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Abstract

Introduction: The use of betel quid is the most understudied major addiction in the world. The neu-
ropsychological activity of betel quid has been attributed to alkaloids of Areca catechu. With the
goal of developing novel addiction treatments, we evaluate the muscarinic and nicotinic activity of
the four major Areca alkaloids: arecoline, arecaidine, guvacoline, and guvacine and four structur-
ally related compounds.

Methods: Acetylcholine receptors were expressed in Xenopus oocytes and studied with two-elec-
trode voltage clamp.

Results: Both arecoline- and guvacoline-activated muscarinic acetylcholine receptors (mAChR),
while only arecoline produced significant activation of nicotinic AChR (nAChR). We characterized
four additional arecoline-related compounds, seeking an analog that would retain selective activ-
ity for a a4* nAChR, with diminished effects on mAChR and not be a desensitizer of a7 nAChR.
We show that this profile is largely met by isoarecolone. Three additional arecoline analogs were
characterized. While the quaternary dimethyl analog had a broad range of activities, including acti-
vation of mMAChR and muscle-type nAChR, the methyl analog only activated a range of a4* nAChR,
albeit with low potency. The ethyl analog had no detectable cholinergic activity.

Conclusions: Evidence indicates that a4* nAChR are at the root of nicotine addiction, and this may
also be the case for betel addiction. Our characterization of isoarecolone and 1-(4-methylpiperazin-
1-yl) ethanone as truly selective a4*nAChR selective partial agonists with low muscarinic activity
may point toward a promising new direction for the development of drugs to treat both nicotine
and betel addiction.

Implications: Nearly 600 million people use Areca nut, often with tobacco. Two of the Areca alka-
loids are muscarinic acetylcholine receptor agonists, and one, arecoline, is a partial agonist for
the a4* nicotinic acetylcholine receptors (nAChR) associated with tobacco addiction.The profile of
arecoline activity suggested its potential to be used as a scaffold for developing new tobacco ces-
sation drugs if analogs can be identified that retain the same nicotinic receptor selectivity without
muscarinic activity. We report that isoarecolone is a selective partial agonist for a4* nAChR with
minimal muscarinic activity and 1-(4-methylpiperazin-1-yl) ethanone has similar nAChR selectivity
and no detectable muscarinic action.
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Introduction

Betel quids are used by as many as 600 million people in Asia; world-
wide they are the fourth most widely used addictive substance, after
alcohol, caffeine, and nicotine.! The primary psychoactive agent in
betel quid preparations is believed to be arecoline, from the fruit
of the Areca catechu palm.> In the betel quid Areca nut fragments
are wrapped in a leaf of the Piper betle vine with slaked lime, other
flavorants, and often tobacco. Although Areca nut users are clas-
sifiable as drug dependent®> and pay a cost in their personal health
with high risk for cancers®” and other oral disease,'* the root cause
for their addiction has been unclear. It is well known that there are
two aspects to drug-taking behavior: short-term reward or euphoria,
and ultimately the neurological change that leads to dependence.
It is likely that for Areca nut users, the short-term euphoric/stimu-
lant effects may be attributed to the muscarinic activity of the Areca
alkaloid, arecoline.!> However, the pharmacology of the Areca nut
is indeed rich,'>!* rendering it and its key active component areco-
line as leads for refinement to minimize undesired pharmacological
effects and toxicity.

