 2011 (Thomas et al., 2013) found no clear evidence of an increased risk of
treated depression or suicidal behavior for patients prescribed with varenicline or bupropion
when compared to those taking nicotine replacement therapies. The FDA has also issued a
recent safety announcement that the use of varenicline may be associated with a small,
increased risk of certain cardiovascular adverse events in patients with cardiovascular
disease (FDA drug safety communication, 2011).

Cytisine is a natural product isolated from Cytisus laborinumthat is marketed in Europe as a
smoking cessation agent under the trade name Tabex® (Etter, 2006; Zatonski, Cedzynska,
Tutka, & West, 2006). Varenicline is a synthetic analog of cytisine. Cytisine was approved
as a smoking cessation drug in 2006 in eastern Europe but is currently unavailable in the
United States. Cytisine has a long-standing record of efficacy in the treatment of nicotine
addiction in Europe and, similar to varenicline, is a selective partial agonist of human a4p2*
nAChRs (Lukas, 2007). In addition to its utility in smoking cessation treatments, cytisine
has shown antidepressant activity in male C57BL/6J mice (Mineur, Somenzi, & Picciotto,
2007). A recent meta-analysis of eight clinical studies indicated that cytisine has comparable
effectiveness to other smoking cessation agents marketed in the United States (Hajek,
McRobbie, et al., 2013; Hajek, Stead, et al., 2013).

2.2. Bupropion

Bupropion was originally marketed as an antidepressant molecule due to its ability to inhibit
DA and norepinephrine (NE) transport into the presynaptic nerve terminal. Importantly,
bupropion inhibits DA uptake into striatal synaptosomes and NE uptake into hypothalamic
synaptosomes; it also dose-dependently increases presynaptic vesicular DA uptake and
redistributes vesicular monoamine transporter-2 (VMAT?2) protein (Rau et al., 2005).
Bupropion has also been shown to act as an antagonist at human a.3p4 ganglionic nAChRs
via an allosteric inhibitory mechanism (Fryer & Lukas, 1999) and inhibits a3p2, a4p2, and
a7 nAChRs expressed in Xenopus oocytes (Slemmer, Martin, & Damaj, 2000). These
studies indicate that bupropion-induced decreases in smaoking likely result from both its
nAChR antagonism and its DAT and NET inhibition properties (Dwoskin, Pivavarchyk, et
al., 2009; Dwoskin, Smith, et al., 2009). The clinical effectiveness of bupropion as a
smoking cessation agent has been evaluated (Wu, Wilson, Dimoulas, & Mills, 2006). After
1 year of treatment, the odds of sustaining smoking cessation are 1.5 times higher in the
bupropion group compared to the placebo group. The evidence indicates that bupropion is
comparable to nicotine replacement therapy but is less effective than varenicline.

2.3. Mecamylamine

MEC is a nonselective noncompetitive channel blocker of NnAChRs and was originally
introduced as an antihypertensive drug in 1955 (Bacher, Wu, Shytle, & George, 2009). It has
more recently been shown to dose-dependently decrease nicotine self-administration in
laboratory animal models and to block cue-induced reinstatement of nicotine-seeking
behavior (DeNoble & Mele, 2006; Click, Visker, & Maisonneuve, 1996). Clinical studies
with MEC, which acts at both central and peripheral nAChRs, provide precedence for the
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use of NAChR antagonists as tobacco use cessation agents. MEC reverses both positive and
negative subjective effects of i.v. nicotine in smokers (Lundahl, Henningfield, & Lukas,
2000). In a randomized, double-blind placebo-controlled study, MEC combined with a
nicotine transdermal patch improved cessation outcome for up to 1 year compared to
nicotine alone (Rose, 2006, 2008; Rose et al., 1994). Also, MEC is beneficial in reducing
smoking satisfaction (Rose, 2008); however, MEC’s clinical utility is limited by
anticholinergic side effects (e.g., constipation and hypotension) due to the lack of nAChR
selectivity and inhibition of peripheral NAChRs (Rose, 2009). Thus, the development of
selective small-molecule antagonists targeting central nAChRs mediating nicotine-evoked
DA release constitutes a novel approach to the development of treatments for tobacco
dependence and relapse prevention.

3. EMERGING POTENTIAL THERAPEUTICS FOR TREATMENT OF
TOBACCO DEPENDENCE

Other partial agonists of NAChRs are currently under development. Dianicline, a drug
developed by Sanofi-Aventis, is a selective partial agonist, binding primarily to the a4p2*
nAChR subtype, and has a similar pharmacological profile to varenicline (Cohen et al.,
2003). In drug discrimination studies, dianicline substituted for nicotine but at doses that
decreased the rate of responding (Cohen et al., 2003). In clinical studies, dianicline exhibited
a 16% success rate compared to 8% for placebo (Fagerstrom & Balfour, 2006). Clinical
development of dianicline has been discontinued after reports of unfavorable results in phase
3 studies (Sanofi Pipeline, 2012).

Sazetidine A is a nicotine analog that also acts as a subtype-selective partial agonist at
a4p2* nAChRs. Interestingly, this drug interacts as an agonist at (a.4),(B2)3 subtypes and as
an antagonist at (a4)3(B2), subtypes (Xiao et al., 2006; Zwart et al., 2008). These studies
have also shown that both a4$2* and a62* nAChRs mediate sazetidine A-evoked DA
release, which can be blocked by both MEC and dihydro-p-erythroidine (Zwart et al., 2008).
The a6-selective antagonist, a-conotoxin MII (a-CtxMII), also inhibits sazetidine A-evoked
DA release (Imax = 50%). Sazetidine A substitutes completely for nicotine in drug
discrimination studies in the rat and appears to act as a partial agonist at nAChRs in
hippocampus and as a full agonist at nAChRs in striatum (Dwoskin, Pivavarchyk, et al.,
2009; Dwoskin, Smith, et al., 2009; Xiao, Woolverton, Sahibzada, Yasuda, & Kellar, 2007).

UCI-30002 is a novel antagonist that acts as a positive allosteric modulator of GABAA
receptors (Johnstone et al., 2004) and, as such, may also have efficacy as a negative
allosteric modulator of a4p2 nAChRs, since this drug inhibits nicotine-evoked currents in
Xenopus oocytes expressing neuronal a4p2, a7, and a3p4 nAChRs (Yoshimura et al., 2007).
UCI-30002 has been shown to decrease nicotine self-administration utilizing both a fixed
ratio and a progressive ratio schedule (Yoshimura et al., 2007), suggesting an effect on
nicotine reward, and does not alter food-maintained responding (Yoshimura et al., 2007).
Negative allosteric modulators of nAChRs represent a new area of drug discovery in the
search for novel smoking cessation agents.
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Recendy, AT-1001 N-(2-bromophenyl)-9-methyl-9-azabicyclo[3.3.1] nonan-3-amine has
been reported as a selective, high-affinity a3p4* nAChR antagonist that potently and dose-
dependently blocks nicotine self-administration in rats without altering responding for food
(Toll et al., 2012). AT-1001 is the first ligand reported with a K below 10 nM at a3p4*
nAChRs and a 90-fold selectivity over a4p2* and a7* nAChRs. Interestingly, AT-1001 is a
poor inhibitor of NIC-induced DA release, compared to MEC and a-CtxMI|I, suggesting that
its inhibition of nicotine self-administration in rats is not directly due to a decrease in DA
release in nucleus accumbens, but may involve an indirect pathway mediated by a3 p4*
nAChR inhibition. Nevertheless, these findings highlight the emergence of the a3p4*
nACHR as a new potential target for the development of clinically useful smoking cessation
agents.

