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Abstract

Starting from two previously studied muscarinic full agonists, characterized by a 1,3-dioxolane ((+)—1) and a 1,3-oxathiolane ((+)—2)
cycle, two new series of muscarinic ligands were designed, obtained by the steric complication of the parent compounds produced by
freezing the aminoalkyl chain into a pyrrolidine ring. Both tertiary amines and the corresponding iodomethyl derivatives were synthesised
and studied, and several compounds of the series which behaved as muscarinic agonists have been selected, on the basis of preliminary
binding experiments on rat cortex homogenates, for the present work.

Results are presented obtained from testing the affinity of the selected compounds against cloned human muscarinic receptors
expressed in CHO cells, in order to evaluate subtype selectivity. Their functional activity on classical models of M;—M, receptors, in
guinea pig and rabbit tissues is also reported.

With respect to parent compounds, the new molecules present some selectivity toward hm2 receptors; fair M, selectivity is also evident
in functional studies, where these compounds behave as partial agonists. Among the other compounds of the series (25, 4'R, 2'S)-1,1-
dimethyl-2-(2-methyl-1,3-dioxolan-4-yl)pyrrolidinium iodide (—)—3 and (2R, 5'S, 2'S)-1-methyl-2-(2-methyl-1,3-oxathiolan-5-yl)pyr-
rolidine (+)—S5 present a promising pharmacological profile. Compound (—)—3 shows modest hm?2 selectivity in binding experiments but
a clearcut M, selectivity in functional tests, where it behaves as a weak antagonist on M; and M, subtypes, as a weak full agonist on the M3
subtype and as a potent partial agonist on M, subtype. Tertiary amine (+)—S5 presents a quite similar profile but appears more interesting
since, lacking a permanent charge on the nitrogen atom, it may represent an interesting tool to study CNS muscarinic receptors.

Our results confirm that sterical complication of parent compounds (+)—1 and (+)—2 produces more selective muscarinic agonists.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Cholinergic compounds have been studied widely in the

Abbreviations: CHO, Chinese hamster ovary; hm1-hm5, human mus- past decades to ldentlfy molecules useful for further Char-

carinic subtypes; M;—Ms, muscarinic subtypes; K;, inhibitor equilibrium
dissociation constant; pKj, -log K;; pD,, -log EDsq; K}, antagonist affinity
from functional tests; pKy, -log Ki,; McN-A-343, 4-(N-[3-chlorophenyl]-
carbamoyloxy-2-butynyltrimethylammonium  chloride;  pCIl-McN-A-
343, (4-(N-[4-chlorophenyl]carbamoyloxy)-2-butynyltrimethylammonium
chloride; NMS, N-methylscopolamine; Kp, affinity constant of the labeled
ligand; By« total receptor density; N, non specific binding; PSS, physio-
logical salt solution
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acterization of muscarinic [1] and nicotinic [2] receptor
subtypes. However, while characterization through antago-
nists has progressed satisfactorily, there are at present no
agonists able to discriminate muscarinic subtypes [3].
Thus, new agonists, selective for one of the several mus-
carinic receptor subtypes, would be extremely useful not
only to further characterize the receptors but also for their
therapeutic potential in pathological states such as pain [4],
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Plate 1.

schizophrenia [5] and Alzheimer’s disease [6,7]. In both
cases, the poor selectivity of the molecules studied has
always represented the major problem.

For several years we have been working with cholinergic
agonists, characterized by a pentatomic cycle, among them
1,3-dioxolanes and 1,3-oxathiolanes [8]. Iodomethylates
of both series such as (+)—1 and (+)—2 (Plate 1), which
have been extensively studied in our laboratory, show high
agonistic activity on muscarinic as well as on nicotinic
receptors [9-13]. As a matter of fact, compound (+)—2 is
one of the most potent cholinergics known so far. However,
both compounds show modest selectivity between receptor
subtypes. We reasoned that, by exalting the molecular
complexity of the parent compounds, in particular through
stereochemical complication in the proximity of the cri-
tical cationic head of the molecule, the chance of finding
muscarinic and nicotinic agonists able to discriminate
among cholinergic receptor subtypes would increase.