There are five subtypes of G-protein-coupled muscarinic acetyl-
choline receptors (mAChR) which mediate the autonomic responses
of the parasympathetic nervous system, including the profuse saliva-
tion associated with betel quid use. Muscarinic receptors are also
important for various aspects of brain function including cognition
and memory."”* While muscarine and arecoline are the classical ago-
nists for G-protein acetylcholine receptors, nicotine is the proto-
typical agonist for a second major class of acetylcholine receptors
that are directly coupled to the activation of intrinsic ion channels.
These nicotinic acetylcholine receptors (nAChR) mediate synaptic
transmission in the periphery and have multiple neuromodulatory
actions in the brain. In humans there are nineteen different genes
coding for nicotinic acetylcholine subunits, and receptors form as
pentameric assemblies of these subunits. Most nAChR are heterom-
ers, containing at least one type of alpha subunit and at least one
type of nonalpha subunit,'® although one important nAChR found
in both neuronal and non-neuronal cells appears to form as homo-
pentamers of the a7 subunit (for review, see Papke'”). The tissue
localization, functional, and pharmacological properties of different
nAChR depend on the specific subunit composition. Animal models
of nicotine addiction have shown that this form of drug use requires
receptors contain 04 and/or 06 subunits.!%2°
sometimes referred to as a4* and a6* nAChR, with the asterisk

These receptors are

indicating that they include these subunits along with others such as
B2, and B3, and may include both a4 and a6 subunits.?®

The muscarinic manifestations of Areca use have long been
appreciated, yet a common link in molecular substrates between
Areca use and nicotine dependence has only recently been identi-
fied.?! Specifically, it was found that arecoline is a partial agonist for
04* and a6* nAChR subtypes. In this regard, arecoline is similar to
the smoking cessation drugs cytisine and varenicline,?>? although
it’s efficacy is lower, probably too low to have direct effects on dopa-
mine release as nicotine does, and it has a different spectrum of puta-
tive off-target activity.?!

While a4* and a6* nAChR can be identified as important molec-
ular targets for the management of nicotine dependence, effects at
other nAChR may produce side effects. Chief among the off-target
nAChR for smoking cessation therapies are muscle-type o.1* recep-
tors, ganglionic 03*, and homomeric 0.7 receptors. Although cyti-
sine and varenicline are inactive at muscle-type nAChR, they are

24,25

efficacious activators of a3p4 and a7 receptors**?S as well as some

serotonin receptors.”® In contrast, although arecoline lacks activ-
ity on off-target nAChR, as noted, it is a very effective activator of
G-protein-coupled mAChR.

Considering the natural history of Areca nut addiction, the discov-
ery of the previously unknown nicotinic partial agonist activity of an
Areca nut alkaloid has created an opportunity to investigate an alter-
native scaffold for drug development that might be useful for man-
aging nicotine addiction and dependence. The potential for further
development of such a scaffold is supported by previous behavioral
characterization of the related compound, isoarecolone.?” In the pre-
sent study, we more fully characterize the acetylcholine receptor activ-
ity of arecoline and isoarecolone on nicotinic and muscarinic receptors
and additionally investigate the pharmacological profile of the other
known Areca alkaloids, arecaidine, guvacoline, and guvacine. These
compounds have received relatively little attention in the scientific lit-
erature. Guvacoline has been reported to be a muscarinic agonist, but
less potent than arecoline.?® Arecaidine has no known activity but has
been used as a scaffold for developing M, mAChR selective agonists.”
Likewise, cholinergic activity has not been reported for guvacine,
which is known to be a GABA transport inhibitor.*

Our ultimate goal is to further evaluate the potential for the use
of these compounds as scaffolds to develop additional compounds
and to determine if balance between nicotinic and muscarinic activ-
ity could be tipped based on structural modifications toward retain-
ing partial agonist activity for nAChR subtypes relevant to human
nicotine addiction while reducing muscarinic receptor activity.

Methods

The supplementary information includes sections devoted to
“Chemicals chemicals and reagents, organic synthesis, and heterolo-
gous expression of AChRs in Xenopus laevis oocytes.”

Two-Electrode Voltage Clamp Electrophysiology
Experiments were conducted using OpusXpress 6000A (Molecular
Devices, Union City, CA) as previously described.’!