4. SMALL-MOLECULE SURROGATES OF a-CtxMIl AS SMOKING
CESSATION AGENTS

We began our nAChR antagonist research program because we believed that subtype-
selective nAChR antagonists that block reward-relevant mesocorticolimbic and nigrostriatal
DA release evoked by nicotine might offer patients who do not respond to existing smoking
cessation therapies alternative treatment options. Thus, we set out to discover and develop
molecules that were selective antagonists at those nAChR subtypes that mediate nicotine-
evoked DA release, that is, NAChR subtypes associated with reward produced by tobacco
smoking (Crooks, Ravard, Teng, & Dwoskin, 1995; Dwoskin & Crooks, 2001). At the time
we initiated this research program, this was considered to be a new and somewhat
controversial approach to therapeutic intervention in tobacco addiction.

The seminal discovery that the neuropeptide a-CtxMII blocks nicotine-stimulated DA
release in rat striatal synaptosomes (Kulak, Nguyen, Olivera, & Mcintosh, 1997) was a key
finding of great relevance to the discovery of nAChR antagonists that block nicotine reward.
The specific goal was to identify small, drug-like molecules that act as selective antagonists
at a-CtxMlI-sensitive NAChR subtypes, which contain a6 and 2 subunits (i.e., a6p2*,
abP2p3*, abadp2p3*, and a4abf2*). These a-CtxMIl-sensitive NAChRs were selected as
targets for drug discovery because they are localized primarily to DA neurons that mediate
nicotine-evoked DA release leading to nicotine reward. While a-CtxMll-insensitive
nAChRs (e.g., a4f2* ) contribute to nicotine-evoked DA release, these NAChRs have a wide
distribution in brain, which may lead to nonselective effects. In contrast, a-CtxMll-sensitive
nAChRs mediating nicotine-evoked DA release offer an advantage as a target for smoking
cessation due to their more restricted localization primarily to DA neurons. Currently, there
are few selective drug-like compounds that differentiate a-CtxMlI-sensitive nAChRs from
other central and peripheral NAChR subtypes (e.g., a4p2*, a7*, and a3p4* nAChRs).

We considered our approach of developing small-molecule surrogates of a-CtxMlI to be
innovative for a number of reasons. First, no new chemical entities have been synthesized
that are small molecules acting as a-CtxMII surrogates. Second, identification of a6p2*
nAChRs as targets for the discovery of novel tobacco dependence medications was a novel
approach at the time we commenced our studies (Crooks et al., 1995). Third, the overall
general strategy is innovative, since currently, there are no specific NAChR antagonists
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approved for smoking cessation, and we believed that antagonist treatment could be useful
in providing an alternative clinical option for highly motivated individuals undergoing
cessation. Current pharmacotherapeutic approaches are based primarily on replacement
therapies, in which full or partial NAChR agonists (e.g., nicotine and varenicline) interact
predominantly with a4p2* nAChRs (Coe et al., 2005; Paterson et al., 2010; Rose, Salley,
Behm, Bates, & Westman, 2010). nAChR agonists are generally well tolerated and produce
good patient compliance, substituting for the reinforcing effect of tobacco use (Garwood &
Potts, 2007; Shahan, Odum, & Bickel, 2000). However, partial agonist or agonist
replacement therapy is less than optimal (Schuh, Schuh, & Henningfield, 1996); a potential
disadvantage is that continued activation of nAChRs maintains receptor desensitization and
nicotine dependence. Fourth, the ability to selectively inhibit central nAChRs offers new
tools to provide insights on mechanisms involving a6p82* nAChRs. Fifth, our focus on the
development of pharmacotherapies to thwart relapse is of great significance with regard to
developing effective strategies to combat nicotine addiction. While the various factors
involved in relapse in humans are complex, including the co-occurrence of alcohol
consumption and factors related to impulsivity and stress (Bourque, Mendrek, Dinh-
Williams, & Potvin, 2013; Brunzell, 2012; VVanderVeen, Cohen, & Watson, 2012), it is also
known that smoking-related cues play a role (Le Foll & Goldberg, 2005; Perkins, 1999). To
the extent that cue-induced craving is associated with activation of a6p2* nAChRs, it may
be possible to develop an antagonist pharmacotherapy that enhances relapse prevention by
blocking the effect of these cues.

nAChRs, members of the Cys-loop family of ligand-gated ion channel receptors, consist of
pentameric transmembrane proteins with diverse compaosition (Anand, Conroy, Schoepfer,
Whiting, & Lindstrom, 1991; Millar & Gotti, 2009). Although nAChR subtype
predominance does not necessarily reflect functional importance, the a4f2 subtype, probed
by high-affinity [3H]-nicotine binding, is predominant in the CNS (Flores, Rogers, Pabreza,
Wolfe, & Kellar, 1992; Whiting & Lindstrom, 1987; Zoli, Lena, Picciotto, & Changeux,
1998). Immunoprecipitation studies indicate that more than two different subunits form
functional nAChRs and individual neurons elaborate multiple subtypes (Conroy, Vernallis,
& Berg, 1992; Forsayeth & Kobrin, 1997; Turner & Kellar, 2005), increasing the
complexity associated with elucidation of specific NAChR subtype function. Mammalian
homomeric NAChRs consist of a7 or a9 subunits (Flores et al., 1992; Gotti, Zoli, &
Clementi, 2006; Mcintosh et al., 2005; Wada et al., 1989). The exact subunit composition
and stoichiometry of native nAChRs remain to be elucidated. Nevertheless, subunit
composition has an important impact on pharmacological sensitivity, including antagonist
affinity (Cachelin & Rust, 1995; Harvey & Luetje, 1996; Harvey, Maddox, & Luetje, 1996).
Nicotine activation of nAChRs increases extracellular DA in nucleus accumbens and
striatum, mediating, at least in part, nicotine reward (Corrigall, Franklin, Coen, & Clarke,
1992; Rahman et al., 2008). nAChRs modulate synaptic activity and neurotransmitter
release (Collins, Salminen, Marks, Whiteaker, & Grady, 2009; Dani & Bertrand, 2007;
McGehee & Role, 1995; Quarta et al., 2007). Rat nigral DA neurons express mRNA for a3,
ad, ab, ab, a7, B2, B3, and f4 (Arroyo-Jimenez et al., 1999; Wada et al., 1989). Studies
using B2 knockout mice have revealed that 82 is necessary for nicotine-evoked DA release
(Grady et al., 2001, 2007; Salminen et al., 2004; Whiteaker et al., 2000). Subtype
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assignment of native NnAChRs mediating nicotine-evoked DA release is based largely on the
inhibition of agonist-induced responses by subtype-selective antagonists, defined by their
inhibitory activity in cell systems expressing nAChR subunits of known composition. A
major role for a6p2* in nicotine-evoked striatal DA release is based on a-CtxMII inhibition
of nicotine-evoked [3H]-DA release, as well as knockout and gain-of-function studies
(Cartier et al., 1996; Cui et al., 2003; Drenan et al., 2010; Drenan, Grady et al., 2008;
Drenan, Nashmi, et al., 2008; Kaiser, Soliakov, Harvey, Luetje, & Wonnacott, 1998); a6
and B2 subunits are highly expressed in DA cell bodies (Cm et al., 2003; Goldner, Dmeley,
& Patrick, 1997; Le Noveére, Zoli, & Changeux, 1996).