Therefore, we have designed and synthesized a series of
compounds that are diastereomeric and enantiomeric
isomers of 1-methyl-2-(2-methyl-1,3-dioxolan-4-yl)pyrro-
lidines, 1-methyl-2-(2-methyl-1,3-oxathiolan-5-yl)pyrroli-
dines and their iodomethylates. In preliminary assays, most
of them showed fairly good affinity for the muscarinic
receptors present in rat cortex and behaved as agonists, but
surprisingly they did not show any nicotinic affinity up to a
10 M dose, even if, as in nicotine, a pyrrolidine ring is
present [14]. Here, we report the results of a study aimed at
evaluating the potency and selectivity of the members of the
series that showed appreciable muscarinic affinity on the
cortex (shown in Plate 1). The pharmacological profile of the
reference compounds (+)—1 [15] and (£)—2 [12], which are
commercially available, was also assessed. Subtype affinity
was evaluated in Chinese hamster ovary (CHO) cells expres-
sing the five human muscarinic subtypes (hm1-hmS5). Func-
tional activity was evaluated on classical preparations
(rabbit stimulated vas deferens, guinea pig stimulated left
atria, guinea pig ileum and guinea pig lung strips) following
reported previously methods [16,17].

2. Materials and methods

2.1. Drugs

The following drugs were used: McN-A-343 (RBI-
Sigma); pCl-McN-A-343 (RBI-Sigma); carbachol (RBI-
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Sigma); yohimbine (RBI-Sigma); tripitramine (a gift from
Prof. Melchiorre, Department of Pharmaceutical Sciences,
University of Bologna, Italy); (+)-cis-dioxolane ((+)—1)
(RBI-Sigma); oxa-22 ((£)—2) (RBI-Sigma); (—)-scopola-
mine methylbromide (Sigma); [*H] N-methylscopolamine
chloride (Perkin-Elmer Life and Analytical Science) spe-
cific activity range 2590-3200 GBg/mmol. Compounds 3—
7 were synthesised as reported by Dei et al. [14]; com-
pound (+)-5 was used as oxalate salt. Other chemicals
were of the highest quality commercially available. All the
drugs were dissolved in the nutritive solutions immediately
before use.

2.2. Binding studies

2.2.1. Cell culture and membrane preparation

CHO cells stably expressing cDNA encoding the five
human muscarinic (hm1-hm5) receptors were generously
provided by Prof. R. Maggio (Department of Neu-
roscience, University of Pisa, Italy). Growth medium
consisted in Dulbecco’s modified Eagle’s medium supple-
mented with 10% foetal bovine serum (Gibco, Grand Iland,
NY), 100 units/ml each of penicillin G and streptomicyn,
4 mM glutamine (Sigma—Aldrich, Milano, Italy) and non
essential aminoacids solution 100 x (Sigma—Aldrich,
Milano, Italy) and 50 pwg/ml of geneticin (Gibco, Grand
Iland, NY) in a humidified atmosphere consisting of 5%
CO, and 95% air.

Confluent CHO cell lines were scraped, washed with
buffer (25 mM sodium phosphate-containing 5 mM MgCl,
at pH 7.4) and homogenized for 30 s using an Ultra-Turrax
(setting 5). The pellet was sedimented 17,000 x g for
15 min at 4 °C and the membranes were resuspended in
the same buffer, re-homogenized with Ultra-Turrax and
stored at —80 °C [18]. An aliquot was taken for the
assessment of protein content according to the method
of Bradford [19] using the Bio-Rad protein assay reagent
(Bio-Rad Laboratories, Miinchen, Germany) and BSA was
used as the standard.