Nicotinic AChR Experiments

A typical recording for each set of oocytes constituted two initial con-
trol applications of ACh, one or more experimental compound appli-
cations, and then a follow-up control application(s) of ACh. ACh
controls were 10, 30, 60, or 100 uM for a4(2)p2(3) and a4(2)B2(2)as,
04p206p2p3 and a1B1ed, a7, and 034 and a4(3)B2(2), respectively.
Note that subunit concatamers®>*? were used in some experiments in
order to obtain pentameric receptors with known subunit composi-
tion (04(2)B2(3), 04(2)B2(2)aiS, a4p2a6B2p3, and a4(3)2(2)). The
responses were calculated as both peak current amplitudes and net
charge, as previously described.** Net-charge data are reported for
a7 and peak current amplitude for all other subtypes. The averages
of two initial ACh controls were used for normalization purposes for
each oocyte. Statistical comparisons were based on #-tests of the nor-
malized data where indicated. In experiments with a1f1ed, a7, and
034, and in some cases 04p2, RNAs for the subunit monomers were
injected. The ACh control for a4f2 when formed from monomers
was 30 pM. All experiments on nAChR were conducted in the pres-
ence of 1 pM atropine in both the bath and test solutions.

Muscarinic AChR Experiments
All experiments with Xenopus oocytes expressing human mAChRs
via RNA microinjection were done in atropine-free Ringer’s solution.
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The M, and M; AChR subtypes are coupled to G, and produce a
rise in intracellular calcium that is sufficient to activate endogenous
calcium-dependent chloride currents in the oocytes,* allowing these
currents to serve as a reporter for the activation of these muscarinic
receptors. However, a single episode of activation produces sufficient
desensitization to prevent oocytes from being used to record multiple
responses. Therefore, control responses were obtained with applica-
tions of 10 pM ACh to separate sets of oocytes on the same day as
results were obtained with experimental compounds. The desensi-
tization phenomenon was also useful as a secondary assessment of
receptor activation since active compounds not only stimulated cur-
rents when applied, but as noted, also prevented effective activation
by a subsequent application of ACh, while the application of inactive
compounds, such as nicotine, left the cells still responsive to ACh.
Thus, after application of a probative compound to the mAChR, we
followed up with an ACh application. Diminution of the subsequent
ACh response was a sign of mAChR activity, whereas a response to
the follow-up application of ACh response indicated that applica-
tion of the probative compound had failed to significantly activate/
desensitize the mAChR.

Data were collected at 50 Hz, filtered at 20 Hz, and analyzed
by Clampfit 9.2 or 10.0 (Molecular Devices) and Excel (Microsoft,
Redmond WA). Data are expressed as means = SEM from at least
four oocytes for each experiment and plotted by Kaleidagraph 4.5.2
(Abelbeck Software, Reading PA). Multi-cell averages were calcu-
lated for comparisons of complex responses and for display pur-
poses. Averages of the normalized data were calculated for each of
the 10322 points in each of the 206.44 s traces (acquired at 50 Hz),
as well as the standard errors for those averages.

Results

Characterization of Areca Alkaloid Muscarinic Activity

The Xenopus oocyte expression system was used to test the pro-
totypical nicotinic and muscarinic ligands for their activity on M,
and M, muscarinic receptors co-expressed in oocytes. In these
experiments, uninjected oocytes did not show an ACh response in
the absence of atropine. The M1 and M3 receptors were used as
a standard survey for muscarinic activity since these subtypes M1
and M3 are very highly expressed in mammalian brain,* In these
studies, we did not examine M2 or M4 type receptors. For the G -
coupled M| and M, receptors, single responses could be obtained
for active agents that were mediated by calcium-dependent chloride
channels.’” As shown in Supplementary Figure S1A, an application
of 10 pM ACh to cells expressing both M, and M, AChR stimulated
currents (average peak current amplitude 930 = 20 nA, n = 7), that
could be used as reference responses for other ligands tested on other
oocytes from the same injection set on the same day. Responses to
a second application of ACh were reduced by more than 90% (P <
.01), desensitization being a second indication of the ACh agonist
activity, as noted above. An application of 10 pM nicotine to cells
expressing M, and M, AChR evoked no detectable responses, and
responses to 10 pM ACh after nicotine were not different from the
first ACh responses in control cells (P = .11). As expected, an appli-
cation of 10 pM muscarine to cells expressing M, and M; AChR
generated large currents, comparable to the ACh controls (P = .21),
and smaller responses to a subsequent application of 10 pM ACh
(P < .05). These data are summarized in Supplementary Figure S1B.
Supplementary Figure S1B also shows that co-application of 10 pM
ACh with 100 pM of the muscarinic antagonist atropine effectively

decreased responses compared to cells stimulated with ACh alone (P
<.01). Responses to ACh after the atropine/ACh co-application were
not significantly different from the initial ACh responses in control
cells (P =.71).