Results from comprehensive molecular genetics gene deletion studies implicate the
adabp2p3* subtype in nicotine-evoked DA release and nicotine reward. These studies
suggested that nicotine-evoked DA release is mediated by 6 different subtypes, that is,
abP2B3*, adabP2p3*, abP2*, and adabP2* (a-CtxMll-sensitive subtypes) and a4p2* and
ada5p2* (a-CtxMll-insensitive subtypes) (Gotti et al., 2005; Salminen et al., 2004). The
adabp2B3* subtype had the highest sensitivity to nicotine of any native nAChR and
constituted approximately 50% of a6-containing nAChRs on DA terminals of wild-type
mice (Salminen et al., 2007). From these studies, it is clear that multiple subtypes can
mediate nicotine-evoked DA release. The ability to design small-molecule antagonists that
can selectively target these subtypes to inhibit nicotine-evoked DA release represents a
primary goal for our laboratory. DA neurons have special chaperones for assembling
accessory subunits with a6 for transporting nAChRs to the cell surface; a6 concatamers will
increase understanding of the functional properties of a6-containing nAChRs (Kuryatov &
Lindstrom, 2011). It is important to note that the subtype composition and relative
contribution of nicotine-evoked DA release nNAChRs are species-dependent, and relative
contributions of different subtypes are species-dependent. In mice, a6-containing nAChRS
represent 30% of presynaptic NAChRs that mediate nicotine-evoked DA release, while in
nonhuman primates, 70% of nAChRs that mediate nicotine-evoked DA release are a.6-
containing nAChRs (Kulak et al., 1997; McCallum, Collins, Paylor, & Marks, 2006;
Salminen et al., 2004). CNS location is also an important factor; a6p2* nAChRs are the
predominant subtype that mediates nicotine-evoked DA release in nucleus accumbens,
whereas a6p2* nAChRs only contribute in striatum (Exley, Clements, Hartung, Mcintosh,
& Cragg, 2008). These studies demonstrate that a6p2* nAChRs are major subtypes that
mediate nicotine-evoked DA release and nicotine self-administration leading to dependence
(Brunzell, 2012; Brunzell, Boschen, Hendrick, Beardsley, & Mcintosh, 2010; Drenan et al.,
2010; Gotti et al., 2010; Jackson, Mcintosh, Brunzell, Sanjakdar, & Damaj, 2009; Moretti et
al., 2010; Pons et al., 2008).

Neurotoxin peptides acting as subtype-selective nAChR antagonists are unlikely to be easily
developed into treatments for tobacco use cessation, since they are high-molecular-weight
peptides and unlikely to not cross the blood-brain barrier. Our current approach aimed to
provide potent small-molecule antagonists that inhibit the same nAChR subtypes as a-
CtxMII. Pharmacological tools, which differentiate among specific high-affinity heteromeric
nAChR subtypes, are few. This situation represents a major hindrance in increasing our
understanding of which specific subtypes contribute to nicotine addiction and in the
development of effective pharmacotherapies for tobacco dependence. We hypothesize that

Adv Pharmacol. Author manuscript; available in PMC 2014 July 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Crooks et al.

Page 8

drug-like nAChR antagonists inhibiting a62* nAChR subtypes will decrease nicotine-
evoked DA release and nicotine reward, thus providing a new class of cessation agents that
prevent relapse. In support of this hypothesis, our drug discovery effort focused initially on
the development of nAChR subtype-selective antagonists based on structural modification
of the nicotine molecule (Dwoskin & Bardo, 2009; Dwoskin & Crooks, 2001; Dwoskin,
Smith, et al., 2009; Dwoskin et al., 2004).

5. MONOQUATERNARY AMMONIUM SALTS DERIVED FROM N-
METHYLNICOTINIUM ION AS NICOTINIC RECEPTOR ANTAGONISTS

Based upon early findings that the N-methylnicotinium ion inhibited DA uptake into rat
striatal slices (Dwoskin, Leibee, Jewell, Fang, & Crooks, 1992), we initially synthesized and
evaluated a series of N-n-alkylnicotinium analogs and related compounds for their ability to
inhibit nicotine-evoked DA release from rat striatal slices and to displace [2H] -nicotine
binding from rat striatal membranes (a482* nAChRs) (Crooks et al., 1995). We were
particularly interested in the nAChR mediating nicotine-evoked DA release, since we
believed that it constituted an excellent therapeutic target for the development of clinical
candidates for treating nicotine addiction. The exact subunit composition and stoichiometry
of this nAChR receptor were not known at the time our studies began and even today have
still not been fully elucidated. The receptor was initially termed the a3p2 subtype but was
later renamed as a group of a6* or more recently a6p2* subtypes.

The most effective antagonists screened in our nicotine-evoked DA release assay were those
quaternary ammonium nicotine analogs that incorporated an N-n-alkyl substituent of three
carbons or more in length. The introduction of an aromatic or unsaturated residue into the N-
alkyl substituent also afforded antagonist molecules. The most potent compound was S-(-)-
N-n-octylnicotinium iodide (NONI, Fig. 13.1), which had full antagonist potency.
Importantly, NONI had low affinity for the high-affinity [ 3H] -nicotine binding site (K; = 20
uUM) and appeared to be somewhat more selective as an antagonist at a6p2* nAChRs (ICgg =
0.62 uM) (Crooks et al., 2004). Interestingly, some of the N-alkylnicotinium analogs had
differential properties at a4p2* , a7* , and a6p2* nAChRs. The related compound S-(-)-N-
n-decylnicotinium iodide (NDNI; Fig. 13.1) was not active as an antagonist at a6p2*
NAChRs (ICsg > 100 pM) but afforded a K; value of 90 nM in the [ 3H] -nicotine binding
assay. The N-n-dodecyl analog, NDDNI (Fig. 13.1), was a very potent antagonist at a6p2*
nAChRs (IC5¢ = 9 nM) but was nonselective, exhibiting a K; of 140 nM at a4p2* nAChRs.
In the nicotine-evoked 86Rb* efflux assay, a functional assay for the a4p2* nAChR subtype,
NDNI and NONI had ICsqgg 0of 30 pM and 85 nM, respectively (Dwoskin, Wilkins, Pauly, &
Crooks, 1999).

These results were considered key findings, since NONI represented our first lead
compound in the search for new tobacco use cessation agents (Dwoskin et al., 2004). These
early data also indicated that while NONI was a selective a6p2* nAChR subtype antagonist,
NDNI was a potent and selective a4p2* nAChR subtype antagonist and that both
compounds might be valuable tools for probing the consequences of activating different
subtypes of nicotinic receptor. More importantly, the N-n-alkylnicotinium analogs as a
group were found to have good affinity for the blood-brain barrier choline transporter, and
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[3H]-NONI was shown to act as a substrate for this transporter in brain uptake studies in the
rat. NONI exhibited the following saturable blood-brain barrier penetration parameters—
Vimax = 603 % 80 nmol/min/g, K, + 661+ 75 uM, and Kq = 7.3+3.1 x 10~* ml/g—compared
to choline, Vimay = 3+0.3 nmol/ min/g, Ky, = 42+6puM, and Kq = 1.0+0.06 x 10~ ml/g
(Crooks et al., 2004; Lockman et al., 2008), indicating that this molecule, although cationic
and polar, is brain-bioavailable. However, the general lack of selectivity of this class of
analogs for a6p2* nAChRs prompted us to explore other structural modifications of the
nicotine molecule.