2.2.2. Binding assay

The radioligand binding assay was run in polypropylene
96-well plates (Sarstedt, Verona, Italy) and performed for
120 min at room temperature in a final volume of 0.25 ml
in 25 mM sodium phosphate buffer containing 5 mM
MgCl, at pH 7.4. Final membrane protein concentrations
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were 30 wg/ml (hm1), 70 pg/ml (hm?2), 25 pg/ml (hm3),
50 pg/ml (hm4) and 25 pg/ml (hm5).

In homologous competition curves, [PH] NMS was
present at 0.2 nM in tubes containing increasing concen-
trations of unlabeled NMS (0.03—-1000 nM) and at 0.075—
0.2 nM in tubes without unlabeled ligand. In heterologous
competition curves, fixed concentrations of the tracer
(0.2 nM, ca. Kp) were displaced by increasing concentra-
tions of several unlabeled ligands (0.01-1000 uM). All
measurements were obtained in duplicate. At the end of the
binding reaction, free radioligand was separated from
bound ligand by rapid filtration through UniFilter GF/C
plates (Perkin-Elmer Life and Analytical Science, Boston,
MA) using a FilterMate Cell Harvester (Perkin-Elmer Life
and Analytical Science, Boston, MA); after filtration, the
filters were washed several times with ice cold buffer and
allowed to dry overnight at room temperature under air
flow, added of 25 .l of scintillation liquid (Microscint-20,
Perkin-Elmer Life and Analytical Science, Boston, MA)
and counted by TopCount NXT Microplate Scintillation
Counter (Perkin-Elmer Life and Analytical Science, Bos-
ton, MA). The binding data were evaluated quantitatively
with the weighted least-squares iterative curve fitting
LIGAND program [20]; this analysis provides optimal
estimates of binding parameters for the labeled ligand
from the analysis of homologous curves: affinity constant
(Kp), binding capacities (B.x) and nonspecific binding
(N). Moreover, data from heterologous and homologous
competition curves were simultaneously analyzed to
obtain the K;j values for the unlabeled ligands. The com-
puter program ALLFIT [21] was used for the analysis of
sigmoidal dose response curves obtained in binding stu-
dies; the program uses the constrained four parameter
logistic model to obtain estimates of half-maximal effec-
tive concentration (ICsy) values and the logit-log slope
(““pseudo-Hill” coefficient). All the quoted values are
mean + S.E.M.

2.3. Functional studies

2.3.1. General considerations

Male guinea pigs (200-300 g) and male New Zealand
white rabbits (3.0-3.5 kg) were killed by cervical disloca-
tion. The organs required were set up rapidly under 1 g of
tension in 20 ml organ baths containing physiological salt
solution (PSS) maintained at an appropriate temperature
and aerated with 5% CO,—95% O,. Dose-response curves
were constructed by cumulative addition of the reference
agonist. The concentration of agonist in the organ bath was
increased approximately 3-fold at each step, with each
addition being made only after the response to the previous
addition had attained a maximal level and remained steady.
Following 30 min of washing, a cumulative dose-response
curve to the agonist under study was constructed. When the
compound under study behaves as an antagonist, following
30 min of washing, tissues were incubated with the antago-

nist for 30 min, and a new dose-response curve to the
agonist was obtained. Responses were expressed as a
percentage of the maximal response obtained in the control
curve. Contractions were recorded by means of a force
displacement transducer connected to the MacLab system
PowerLab/800. In addition, parallel experiments in which
tissues did not receive any antagonist were run in order to
check any variation in sensitivity.

In all cases, parallel experiments in which tissues
received only the reference agonist were run in order to
check any variation in sensitivity.

All animal testing was carried out according to the
European Community Council Directive of 24 November
1986 (86/609/EEC).

2.3.2. Guinea-pig ileum

Two-centimeter-long portions of terminal ileum were
taken at about 5 cm from the ileum—cecum junction and
mounted in PSS, at 37 °C, of the following composition
(mM): NaCl (118.0), NaHCO; (23.8), KCl (4.7),
MgS0,4-7H,0 (1.18), KH,PO, (1.18), CaCl, (2.52), glu-
cose (11.7). Tension changes were recorded isotonically.
Tissues were equilibrated for 30 min, and dose-response
curves to carbachol were obtained at 30 min intervals, the
first one being discarded and the second one being taken as
the control.