The approach illustrated in Supplementary Figure S1 was used
to characterize the activity of the four known Areca alkaloids
on the G -coupled muscarinic receptors (Supplementary Figure
S2). Application of 10 pM arecoline or 10 pM guvacoline stimu-
lated responses that were not significantly different from the ACh
responses in control cells. However, responses to arecoline were sig-
nificantly larger than those to guvacoline (P < .01). Responses to
ACh after arecoline or guvacoline were significantly reduced com-
pared to initial ACh control responses (P < .01). Neither guvacine
nor arecaidine produced detectable responses from cells expressing
M, and M, AChR and responses to subsequent applications of ACh
were not decreased. Note that the compounds tested did not stimu-
late currents in uninjected oocytes (not shown).

Nicotinic Activity of Areca Alkaloids

We previously published that arecoline is a partial agonist for a4*
nAChR and a silent agonist for a7 receptors.”! We tested the other
Areca alkaloids for their activity on these receptors, and as shown in
Figure 1, aside from arecoline, only 100 ptM guvacoline stimulated
detectable responses from the a4p2-expressing cells, and even these
small responses were barely above our limit of detection. None of
the alkaloids other than arecoline stimulated a7-expressing cells,
even when they were co-applied with the strong positive allosteric
modulator (PAM), PNU-120596.%

Muscarinic Activity of Arecoline-Related Compounds
Our data suggest that arecoline is a sort of bridge compound,
spanning the pharmacophores for both nicotinic and muscarinic
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Figure 1. Nicotinic acetylcholine receptor (nAChR) responses to Areca
alkaloids. Oocytes expressing either human a4 and 32 nAChR subunits or a7
subunits were first evaluated for their responses to two control applications
to acetylcholine (Ach), 30 uM for the a4B2-expressing cells or 60 pM for the
a7-expressing cells and then for their responses to the Areca alkaloids applied
at 100 pM. Alkaloid responses were calculated relative to the average of the
two initial ACh applications. Responses of the a4f32 receptors were calculated
as peak currents and the a7 responses as net charge.®* Additionally, the a7
receptors were also tested with the alkaloids co-applied with 10 pM of the
PAM PNU-120596, and those responses are scaled on the right-hand y-axis.
In these experiments, the a4 and 2 subunit RNAs were co-injected at a 1:1
ratio.
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receptors, with an interesting selectivity for a4* nAChR. We investi-
gated structurally related alkaloids to determine whether compounds
could be found that retained the a4* nAChR selectivity of arecoline
without muscarinic activity. In this article, we report data on four
exploratory compounds (Figure 2), starting with isoarecolone, a
compound that has previously been shown to have “nicotine-like”
properties.” The structure of isoarecolone is shown in Figure 2 along
with three additional compounds that were investigated: 4-acetyl-
1,1-dimethylpiperazin-1-ium  (DMPA); (4-methylpiperazin-1-yl)
ethanone (MPA); and 1-(4-ethylpiperazin-1-yl) ethanone (EPA).

Using the protocol illustrated in Supplementary Figure S1, we
determined (Figure 2) that 10 pM isoarecolone had much less activ-
ity on cells expressing M, and M, AChR than arecoline or guva-
coline, especially as indicated by its lack of desensitizing effect. In
contrast, 10 pM DMPA activated small currents in cells expressing
these receptors and produced significant inhibition of subsequent
ACh-evoked responses (P < .05). At a concentration of 10 pM,
neither MPA nor EPA stimulated any current from the G -coupled
mAChR, and following the application of these compounds the cells
were fully responsive to a 10 pM ACh application. Indeed, we failed
to detect a response to MPA even up to concentrations of 300 uM
(data not shown).