5.1. Bis-Quaternary ammonium analogs

During the course of the structure—activity studies on the N-alkylnicotinium analogs, it was
observed that significant structural changes could be made to the nicotinium moiety (i.e., the
quaternary ammonium “headgroup”) with retention of antagonist potency at nAChRs
mediating nicotine-evoked DA release. It was found that simple azaheterocycles, such as
pyridine and 3-picoline, could be substituted for the S-(-)-nicotine moiety with retention of
nAChR inhibitory potency (Dwoskin et al., 2004). The classical bis-quaternary ammonium
salts, hexamethonium chloride (N,N’-hexane-1,6-bis-trimethyammonium chloride) and
decamethonium chloride (N,N’-decane-l,10-bis-trimethyammonium chloride), which are
regarded as simplified analogs of the more conformationally retrained natural product, d-
tubocurarine, have been utilized in the past to differentiate between subtypes of different
peripheral nicotinic receptors. Thus, decamethonium is a selective inhibitor of
neuromuscular nicotinic receptors, while hexamethonium inhibits ganglionic nicotinic
receptors (Koelle, 1975). Recent studies (Papke, Wecker, & Stitzel, 2010) have since shown
that decamethonium and hexamethonium interact with both peripheral and central NAChRs
expressed in Xenopus oocytes. Thus, although decamethonium was shown to be a selective
depolarizing blocker of muscle-type nAChRs in these studies, it was also an effective
antagonist of mouse neuronal nAChRs and was particularly potent at a7 homomeric
receptors. Similarly, hexamethonium exhibited comparable inhibitory potency at both a3-
containing nAChRs (ganglionic) and a4p2 nAChRs. These data indicate that the earlier
classification of these channel-blocking agents did not take into account the inability of
these molecules to cross the blood-brain barrier, which results in functional protection of
CNS receptors in whole animal studies.

Based on the earlier studies with the trimethylammonium analogs, a second quaternary
ammonium moiety was introduced into the scaffold of the N-alkylnicotinium analogs, in
order to determine the effect of bis-cationic analogs on antagonist potency and selectivity
and to additionally probe the chemical space around the bis-"headgroups” by replacing the
nicotinium headgroup with other azaheterocyclic moieties. Thus, a series of bis-analogs
bearing nicotinium, pyridinium, picolinium, quinolinium, and isoquinolinium headgroups
separated by variable-length n-alkane linkers were initially synthesized and evaluated as
ligands for a6p2* , a4p2* , and a7* nAChRs (Ayers et al., 2002; Crooks et al., 2004). From
the observed structure-activity trends, it was clear that the majority of the analogs generally
had poor affinity for the a4f2* nAChR, with the exception of the bis-nicotinium analogs.
One of these, S-(-)-N,N’-decane-1,10-diyl-bis-nicotinium diiodide (Fig. 13.2), exhibited a K;
value of 330 nM at a4p2* nAChRs and functionally inhibited nicotine-evoked 86Rb* efflux
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(ICsq = 3.76 uUM) while demonstrating no affinity for a7* nAChRs. The bis-quinolinium and
bis-isoquinolinium analogs all exhibited affinity for a7* nAChRs, the most potent being
N,N’-dodecane-1,12-diyl-bisquinolinium dibromide (Fig. 13.2), with a K; value of 1.6 uM,
which is comparable to nicotine.

The most interesting series of bis-analogs were the N,N’-n-alkane-diyl-bis-3-picolinium
dibromides. These analogs had n-alkane tethers ranging from Cg to Cy5, and all of the
analogs exhibited antagonism of a6p2* nAChRs (Crooks et al., 2004; Dwoskin et al., 2004).
The most potent analog was N,N’-dodecane-1,12-diyl-bis-3-picolinium dibromide (bPiDDB;
Fig. 13.2), which exhibited a remarkable 1C5y of 5nM (I a1 = 60%) and had little or no
affinity for either a4p2* or a7* nAChRs. We considered bPiDDB to be an important lead
candidate for further study, since it had high potency and selectivity at the nAChR mediating
nicotine-evoked DA release and, like NONI, was an excellent substrate for the blood-brain
barrier choline transporter (i.e., brain-bioavailable). bPiDDB exhibited the following
saturable blood—brain barrier penetration parameters—Vmax = 4.3£1.0 nmol/min/g, Ky, =
5+2uM, and K4 = 1.1 +£0.06 x 10~* ml/g—which are comparable to choline (Lockman et al.,
2008). Additionally, we also found that bPiDDB diminished nicotine self-administration in
proof-of-concept in vivo studies (Fig. 13.3).

In a subsequent study, we synthesized and evaluated an extended series of bis-azaaromatic
quaternary ammonium salts (Zheng, Sumithran, Deaciuc, Dwoskin, & Crooks, 2007). This
study focused on investigating the possible binding conformation of these molecules. The
design of the model compounds incorporated a phenyl ring into the middle of the N-N’
alkane linker moiety, allowing a variety of arrangements of the two smaller methylene linker
units around the aromatic “core” unit (i.e., 1,2-, 1,3-, and 1,4-dialkylphenyl linkers) (Fig.
13.4). This approach constrains these molecules into “extended” or “angular” geometries
and is a well-known and extensively used strategy in drug design for locking ligands into a
desired conformation or geometry, with the goal of increasing activity and selectivity. To
increase conformational restriction even further, a triple bond was also introduced into each
of the alkane linker units that were attached to the central phenyl ring. The study indicated
that the transition from the more conformationally flexible N,N’-alkanyl-diyl-bis-
azaheterocyclic analogs, such as bPiDDB, to more conformationally restricted analogs
generally resulted in a decrease in inhibition of nicotine-evoked [3H]-DA release and
suggested that maintaining flexibility of the alkane linker is important for high inhibitory
potency and optimal interaction with nAChRs. The data also suggested that bPiDDB likely
binds in an “extended” conformation, rather than an “angular” conformation. It was
hypothesized from molecular modeling studies that the greater potency of the more flexible
bis-analogs was due to the binding site of the a6-containing nAChR subtype likely being
deep inside the channel of the receptor; thus, ligands must be flexible enough to reach this
binding site.

In a related study (Zhang, Lockman, et al., 2008; Zhang, Zheng, et al., 2008), a series of
novel bis-pyridinium cyclophanes were evaluated as conformationally restricted bis-
quaternary ammonium compounds. These analogs were poor antagonists at a6p2* nAChR
but were considered worthy of evaluating for their affinity for the blood—brain barrier
choline transporter. All the cyclophanes examined exhibited high affinity for the choline
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transporter when compared to the natural substrate, choline. Of the cyclophanes tested, two
analogs N,N’-(1,10-decanediyl)3,3’-(l,9-decadiyn-I,10-diyl)-bis-pyridinium diiodide and N,N
’-(1,9-nonanediyl)3,3’-(1,9-decadiyn-I,10-diyl)-bis-pyridinium dibromide exhibited K; values
of 0.8 and 1.4 uM, respectively, and are among the most potent blood-brain barrier choline
transporter ligands ever reported. We extended this study to include a series of bis-
azaaromatic quaternary ammonium compounds containing both flexible and
conformationally restricted polymethylenic linker moieties around a central phenyl core
(Zheng et al., 2010). The results from this study suggested that incorporating a linear,
conformationally restricted linker into the molecule improves affinity for the choline
transporter.