2.3.3. Guinea-pig stimulated left atria

The heart was rapidly removed, and the right and left
atria were separately excised. Left atria were mounted in
PSS (the same used for ileum) at 30 °C and stimulated
through platinum electrodes by square-wave pulses (1 ms,
1 Hz, 5-10V) (tetra stimulus, N. Zagnoni). Inotropic
activity was recorded isometrically. Tissues were equili-
brated for 2 h and a cumulative dose-response curve to
carbachol was constructed.

2.3.4. Guinea-pig lung strips

The lungs were rapidly removed and strips of peripheral
lung tissue were cut either from the body of a lower lobe
with the longitudinal axis of the strip parallel to the
bronchus or from the peripheral margin of the lobe. The
preparations were mounted, with a preload of 0.3 g, in PSS
with the following composition (mM): NaCl (118.78), KCI
(4.32), CaCl,-2H,0 (2.52), MgS0,4-7H,0 (1.18), KH,PO,
(1.28), NaHCO3 (25.0), glucose (5.55). Contractions were
recorded isotonically at 37 °C after tissues were equili-
brated for 1 h, then two cumulative dose—response curves
to carbachol (0.01, 0.1, 1, 10, 100 wM) were obtained at
45 min intervals, the first one being discarded and the
second one being taken as the control.

2.3.5. Rabbit stimulated vas deferens

This preparation was set up according to Eltze [17]. Vasa
deferentia were carefully dissected free of surrounding
tissue and were divided into four segments, two prostatic
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portions of 1 cm and two epididymal portions of approxi-
mately 1.5 cm length. The four segments were mounted in
PSS with the following composition (mM): NaCl (118.4),
KCI (4.7), CaCl, (2.52), MgCl, (0.6), KH,PO, (1.18),
NaHCO; (25.0), glucose (11.1); 1 pM yohimbine and
0.01 uM tripitramine were included to block alpha,-adre-
noceptors and M, muscarinic receptors, respectively. The
solution was maintained at 30 °C and tissues were stimu-
lated through platinum electrodes by square-wave pulses
(0.1 ms, 2 Hz, 10-15V). Contractions were measured
isometrically after tissues were equilibrated for 1 h, then
a cumulative dose-response curve to pCl-McN-A-343 was
constructed. On this preparation the pD, of the standard
full agonist McN-A-343 is 6.33 £ 0.06.

3. Results

In Table 1 the saturation binding parameters for [°H]
NMS at cloned human muscarinic receptors in CHO cell
membranes are reported. It may be seen that the affinity of
the radioligand is similar for four subtypes (hm2-hm5),
and our results are in agreement with literature data [22].
The [°H] NMS affinity for hm1 receptor is about 2-fold
higher than the value reported by the same author. The
estimates of total receptor densities showed marked varia-
tion as previously described in the literature [18,23-25].

Only seven out of the 16 compounds reported in our
previous paper [14] were taken into consideration in the
present work, since the other compounds did not show
affinity up to the dose of 100 uM for rat brain homogenates
and were, therefore, considered inactive as muscarinic
ligands. The results of binding on CHO cells expressing
the five human muscarinic subtypes (hm1-hm5) and the
functional activity on M,, M3, M, and putative M; mus-
carinic receptor models are reported in Tables 2 and 3,
together with those of the parent compounds (+)—1, (£)—2
and of the standard carbachol. In this respect, the presence
of M| receptors in rabbit stimulated vas deferens has been
questioned in favor of the My subtype so that, currently, the
subtype present in the tissue is still not defined adequately
[23,26]. Binding data are reported as pK; values (affinity).
It is important to appreciate that the “pseudo-Hill” coeffi-
cients, when lower than unity, indicate binding heteroge-
neity. It is generally accepted that muscarinic agonists bind
to high affinity (H) and low affinity (L) populations [27],
and therefore, the pK; reported values do not reflect the real
binding behaviour of our compounds, and represent indeed

‘“apparent” affinity values. Functional data are reported as
pD> (—log EDsp) (agonistic potency), as pKy (antagonist
potency) and as « for intrinsic activity. With few excep-
tions, the new compounds are partial agonists (o < 1)
unlike the parent compounds that are full agonists (« = 1).