Nicotinic Activity of Arecoline-Related Compounds

In order to determine whether isoarecolone had the same pattern
of a4* nAChR selectivity that was seen with arecoline, we tested
100 pM isoarecolone on oocytes expressing different nAChR sub-
types (Figure 3). There were barely detectable responses in a7 express-
ing cells, similar to what was seen with arecoline. However, arecoline
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Figure 2. Characterization of Areca alkaloids analogs on M, and M,
acetylcholine (AChR) expressed in Xenopus oocytes. The structures of
the analogs, 1-(4-methylpiperazin-1-yl) ethanone (MPA), 4-acetyl-1,1-
dimethylpiperazin-1-ium (DMPA), and 1-(4-ethylpiperazin-1-yl) ethanone
(EPA) are shown accompanying the corresponding data. A two-application
protocol as described for Supplementary Figure S1 was used to characterize
these ligands for their effects on cells expressing M, and M, AChR. Test
compounds were applied at 10 pM, and then after a 3-min wash period 10 pM
acetylcholine was applied to determine whether the initial application was
able to desensitize the receptor/channel system and decrease or eliminate
further responses.
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Figure 3. Nicotinic acetylcholine receptor (nAChR) responses to isoarecolone.
Oocytes expressing human a7, a3p4, a4f32 nAChR subunits, mouse muscle
a1B1ed subunits, or the human o4p204p203 concatamer® were first
evaluated for their responses to two control applications to ACh, and then
for their responses to the analogs applied at 100 pM. Acetylcholine (ACh)
controls were 60 pM for the a7-expressing cells, 100 pM for 0334, and 30 pM
for the other subtypes. Responses were normalized relative to the average
of the two initial ACh applications from the same cells. Responses of the a7
receptors were calculated as net charge® and as peak current for the other
subtypes. Additionally, the a7 receptors were also tested with isoarecolone
co-applied with 10 pM of the PAM PNU-120596, and those data are indicated
by the asterisk. (Note that these are scaled on the same left-hand y-axis.)

could be characterized as an a7 silent agonist?'*’; silent agonists
produce little if any partial agonist activity but do induce a PAM-
sensitive desensitized state (Figure 1). Such compounds are emerging
as interesting anti-inflammatory agents. This was not the case with
isoarecolone since the co-application of 10 uyM PNU-120596 with
100 pM isoarecolone did not stimulate significantly larger currents
than 100 pM isoarecolone alone. Isoarecolone did not effectively acti-
vate muscle-type (a1B1€d) receptors or ganglionic-like o334 recep-
tors but was an effective agonist for the 04* and a6* receptors. Full
concentration-response studies were conducted with isoarecolone on
04* receptor subtypes that had defined subunit composition by means
of an a4P2 concatamer, as previously described??* (Supplementary
Figure S3A). The EC, and I values are provided in Supplementary
Table 1 and compared to those for arecoline. Not unexpectedly,

‘max

isoarecolone had low potency for 042 receptors that contained three
04 and two B2 units, as this is generally found to be a low sensitivity
subtype.*! The efficacy of isoarecolone for the other three subtypes
tested was 30-40% that of ACh, which is roughly two to three times
that of varenicline.” To further confirm that isoarecolone was not a
silent agonist of a7, we tested the effectiveness of isoarecolone as an
antagonist of a7 ACh-evoked responses (Supplementary Figure S3B).
A range of concentrations was co-applied with 60 ptM ACh, and there
was only a small inhibition observed at the highest concentration of
isoarecolone tested (300 uM).