5.1.1 Pharmacokinetic studies with bPiDDB—With bPiDDB as the lead molecule,
the pharmacokinetics of [14C-methyl]-bPiDDB was investigated in the rat (Albayati,
Dwoskin, & Crooks, 2008). We were interested in determining whether bPiDDB was brain-
bioavailable, since we had determined earlier that it was a good substrate for the blood—brain
barrier choline transporter (Lockman et al., 2008) and should therefore accumulate in the
brain after peripheral administration. Plasma concentrations of [14C-methyl]-bPiDDB after
peripheral administration (1, 3, and 5 mg/kg) were determined at 10 time points over 3 h to
afford absolute plasma bioavailabilities of 80%, 68%, and 104%, respectively, and Cpax
values of 0.13, 0.33, and 0.43 pg/ml, respectively (Fig. 13.5). Tax values were 5.0, 6.7, and
8.8 min, and t1/, values were 76.0, 54.6, and 41.7 min, respectively. No significant
metabolic products of bPiDDB could be detected, and moderate protein binding (63-65%)
was observed. As anticipated, bPiDDB penetrated the blood-brain barrier, even though it is
an extremely polar, dicationic molecule. The blood-brain ratio at 5 min was 0.18, increasing
to 0.51 at 60 min, indicating that clearance of bPiDDB from the brain was slower than
clearance from plasma. Overall, the results indicated that bPiDDB is distributed rapidly
from the site of administration into plasma, affords good plasma concentrations, and reaches
brain tissues through facilitated transport via the blood—brain barrier choline transporter to
afford therapeutically relevant concentrations in rat brain.

5.1.2 bPiDDB pharmacology—We have shown that repeated nicotine administration in
rats robustly increases in vitro bPiDDB inhibitory potency at a6-containing nAChRs by
three orders of magnitude compared to similar in vitro assays in naive rats (Smith et al.,
2010) (i.e., IC5¢ = 5 pM vs. 6 nM). This finding is relevant to smoking cessation therapy,
since tobacco smokers self-administer nicotine repeatedly and animal models incorporating
repeated nicotine treatment allow for better mechanistic evaluation of therapeutic candidates
following neuroadaptive changes. This study demonstrated that repeated nicotine treatment
may differentially regulate the stoichiometry, conformation, and/or composition of a6p2*
nAChRs.

We have also shown that bPiDDB inhibits nicotine-evoked norepinephrine release from
superfused rat hippocampal slices with an ICgg 0f 430 NM (I ax = 90%) and likely acts as an
allosteric inhibitor at this nAChR subtype (putative a3p4) (Smith et al., 2009). Kinetic
analysis afforded a Schild regression slope that was different from unity, which is consistent
with allosteric inhibition. Thus, bPiDDB has 200-fold more inhibitory potency at a6p2*
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nNAChR subtypes compared to its inhibitory potency at a3p4* nAChRs. This is important
because the a3p4* subtype, like the a6p2* subtype, contributes to nicotine reward (Picciotto
& Kenny, 2013; Stoker & Markou, 2013).

In a critical behavioral study, we determined that bPiDDB dose-dependently decreased
nicotine self-administration, but not sucrose-maintained responding in the rat (Neugebauer,
Zhang, Crooks, Dwoskin, & Bardo, 2006); and in locomotor experiments, bPiDDB
attenuated the hyperactivity produced by acute and repeated nicotine dosing in the rat. Thus,
bPiDDB continued to be our lead molecule in the search for subtype-selective nAChR
antagonists. It should be noted that when administered peripherally, several bis-quaternary
ammonium antagonists, including bPiDDB, specifically decreased nicotine self-
administration and reinstatement of nicotine seeking in rats, providing proof of concept of
this representative class of drug as a new pharmacotherapy for nicotine addiction. Additional
behavioral studies in the rat have been carried out on other structurally related N,N’-alkane-
diyl-bis-3-picoliniums (Dwoskin et al., 2008; Wooters et al., 2011).

In summary, bPiDDB is a selective, noncompetitive inhibitor of a6f2* nAChRs; bPiDDB
inhibits [3H]-nicotine and [3H]-MLA binding (a4p2* and a.7* nAChRs, respectively) only
at high concentrations (>10 uM; Dwoskin et al., 2008) and decreases nicotine self-
administration in rats. Furthermore, bPiDDB (1 pM) produced only 15% and 12% inhibition
of acetylcholine (1 mM) -induced current at ganglionic-type a3p4 nAChRs and muscle-type
alBled nAChRs, respectively, expressed in Xenopus oocytes (unpublished data).
Subsequent optimization studies (see the succeeding text) were carried out to address the
likelihood that this general class of compound would have poor oral bioavailability.

5.2. Tris-Quaternary ammonium salts

A related SAR study to assess the effect of introducing a third picolinium headgroup into the
bPiDDB scaffold on inhibition of nicotine-evoked DA release was also carried out. The
rationale for this structural modification was to determine if the change from one (mono), to
two (bis), to three (tris) cationic headgroups would continue to improve affinity and
inhibitory potency for the target nAChR protein. An increase in inhibitory potency in the
progression from mono, to bis, to tris would indicate that at least three polar interactions
between the cationic groupings in these molecules and the corresponding putative anionic
sites on the receptor protein can occur. This approach was based on molecular modeling data
that indicated that the binding sites that the bis-analogs interacted with were located in the
vestibule area of the nAChR ion channel.

Two series of tris-scaffolds were constructed, that is, the 1,3,5-tri-(pent-l-ynyl-5-azaaromatic
quaternary ammonium) benzene series (scaffold A, unsaturated) (Fig. 13.6A) and the 1,3,5-
tri-(n-pentanyl-5-azaaromatic quaternary ammonium) benzene series (scaffold B, saturated)
(Fig. 13.6B) (Zheng, Zhang, et al., 2007). The tris-azaaromatic quaternary ammonium salts
were synthesized utilizing Sonogashira coupling chemistry (Fig. 13.7). A variety of
azaaromatic heterocycles were utilized as headgroups. These molecules were then evaluated
as antagonists at a6p2 nAChRs and for their affinity for a4p2* and a7* nAChRs. Three
compounds emerged from this study as potent and selective inhibitors of a6p2* nAChRs
with ICgqg in the range 0.2-4 nM. Two of these were unsaturated picolinium analogs, that
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is, 1,3,5-tri-{5-[I-(3-picolinium)]-pent-I-ynyl}benzene tribromide (TRIS-1) (1C5¢ = 0.2 nM)
and 1,3,5-tri- { 5- [1 - (2-picolinium)] -pent-1 -ynyl}benzene tribromide (TRIS-2) (ICsq =
4.0 nM); the third compound was a saturated 3-picolinium analog: 1,3,5-tri-{5-[I-(3-
picolinium )]-pentyl}benzene tribromide (TRIS-3) (1C5¢ = 2.0 nM). None of these analogs
had any significant affinity for a4p2* and a7* nAChRs. Thus, these very potent and
selective tris-analogs represented additional new leads in our search for potent and selective
nAChR antagonists as treatments for nicotine addiction. However, subsequent studies
showed that although one of the lead tris-analogs was effective in dose-dependently
decreasing nicotine self-administration in the rat, it produced toxicity at the higher
concentration range of the dose—response. Additionally, the tris-analogs generally exhibited
lower affinity for the blood—brain choline transporter and thus were expected to have poor
oral and brain bioavailability.