3.1. 1,3-Dioxolanes (Table 2)

For this series previous research [14] indicated that only
iodomethylates (—)—3 and (+)—4 showed muscarinic affi-
nity and warranted further studies; the remaining methyl
iodides and all four tertiary amines [ 14] did not show affinity
up to the 100 M dose. The lack of affinity of amines is in
line with previous findings showing the tertiary amines of
this family of cholinergic ligands to be, with few exceptions,
some two orders of magnitude less affinitive and potent than
the corresponding methyl iodides [11]. The binding affinity
and functional activity of (—)—3 and (+)—4 are reported in
Table 2. As regards the affinity for human muscarinic
receptors expressed in CHO cells, the two compounds show
a profile similar to that of parent compound (+)—1 and
carbachol, with a modest selectivity for hm2 receptors. In
functional tests, the parent compound (+)—1 remains the
most potent in all the preparations, also if compared to the
reference carbachol, but (—)—3 shows a fair functional
selectivity on the M, subtype, being a weak antagonist on
M, and M, receptors and showing a pD, of 7.22 on M, and
5.32 on M3 subtypes. Compound (+)—4, on the contrary, is
less potent than (+)—1 and carbachol on M, subtype and
does not possess any remarkable subtype selectivity.

3.2. 1,3-Oxathiolanes (Table 3)

In this series, all four iodomethyl derivatives ((—)—®6,
(+)—6, (—)—7, (+)—7) were endowed with muscarinic
affinity and were active on muscarinic functional models
(Table 3). Moreover, unlike what happens in the 1,3-
dioxolane series, where only quaternary compounds show
some activity, the tertiary base (+)—5 presents definite
binding affinity and functional activity. Among these sub-
stances, compounds (+)—6 and (—)—7 show good affinity
and moderate selectivity for hm?2 subtypes, compared to
the racemic parent compound (£)—2. As far as functional
tests are concerned, compound (+)—6 is a potent and
selective partial agonist on M, receptors with a pD, of
7.25 against a pD, of 6.12 on M; subtypes and no func-
tional activity on M; and M, subtypes, while compound
(—)—7 is equally selective but less potent.

Table 1
Saturation binding parameters for [*H] NMS to cloned human muscarinic receptors in CHO cell membranes®
hm1 hm?2 hm3 hm4 hm5
Binax (fmol/mg prot) 1987 + 258 538 £33 3444 + 702 2565 + 180 3163 £+ 138
Kp (nM) 0.59 £ 0.12 0.13 +£0.03 0.16 + 0.04 0.14 +£ 0.02 0.17 £ 0.05

% Bmax: total receptor density, expressed as means + S.E.M.; Kp: equilibrium dissociation constants determined by LIGAND program, data represent

mean + S.E.M.



Table 2

Binding parameters and functional activities of dioxolane derivatives
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Compounds Binding affinities® Functional activities

Compound  Stereochemistry hml hm?2 hm3 hm4 hm5 Rabbit vas deferens” Guinea pig atrium (M%)  Guinea pig ileum (M5°)  Guinea pig lung (M,°)
pK; pK; pK; pK; pK; o pD> (pKy) o pD> o pD> o pD>
nH nH nH nH nH

(+)-1 28, 4R 496 £0.06 5.92+0.07 487+0.01 5.05+0.08 4.66+0.09 0.94+001 691+0.05 1 8.11+0.15 1 8.15+0.14 1 6.76 £ 0.07
1.00£0.12 1.09+0.18 0.91+0.07 0.78+0.08 0.82+0.26