As an 04p2 partial agonist, a low concentration of isoarecolone
should partially inhibit or desensitize responses to phasic application
of a full agonist such as ACh, as well as potentially produce low lev-
els of steady-state (smoldering) activation.?>** We, therefore, applied
1 pM isoarecolone to the bath during a series of ACh applications
(10 pM or 1 uM) to cells expressing 04p2 receptors (Supplementary
Figure S4). We saw a concentration-dependent inhibition of the ACh
responses, evidenced by greater inhibition of currents stimulated by
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Figure 4. Nicotinic activity of the isoarecolone analogs (see Figure 3
for structures). After obtaining two acetylcholine control responses,
100 pM applications of 1-(4-methylpiperazin-1-yl) ethanone, 4-acetyl-1,1-
dimethylpiperazin-1-ium, and 1-(4-ethylpiperazin-1-yl) ethanone were made
to oocytes expressing the low sensitivity form of a4p2 (a4(3)p2(2)), the high
sensitivity form of a4p2 (a4(2)p2(3)), or a7 Analog-evoked responses were
calculated relative to the peak currents (a4p2 subtypes) or net charge (a7
receptors) of the ACh controls. Control ACh concentrations were 10 pM,
60 pM, and 100 pM for 04(2)p2(3), a7, and (a4(3)B2(2), respectively. An
04p2 dimer was co-expressed with monomeric a4 or 2% to yield the 042
subtypes indicated. Additionally, the a7-expressing cells were tested with
co-applications of 10 pM PNU-120596 and 100 pM of the analogs. Those
data, normalized to the responses of the same cells to 60 uM ACh alone, are
plotted relative to y-axis on the right. All points are the averages of at least
five oocytes (+ SEM).

the lower concentration of ACh and the induction of a steady-state
current, as indicated by a shift in the baseline holding current.

The isoarecolone analogs DMPA, MPA, and EPA were tested
for their activity on the two forms of a4p2 and on a7 receptors.
DMPA was an effective activator of these receptors (Figure 4 and
Supplementary Table 2), and, as expected, the a7 responses to
DMPA were strongly potentiated by the PAM PNU-120596. (Note
that the PAM-potentiated responses reference the right-hand Y axis,
which is expanded 50-fold relative to the left-hand axis.) In contrast
to DMPA, which, in addition to having some muscarinic activity, is a
strong nicotinic agonist on several nAChR subtypes (Table 1), MPA,
which had no detectable muscarinic activity, was a weak partial ago-
nist of the 04* receptors. Note that the 04* efficacy of 100 pM MPA
was comparable to that of arecoline (Figure 1), but like isoarecolone
and unlike arecoline, MPA showed no agonist or silent agonist activ-
ity for 7. It was also confirmed that 100 pM MPA did not activate
muscle-type (a1p1ed) or a3p4 nAChR (not shown). In contrast,

Table 1. Responses of nAChR Subtypes to 100 uM DMPA Relative
to ACh Maximum Response

a4(3)B2(2) 0.47 £ 0.12
a4(2)B2(3) 0.46 = 0.05
a4(2)B2(2)as 0.39 = 0.02
a6B2B3a4p2 0.46 = 0.01
a3p4 0.01 = 0.00
alpled 0.40 = 0.03
a7 0.41 = 0.02
a7? 20.83 = 5.29

aNet charge response to 100 pM 4-acetyl-1,1-dimethylpiperazin-1-ium plus
10 uM PNU-120596 relative to acetylcholine alone.

DMPA produced small but detectable activation of a3f34 receptors
(1.5 = 0.03% of the ACh controls) and was a very efficacious acti-
vator of muscle receptors, with a 100 pM application stimulating
40 = 4% of an ACh maximum response. The ethyl analog, EPA,
which had no detectable muscarinic activity, also lacked activity
on 04* or a7 nicotinic receptors when tested at a concentration of
100 pM. With the goal of working toward a4-selective partial ago-
nists, these data indicated that DMPA (Table 1) would be a poor
lead, lacking selectivity, as would EPA, lacking any significant effi-
cacy. The preliminary profile of MPA, however, seems promising.