5.3. Tetrakis-Quaternary ammonium salts

Concomitant with the development of the tris-series of compounds, the incorporation of an
additional cationic headgroup into the tris-scaffold was carried out to complete the transition
from mono-, to bis-, to tris-, to tetrakis-quaternary ammonium salts. This modification was
investigated to determine if further increases in the number of cationic centers in these
molecules would enhance antagonist potency and selectivity at a6p2 nAChRs. We generated
two series of tetrakis-azaaromatic quaternary ammonium analogs, that is, 1,2,4,5-tetrakis-
(pent-l-ynyl-5-azaaromatic quaternary ammonium)benzene salts (scaffold A, unsaturated)
(Fig. 13.8A) and |,2,4,5-tetrakis-(n-pentanyl-5-azaaromatic quaternary ammonium) benzene
salts (scaffold B, saturated) (Fig. 13.8B) (Zhang, Lockman, et al., 2008; Zhang, Zheng, et
al., 2008), utilizing a similar Sonogashira coupling strategy to that used in the synthesis of
the saturated and unsaturated tris-scaffolds (Fig. 13.9). These analogs were evaluated as
antagonists at a6p2* nAChRs and as ligands for a4p2* and a7* nAChRs. Three tetrakis-
analogs where identified as potent and selective inhibitors of a6p2* nAChR subtype; these
were all members of the saturated tetrakis-series, that is, 1,2,4,5-tetrakis-{5-[I-(3-
benzylpyridinium)]-n-pentanyl}benzene tetrabrormde (TETRAKIS-1) (ICsq = 28 nM), |,
2,4,5-tetrakis-{5-[l-(quinolinium)]-n-pentanyl}benzene tetrabromide (TETRAKIS-2) (IC5q
=56 nM), and 1,2,4,5-tetrakis-{5-[I-(3-(3-hydroxypropy!)-pyridinium)]-n-pentanyl }benzene
tetrabromide (TETRAKIS-3) (ICgg = 3.4 nM). It is noteworthy that 3-picolinium analogs in
both tetrakis-series afforded only weak inhibitory activity at a632* nAChR subtypes, while
a variety of signif-icandy larger and unique quaternary ammonium headgroups were present
in the more active analogs.

Unfortunately, the tetrakis-analogs were not substrates for the blood-brain barrier choline
transporter and consequently turned out be ineffective in dose-dependently decreasing
nicotine self-administration in the rat. Nevertheless, these results and those described earlier
for the bis- and tris-analogs suggested that the strategy to identify highly potent nAChR
ligands through progressive introduction of cationic moieties around a common phenyl core
structure had been successful in affording potent inhibitors of a682* nAChRs.

Reviews of our work on the discovery and development of bis-, tris-, and tetrakis-quaternary
ammonium salts as potential smoking cessation agents provide a comprehensive account of
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how new leads from this drug discovery effort were developed in our preclinical
pharmacological and behavioral evaluation programs (Dwoskin, Pivavarchyk, et al., 2009;
Dwoskin, Smith, et al., 2009).

5.4. QSAR modeling of quaternary ammonium nicotinic receptor antagonists

Since a6p2* nAChRs have not been fully characterized and to gain a better understanding of
the relationship between biological activity and antagonist structure, we carried out QSAR
modeling studies on the libraries of quaternary ammonium salts as antagonists at a6p2*
nAChRs (Zheng et al., 2006). Back-propagation artificial neural networks (ANNS) were
trained on a data set of 45 molecules with quantitative ICsg values to model structure—
activity relationships. The ANN QSAR models produced a reasonable level of correlation
between experimental and calculated log(l/ICs) (r2 =0.76). We have used this predictive
model effectively to reduce synthetic and in vitro screening activities by eliminating virtual
compounds of predicted low activity from the pool of candidate molecules for synthesis.
The application of this ANN QSAR model has led to the successful discovery of six new
compounds in this study and continues to be utilized as a useful predictive tool for our drug
discovery efforts. We were also able to develop a QSAR model to predict maximal
inhibition (Imax) values for quaternary ammonium antagonists interacting at a6p2* nAChRs
(Zheng, McConell, Zhan, Dwoskin, & Crooks, 2009; Zheng, Zheng, et al., 2009). This
represented the first reported QSAR study to predict |54 Values. The study was conducted
using multiple linear regression (MLR) analysis and neural network analysis with maximal
inhibition values of the antagonists as target values. Both models afforded good correlations
(MLR—r2=0.89, rmsd = 9.01, ¢ = 0.83, and loormsd = 11.1 and NN—r2 = 0.89, rmsd =
8.98, 2 = 0.83, and loormsd= 11.2), which provided a basis for rationalizing the selection of
virtual compounds for synthesis in the discovery of effective and selective second-
generation antagonists of a6p2* nAChRs.

5.5. Bis-, tris-, and tetrakis-tertiary amino analogs

Building on the success of the bis-, tris-, and tetrakis-series of compounds as potent
antagonists of a6p2* nAChRs, we initiated a structure—activity study to determine if the
azaaromatic headgroups attached to these scaffolds could be replaced with nonaromatic
azacyclic tertiary amino headgroups. Our reasoning was based on the properties of the
BTMPS molecule [bis-(2,2,6,6,-tetramethyl-4-piperidinyl) sebacate] (Fig. 13.10), a
noncompetitive, use-dependent antagonist at NAChRs. This molecule incorporates two
azacyclic 2,2,6,6-tetramethyl-4-piperidinol (TMP) headgroups separated by a linear sebacate
linker and could be considered a structural analog of bPiDDB. One advantage of replacing
azaaromatic headgroups with nonaromatic azacyclic headgroups is that this would allow
more efficient partitioning of these molecules through cell membranes via passive diffusion,
leading to improved oral and brain bioavailability, while still allowing the headgroups to be
protonated at physiological pH (since the headgroup moieties would likely have pKas in the
range 7-9). Thus, these molecules, like bPiDDB, would be dicationic at physiological pH
and may interact with the same receptor binding sites that bPiDDB interacts with. We
considered azacyclic TMP and MEC structures as suitable replacement headgroups for the
3-picolinium headgroups in bPiDDB, since both TMP and MEC have been previously
shown to be noncompetitive antagonists at nAChRs. By linking two or three MEC or TMP
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molecules together via a linear lipophilic bis-methylene linker or a conformationally
restricted (unsaturated) tris-scaffold, a series of bis- and tris-tertiary amine analogs were
synthesized and evaluated as potent antagonists at a6-containing nAChRs (Zhang et al.,
2010). Three analogs were identified that exhibited high antagonist potency (Fig. 13.10): the
bis-TMP analog, N,N’-dodecane-1,12-diyl-bis-[I-(2,2,6,6-tetramethylpiperidine)]
dihydrochloride (ICsg = 2.2 nM; lnax = 87%); the bis-MEC analog, S,S-(+)-N,N’-
dodecane-1,12-diyl-bis-1-mecamylamine dichloride (ICsq = 46nM; Iz = 90%); and the
tris-MEC analog, S,S,S-(+)-1,3,5- tri-{5-[I-(mecamylamine)]-pent-1-ynyl}benzene
trihydrochloride (1C5p = 107nM; Imax = 62%). Thus, linking TMP and MEC headgroups to a
lipophilic Cq5 n-alkane linker or a conformationally restrained (unsaturated) tris-scaffold
with tertiary amino rather than quaternary ammonium headgroups afforded several potent
antagonists of a6f2* nAChRs. Such analogs may provide a new strategy for the design of
more drug-like molecules that have improved membrane permeation characteristics and high
inhibitory potency against a6p2* nAChRs.

The promising results with the bis- and tris-analogs in which azaaromatic quaternary
ammonium headgroups had been replaced with nonaromatic azacyclic headgroups prompted
us to expand this library of more drug-like molecules. From the synthesis viewpoint, a
means to reductively convert our large library of azaaromatic quaternary ammonium bis-,
tris-, and tetrakis-analogs into corresponding analogs containing tertiary amino headgroups
was sought. This would allow us to generate a large library of more drug-like molecules
very efficiently in a single reductive chemical step. We were mindful of the likelihood that
exhaustive reduction of the azaaromatic moiety would, in cases where a substituted aromatic
heterocyclic headgroup was present (e.g., a 3-picolinium moiety), introduce a chiral center
into the resulting azacyclic product, which would cause serious issues with regard to isomer
separation in the final product (i.e., multiple diastereomers and their enantiomers). Also, we
were aware that the reductive agent to be utilized should be one that would not compromise
linkers and/or scaffolds that incorporated double or triple bonds. A suitable reduction
methodology utilizing NaBH,4 was developed that rapidly and efficiently converted
pyridinium and isoquinolinium headgroups into corresponding 1,2,5,6-tetrahydropyridine
and 1,2,3,4-tetrahydroisoquinoline headgroups (Zhang et al., 2011). This methodology was
selective for azaaromatic moieties and also useful for the reduction of 3-substituted
pyridinium headgroups, since the residual double bond in the reduced headgroup prevented
the generation of a chiral carbon at C3 of the pyridine ring in the reduced product.