(—)-3 2S, 4'R, 2'S 4.67+£0.09 577+£0.13 437+£0.10 4.62+0.08 4.64=£0.10 (<5) 0.57+£0.02 7.224+0.06 1 5324023 (<5)
0.99+037 091+0.09 0.86+0.14 0.75+0.05° 0.78+0.17

(+)-4 2R, 4R, 2'S 428 +0.09 530£0.11 433£0.09 476+£0.10 428+0.11 (<5) 1 6.63 £0.06 0.94£0.09 6.83+£0.18 0.93+0.04 530+0.23
0.73+£0.11" 0.89+0.09 0.72+0.06" 0.78+0.08 0.85+0.12

Carbachol 442+0.10 592+0.07 436+£0.10 520+0.07 4.16 £0.09
0.63+0.09" 098+ 0.14 0.57+0.09° 0.61+0.04% 0.80+0.23 1 7.33 £0.08 1 6.68 +£0.01 1 543 +£0.03

 Binding parameters of muscarinic agonists at five human muscarinic receptor subtypes. The affinity estimates (as pK;) were derived from both [*H] NMS homologous and heterologous competition curves and
represent the mean (£ S.E.M.) of at least three experiments; the “pseudo-Hill”” coefficients are given in italic and the values represent the mean (& S.E.M.) of at least three experiments, numbers labelled with (*) and (§)
differ significantly from 1 ("p < 0.05; ¥p < 0.001).
> & (+£S.E.M.) and pD> (or pKy, in brackets) (+S.E.M.) values in functional tests on rabbit stimulated vas deferens. The presence of M; receptor in this tissue has been recently questioned (see text).

c

o (£S.E.M.) and pD; (or pKj, in brackets) (=S.E.M.) values in functional tests on guinea pig atria, ileum and lung strips.
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Table 3
Binding parameters and functional activities of oxathiolane derivatives
E L‘
HSCNQ / 3 5 E
@
CH3 HgC CHg HQC CHS HSC CH(; HSC CH3
(2R,5R)-(+)-2
(2R, 5'S, 2'8)~(+)-5 (25, 5'S, 2'S)-(-)-6 (2R, 5'R, 2'R)-(+)-6 (25, 5'R, 2'R)~(-)-7 (2R, 5'S, 2'S)-(+)-7
Compounds Binding affinities® Functional activities
Compound ~ Stereochemistry hml hm2 hm3 hm4 hm5 Rabbit vas Guinea pig atrium (M,°)  Guinea pig ileum (M;°) Guinea pig lung (M4°)
deferens”

pKk; pKi pK; pK; pK; o pD, (pKy) a pD» o pD» o pD> (pKv)
nH nH nH nH nH

(£)-2¢ 2R", 5R" © 496 £0.08 568+0.06 507+£005 5194+005 488+008 1 681+0.09 1 7.13£0.05 1 7.75+£0.02 092+0.01 6.15+0.04
0.94+0.07 1.04+030 075+011 0824004 0.82=+0.26

(+)-5 2R, 5'S, 2'S 4.67+0.10 5.01+0.09 440+£0.11 436+0.08 4.45+0.11 (<5) 0.69+0.01 7.394+0.08 0484+0.02 5.8240.03 (<9)
1.27+031 085+£014 1.194+0.12 075+£0.08 0.80=*0.07

(+)-6 2R, 5'R, 2R 5.08+0.11 6.17+0.09 483+0.12 5.07£0.06 4.99+0.10 (<5) 0.75+£0.04 7.25+0.09 1 6.12+£025 0.184+001
0.74 £0.07° 070 £0.05° 0.78+0.16" 081 £0.11" 0.86+0.10

(—)-6 28, 5'S,2'S 4.72+0.08 528+0.08 453+£009 450+0.06 4.61+0.10 (4.66 £0.30) 0.56+0.03 627+0.22 0.78+0.04 4.76+0.10 (<5)
0.92+£0.07 1.07£0.10 090+0.10 0.8040.06 0.90=+0.16