Full concentration-response studies were conducted with MPA
on a4* and a6-containing receptors, and the results are shown in
Supplementary Figure S5. We have previously published similar stud-
ies with arecoline, and those data are presented in Table 2 compared
to isoarecolone and MPA. Additionally, we have compared arecoline
and MPA on receptors containing .5 subunits (a4(2)p2(2)a5), and
those results are shown in Supplementary Figure S5B and included
in Table 2.

Discussion

Clearly, the betel quid delivers users a complex cocktail of agents
based just on the compounds coming from the Areca nut, with even
more coming from the P. betle leaves that are used to wrap the
quid.® In our previous work, we reported that the application of
Areca nut infusion to a4f2- and a6p2-containing nAChR resulted
in a weak partial agonist response and a subsequent refractory
period when the receptor became insensitive to ACh, as determined
by two-electrode voltage-clamp electrophysiological measurements
made in the Xenopus expression system.?! Control applications
of Areca extract to uninjected Xenopus oocytes showed no effect.
Arecoline, the major pyridine alkaloid from the Areca nut, was also
a weak partial agonist of the a4f32 nAChR, but did not show the
same level of subsequent inhibition of the ACh response.?! We have
since found that the inhibitory component is greater than 10 kDa
in molecular weight, and it will be pursued in separate work. The
present study has therefore focused on the Areca alkaloids. While
the muscarinic activity of Areca comes from both arecoline and
guvacoline, the nicotinic activity appears to be due only to areco-
line. Although of relatively low potency and efficacy, the selectivity
of arecoline for the a4* receptors associated with nicotine addic-
tion is suggestive both of a common link between these two drug
dependencies, and of a potentially promising lead toward new
smoking cessation medications. An ideal drug for such an indica-
tion would be one with focused partial agonism of a4* and a6*

Table 2. Partial Agonist | Values Relative to ACh Maximum

Receptor Arecoline? Isoarecolone MPA
a4(3)p2(2) 0.036 = 0.003 0.23 +0.03 0.28 = 0.01
04(2)p2(3) 0.054 = 0.004 0.32 = 0.01 0.31 = 0.01
04(2)p2(2)as 0.16 = 0.01 0.44 = 0.01 0.23 = 0.01
a6p2p3a4p2 0.056 = 0.003 0.45 = 0.05 0.23 = 0.01
EC,, values (uM)
a4(3)p2(2) 75«7 440 = 170 253 +24
a4(2)p2(3) 14«3 31«5 3277
04(2)p2(2)as 94 + 12 45+ 4 280 + 20
a6B2p304p2 21+4 27 + 1 204 = 18

Ach, acetylcholine.
aData on subtypes other than 04(2)B2(2)aS are taken from Papke et al.,!.
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nAChR? without the muscarinic activity and a7 silent agonism of
arecoline.

Our data show that a step in this direction is realized with isoare-
colone. There is evidence to suggest that isoarecolone displays a
unique profile of neurochemical and behavioral effects that justifies
further investigation, particularly with regard to its effects on atten-
tion. Initial behavioral studies confirmed this nicotinic analogue to
possess “nicotine-like” properties as detected by rats in a nicotine
discrimination task.* However, on locomotor activity, isoarecolone
produces minimal activation in nicotine-dependent rats,* which
supports the observations from microdialysis studies showing this
nicotinic analogue to possess relatively weak dopamine-releasing
properties in the nucleus accumbens of rats,* consistent with the
partial agonism we report. In a more extensive biochemical assay,
isoarecolone was found to evoke mecamylamine-sensitive dopamine
release in a concentration-dependent manner from preloaded cortical
or striatal synaptosomes; however, the analogue was reported to be
20 times less potent than nicotine and was less efficacious, producing
a maximal response up to 50% of that observed for nicotine,* again
consistent with isoarecolone having partial agonist actions.*

In experiments specifically designed to evaluate abuse liability,
graded unit doses of isoarecolone failed to cross-substitute in rats
self-administering intravenous nicotine.”” Furthermore, priming
doses of isoarecolone had a much lesser effect to reinstate nicotine-
seeking behavior.”” However, the selective partial agonism shown
by isoarecolone justifies further study as a model agent that might
blunt the reinforcing effects of nicotine or ameliorate the symptoms
of nicotine withdrawal, in a way analogous to cytisine or varenicline
but with a better selectivity profile.