A small library of these more drug-like bis-, tris-, and tetrakis-tertiary amine analogs was
generated and evaluated as antagonists of a6p2 nAChRs. Of the analogs tested, several were
identified with I1Csq values in the low nM or sub-nM range. It was observed that the 1Csg
values of these reduced bis-, tris-, and tetrakis-analogs were generally within an order of
magnitude of the 1C5q values of the corresponding parent quaternary ammonium molecule.
Also, all the tertiary amino analogs exhibited incomplete inhibition of nicotine-evoked DA
release, with | 5% Values ranging from 58% to 76%. The results suggest that the quaternary
ammonium lead compounds and their reduced tertiary amine analogs may be interacting at a
common site in the channel of the a6p2* NAChR and that the tertiary amine analogs likely
interact at these sites in their protonated forms via similar ionic interactions to those
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involving the quaternary ammonium salts. From a developmental perspective, these tertiary
amino analogs that possess better drug-like properties than the parent quaternary ammonium
salts are expected to permeate biological membranes more easily, leading to improved oral
and brain bioavailability.

A published review (Dwoskin, Pivavarchyk, et al., 2009) provides additional information on
the preclinical development of both bPiDDB and reduced bPiDDB (r-bPiDDB or bis-THP3)
as nicotinic receptor-based therapeutics and candidates for smoking cessation. Both bPiDDB
and bis-THP3 (Fig. 13.11) are effective in decreasing nicotine self-administration in the rat.
The ability of bis-THP3 to decrease nicotine self-administration was retained without any
loss of effect following seven repeated daily treatments.

More recent studies have now identified several lead molecules that have a common
structural scaffold (i.e., two 1,2,5,6-tetrahydropyridino (THP) moieties connected via a C10
or C12 n-alkane linker) that allows for optimization toward drug-likeness and clinical utility
(Table 13.1). This scaffold suggests a likely pharmacophore for the antagonist recognition
site on a-CtxMlI-sensitive nAChRs mediating nicotine-evoked DA release, bis-THP1 (Fig.
13.11) and bis-THP3 (previously known as r-bPiDDB; Dwoskin, Pivavarchyk, et al., 2009;
Smith et al., 2010) potently inhibit nicotine-evoked DA release (IC5o = 0.009-0.058 nM;

I max = 60-74%; Table 13.1 and Fig. 13.11) and inhibit [ H]-nicotine and [3H]-MLAbinding
only at UM concentrations; note that bis-THPI is a nonsymmetrical racemic analog and its
optical isomers have not yet been evaluated. bis-THP4 (Fig. 13.11), a structurally related
analog of bis-THP3 with a C10 linker, exhibits decreased potency (ICsg = 37.4 NM, ljpax =
65%) relative to the C12 leads. All the analogs in Table 13.1 are hydrophobic, highly
flexible molecules. In terms of drug-likeness, predictive ADMET screening of lead analogs
bis-THP1 and bis-THP3 indicates a >75% chance that oral bioavailability will be >30%,
with a >20% likelihood that oral bioavailability will be >70%, which is within the
acceptable range. However, the LogD7.4 is estimated to be in the range 4.6-5.1 for the
leads, which is above the ideal range of 1-3 but is still acceptable. Analogs with a LogD7.4
of 3-5 are predicted to have good cell membrane permeability, but absorption will be lower,
due to lower water solubility, and metabolism will increase owing to increased binding to
metabolic enzymes.

The lead bis-THP analogs potently inhibit (ICsq = 9-58 pM) nicotine-evoked [3H]-DA
release at a-CtxMIl-sensitive nAChRs (Fig. 13.12, top) (Dwoskin, Pivavarchyk, et al., 2009,
unpublished data). Inhibition produced by a maximally effective concentration of bis-THP3
(bPiDDB) was not additive with a maximally effective concentration of a-CtxMII (Fig.
13.12, middle) (Smith et al., 2010), indicating that this lead molecule acts at the same
nAChR subtypes as a-CtxMII. Both bis-THPI and bis-THP3 decreased responding for i.v.
nicotine self-administration (Fig. 13.12, bottom) in the rat at doses that had no effect on
responding for food and at doses that did not produce any overt signs of toxicity (i.e.,
lethargy and weight loss) (Dwoskin, Pivavarchyk, et al., 2009, unpublished data). While
these behavioral data are encouraging, it is not known if either bis-THP3 or bis-THP1 will
block cue-induced reinstatement of nicotine seeking or if these analogs will retain
behavioral specificity when given orally. Preliminary results for bis-THP3 reveal a brain—
plasma ratio = 2 (60 min post-s.c. dose; 58 umol/kg).
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Despite the proven efficacy of some current pharmacotherapies for tobacco dependence,
relapse rates continue to be high, indicating that novel medications are needed. The
rewarding effects of nicotine are mediated, at least in part, by nicotine-evoked DA release
leading to sensitization, which is associated with repeated nicotine administration and
nicotine addiction. Based on findings that the nonselective nAChR antagonist MEC has
efficacy as a tobacco use cessation agent but is limited by peripherally mediated side effects,
we hypothesized that antagonists with selectivity for central NAChR subtypes mediating
nicotine-evoked DA release will have efficacy as tobacco use cessation agents with the
therapeutic advantage of a limited side-effect profile. While a-CtxMII-insensitive nAChRs
(e.g., a4p2* ) contribute to nicotine-evoked DA release, these NAChRs have a wide
distribution in brain, which may lead to nonselective effects. In contrast, a-CtxMll-sensitive
nAChRs mediating nicotine-evoked DA release offer an advantage as a target for smoking
cessation due to their more restricted localization primarily to DA neurons. Our goal is to
identify small drug-like molecules that act as selective antagonists at a-CtxMII-sensitive
nAChR subtypes that contain a6 and $2 subunits (i.e., a6p2*, a6p2p3*, a6a4p2p3*, and
adabp2*). Our earlier research identified quaternary ammonium analogs that act as potent
and selective nAChR antagonists. The current focus of our research is to enhance the drug-
likeness of these NAChR antagonists, while retaining their high potency and selectivity for
a6 B2* nAChR subtypes. Our research has shown that novel small molecules can be
designed that inhibit (ICsg < 1 nM) nicotine-evoked DA release in vitro by acting as
antagonists at a-CtxMlI-sensitive nAChR subtypes and by decreasing nicotine self-
administration in rats. Thus, our working hypothesis is that novel drug-like bis-THP analogs,
which potently and selectively inhibit a-CtxMII-sensitive nAChR subtypes mediating
nicotine-evoked DA release, will specifically inhibit nicotine self-administration and/or cue-
induced reinstatement of nicotine seeking. Our future research aim is to enhance the drug-
likeness of our lead compounds by improving water solubility through introduction of
hydrogen-bond acceptor moieties in the linker and by decreasing conformational flexibility
toward the goal of identifying orally bioavailable, druglike preclinical leads for the
development as smoking cessation and/or relapse prevention.

Acknowledgments

This research was supported by NIH grant U19DA017548. The University of Kentucky holds patents on the
compounds described in the current work.
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ANN
bNDI

bPiDDB
bQDDB
BTMPS

artificial neural network

S-(-)-N,N’-decane-1,10-diyl-bis-nicotinium diiodide
N,N’-dodecane-1,12-diyl-bis-3-picolinium dibromide
N,N’-dodecane-1,12-diyl-bis-quinolinium dibromide

bis-(2,2,6,6,-tetramethyl-4-piperidinyl) sebacate
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DA dopamine
MEC mecamylamine
MLA methyllycaconitine
MLR multiple linear regression
NACc nucleus accumbens
nAChR nicotinic acetylcholine receptor
NDDNI S-(-)-N-n-dodecylnicotinium iodide
NDNI S-(=)-N-n-decylnicotinium iodide
NE norepinephrine
NONI S-(-)-N-n-octylnicotinium iodide
THP 1,2,5,6-tetrahydropyridine
TMP 2,2,6,6-tetramethyl-4-piperidinol
VMAT2 vesicular monoamine transporter-2
a-CtxMllI a-conotoxin Ml
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Figure 13.1.
Chemical structures of the N-n-alkyl-substituted analogs of S-(=)-nicotine, NONI (S(-)-N-

n-octylnicotinium iodide), NDNI (S(-)-N-n-decylnicotinium bromide, and NDDNI (S(-)-
N-n-dodecylnicotinium iodide. NONI exhibited an ICgq of 0.62 UM at a6-containing
nAChRs.
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Figure 13.2.

Chemical structures of the bis-quaternary ammonium compounds bNDI (S(-)-N,N-
decane-1,10-diyl-bis-nicotinium diiodide), bQDDB (N,N-dodecane-1,12-diyl-bis-
quinolinium dibromide), and bPiDDB (N,N-dodecane-1,12-diyl-bis-3-picolinium
dibromide). bPiDDB exhibited an ICg of 5 uM at a6-containing nNAChRs.
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Figure 13.3.
General chemical structures of conformationally restricted analogs of bPiDDB that

incorporate 1,2-, 1,3-, and 1,4-dialkylphenyl linkers between the two quaternary ammonium
headgroups. This structural change generally led to a decrease in the inhibition of nicotine-
evoked DA release.
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Figure 13.4.
Concentration of 14C-bPiDDB in the plasma and brain after 1 and 3 mg/kg administration

of 14C-bpiDDB in the Sprague-Dawley rat.
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Concentration of 14C-bPiDDB in plasma and brain homogenates vs time after

1 and 3 mg/kg s.c. administration of 14C-bPiDDB.
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Figure 13.5.
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45

Acute bPiDDB (1 and 3 mg/kg) decreases NIC self-administration: bPiDDB (0.3-3 mg/kg,
s.c, 15 min pretreatment) decreased the number of nicotine infusions (0.03 mg/kg/infusion)

earned (active lever).

Adv Pharmacol. Author manuscript; available in PMC 2014 July 25.

3 4
3 Plasma = 3 myg/kg
g 2 1 mg/kg
c 2 A
o
£
e 1
o
o
o
(&)
0 : : —
0 1 5 10 15 45 60
Time(min)
1.5 - .
Brain
o m 3 mg/kg
£ 2 1 mg/kg
= 17
=
o
p=}
©
E=
S 05
{ —
o
(&)
0 - R0 Q0000 OO0

60



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Crooks et al.

A

R3N

R3N
Z X NR; ®
®

Figure 13.6.
Synthetic scheme for the synthesis of tris-3-picolinium analogs.
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Figure 13.7.
Structures of the two tris-quaternary ammonium scaffolds A (1,3,5-tri-{5-[1-(ammonium)-

pent-1-ynyl}benzene) and B (1,3,5-tri-{5-[1-(ammonium)-pentyl}benzene); TRIS-1 scaffold
A, NR3 = 3-picolinium; TRIS-2 scaffold A, NR3 = 2-picolinium; TRIS-3 scaffold B, NR3 =
3-picolinium.
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Figure 13.8.
Synthetic scheme for the synthesis of tetrakis-3-picolinium and tetrakis-isoquinolinium

analogs.
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Structures of the two tetrakis-quaternary ammonium scaffolds A (1,2,4,5-tetrakis-{5-[1-
(ammonium)-pent-1-ynyl}benzene) and B (1,2,4,5-tetrakis-{5-[1-(ammonium)-
pentyl}benzene); TETRAKIS-1 scaffold A, NR3 = 3-benzylpyridinium; TETRAKIS-2
scaffold A, NR3 = quinolinium; TETRAKIS-3 scaffold B, NR3 = 3-(3-hydroxypropyl)-

pyridinium.
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Figure 13.10.

Structure of BTMPS and structurally related analogs; 1Csq and I s values of TMP and
mecamylamine analogs in the nicotine-evoked dopamine release assay are also provided.
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Figure 13.11.
Structures, 1Cs and I max Values of the three lead analogs, (£)-1-[12-(3-methyl-1,2,5,6-

tetrahydropyridin-1-yl)dodecyl]-3,5-dimethyl-1,2,5,6-tetrahydropyridine (bis-THPI), 1,12-
bis(3-methyl-1,2,5,6-tetrahydropyridinyl)dodecane (bis-THP3), and 1,10-bis(3-
methyl-1,2,5,6-tetrahydropyridinyl)decane (bis-THP4).
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Figure 13.12.

Top: Concentration-dependent inhibition of N1C-evoked [3H]-DA release by bis-THP3
(bPiDDB) and bis-THP1 in rat striatum in vitro (Dwoskin, Pivavarchyk, et al., 2009; Smith
et al., 2010). (One-way ANOVAs: bis-THP3, F8, 16 = 33.9, p<0.05; bis-THP1, F7, 27=10.7,
p<0.01; n=9 and 8, respectively.) Center: Inhibition of NIC-evoked [3H]-DA release by
maximally effective concentrations of bis-THP3 is not additive with a maximally effective
a-CtxMII concentration in vitro (one-way ANOVAS:THP3, F4,15 = 82.1, p<0.001 n = 4.
*p<0.05 compared to control; #p<0.05 compared to a-CtxMII + bis-THP3). Bottom: bis-
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THP3 and bis-THP1 (s.c.) decrease NIC self-administration (i.v.) at doses that do not alter
food-maintained responding; n = 4-8 per group. *p<0.05, **p<0.01 compared to control.
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Table 13.1

Comparative 1Csq values, cLogD7.4, rotatable bonds, and predicted water solubility (Sw) of a series of
nonquaternary ammonium, bis-pyridine analogs

Inhibition of
NIC-evoked [*DA]
Reduced bis-pyridine release Rotatable  Predicted
Analogs (IC5o+SEM, nM)  cLogD7.4  bonds Sw (mg/ml)
(\ 0.009 +0.004 4.6 13 0.02
~ lAN/\/\M—;\/Nm
L Bis-THP3 (r-bPiDDB)
)\ 0.058 +0.020 5.1 13 0.02
\E\N/\/W\/N-m
) Racemic bis-THP1
N 83.5+46.8 9.9 13 <0.01
N~ NS
- Bis-THQ1 =
(\J\/“‘ﬁ 8.59 +3.27 59 13 <0.01
@WNV F
= Bis-THIQ1

\ 351124 7.2 13 0.05
NM
< Bis-TMP1

Preliminary results in Dwoskin, Pivavarchyk, et al. (2009), Smith et al. (2010), and Zhang et al. (2010. 2011).
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