It is interesting to note that isoarecolone has also been considered
as a cognitive-enhancer in laboratory animals. In a delayed match-
ing-to-sample paradigm in monkeys, isoarecolone was shown to be
effective in enhancing short-term memory.*” More recently, isoare-
colone has been evaluated in a rodent model of attention. Using the
five-choice serial reaction time task, graded doses of isoarecolone
enhanced performance.* However, unlike nicotine, which enhanced
accuracy, omission errors, and latency measures in the attention
task, isoarecolone selectively enhanced accuracy without affecting
the other measures, which are thought to be primarily dependent on
dopaminergic systems.*®

Isoarecolone has a chemical structure that could lead to undesired
reactions with proteins and other species in vivo, which would not be
desirable. We hypothesized that similar compounds with an isosteric
carbonyl group, but lacking the ring double bond (ie, MPA) might be
suitable analogs. To this end, a piperazine framework seemed appro-
priate and indeed, older work with MPA* suggested that it might
have weak nicotinic activity on rodent tissues, leading to our work
here with human nAChR. DMPA, previously reported as AMP,* is
known to have nicotinic activity but has not been investigated as a
muscarinic agent. MPA was published as synthetic intermediate®® for
DMPA. Due to our previous work implicating the potential impor-
tance of single methyl groups for modulating nAChR agonist activity
and selectivity,**°1=3 we also investigated the ethyl analog, EPA.%*

Our studies point in several new directions regarding the sculpt-
ing of selective nAChR pharmacophores. Features of both isoarecolone
and MPA eliminated the a7 nAChR activity present in arecoline and
DMPA. In the case of isoarecolone, relative to arecoline, we suggest
that moving the carbonyl position to a 1,4 position relative to the
charged nitrogen atom selects against a7 activity. The loss of a7 activ-
ity for MPA relative to DMPA may center around a preference for

a7 to bind dialkylated (or positively charged) species. In any case, the
permanent charge of DMPA is not likely to promote blood-brain bar-
rier passage, so MPA would likely be a better compound for central
nervous system activity. MPA was superior to its ethyl analog EPA and
molecular docking studies suggest a possible explanation. The lowest
energy scored poses for MPA versus EPA in a model of the 042 ligand
binding domain** (data not shown) reveal that the ethyl group of EPA
is in contact distance with F119 of the 2 subunit whereas smaller
MPA appears to avoid this clash. Our sequence of compounds has also
demonstrated that the muscarinic activity intrinsic to arecoline can
be reduced while retaining the pattern of 04*/a6* partial agonism.
Thus, isoarecolone relative to arecoline has strongly reduced mAChR
activity, and our model compounds exemplified by MPA maintain this
strong selectivity against mAChR activation or inhibition. Another sig-
nificant point about the comparison between MPA and arecoline or
isoarecolone is that the results show that the alpha beta unsaturated
carbonyl functionality is not required for partial agonism at 04 * recep-
tors, validating the isostere approach we pursue.

The analog MPA has a very nice profile of activity for a potential
smoking cessation drug; however, its utility might be limited by its rela-
tively low potency. This might in part be due to a relatively low pK_of
6.9 we estimated by titration (data not shown) causing approximately
2/3 of the compound to be uncharged at physiological pH and there-
fore relatively ineffective at nAChR activation. Further development of
the MPA structure might be used to improve potency, involving opti-
mization of the N-acyl group, use of alternate carbonyl isosteres, and
other elaborations of the core ring system. The recent accomplishment
of the crystal structure for the 0432 nAChRS will provide an excellent
framework to continue development of new partial agonists as inspired
by Areca nut alkaloids. Further, that tobacco and Areca products are
often used together leads to the intriguing idea that perhaps therapeutic
approaches that are useful for alleviating tobacco addiction could also
be useful for those who use Areca products.?!
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online.
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