(+)-7 2R, 5'S, 2'S 4.85+0.11 545+0.12 4.65+£008 4.74+0.07 4.63+0.07 (<5) 0.84+£0.01 7724002 0.41+0.05 6.60+0.14 020+0.03 f
0.79£0.06" 0.83+0.04 1.30+0.39 0.7440.06 0.84 =+ 0.09

(—)-7 28, 5'R, 2'R 5234008 585+£0.09 485+0.06 5.09+0.09 497+0.10 (5.10£0.14) 0.53+£0.05 6.14+0.08 0.59+0.09 520+0.11 (<5)
0.84£0.04 0.94+0.06 1.08+022 0.76+0.05 0.84=+0.09

Carbachol 4424+0.10 592+0.07 436+£0.10 520+0.07 4.16+0.09 1 7.33£0.08 1 6.68 £0.01 1 5.43 £0.03

0.63+£0.09° 0.98+0.14 0.57+0.09" 0.61+0.04° 0.80+0.23

2 Binding parameters of muscarinic agonists at five human muscarinic receptor subtypes. The affinity estimates (as pK;) were derived from both [°’H] NMS homologous and heterologous competition curves and
represent the mean (+S.E.M.) of at least three experiments; the “pseudo-Hill”” coefficients are given in italic and the values represent the mean (+S.E.M.) of at least three experiments, numbers labelled with (*) and (§)
differ significantly from 1 ("p < 0.05; %p < 0.001).

® pD, (or pK in brackets) values in functional tests on rabbit stimulated vas deferens. The presence of M receptor in this tissue has been recently questioned (see text).

o (£S.E.M.) and pD; (or pKj, in brackets) (+S.E.M.) values in functional tests on guinea pig atria, ileum and lung strips.

The pD, values of the eutomer (+)-2 on guinea pig atrium and ileum are reported in the cited references [10,13] and are 7.54 and 8.06, respectively.

¢ This compound is the racemic mixture of (2R, 5R)-2 and (2S, 55)-2. The notation (2R”, 5R™)-2 indicates that the relative but not the absolute stereochemistry of the compound is defined.
T Intrinsic activity is too small to allow a sound evaluation of the relative pD, value.

c

d

91
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The behaviour of compounds (+)—5 and (+)—7 is
particularly interesting; while they do not show any
impressive affinity and selectivity in binding studies, they
do possess an interesting profile in functional tests. In fact
(+)—S5 is the most M, selective, showing a pD, of 7.39 on
M, against a pD, of 5.82 on M3, while being a weak
antagonist on M; and M, subtypes. On the other hand,
compound (+)—7 is the most potent M, agonist with a
selectivity comparable to that of (+)—6 and (—)—7.

4. Discussion

Since the compounds studied in the present and previous
[14] works represent a small library of structurally iden-
tical diastereomers and enantiomers that are endowed with
fairly different affinities and activities, it is apparent that
stereochemistry plays a major role in their binding to
muscarinic receptors. In particular, unlike the parent com-
pounds, the active members of the series ((—)—3, (+)—5,
(—)—6, (+)—6, (—)—7, (+)—7) appear to be more affinitive
for one subtype (hm2), even if the differences are not
impressive, thus fulfilling our expectations that the intro-
duction of another stereogenic center, close to the amine
function, would improve subtype selectivity. It can be
observed, from a simple inspection of Tables 2 and 3, that
binding selectivity derives from a reduction of affinity for
hml, hm3, hm4, hm5 subtypes rather than from its
improvement on hm2 subtypes, suggesting that the intro-
duction of the stereo center selectively impairs the binding
to some subtypes. As concerns functional activity, the
selectivity for M, muscarinic subtypes of these compounds
is more impressive. Even in this case, M, selectivity seems
due to a reduction of the potency on the other subtypes
rather than to an increase of potency on M, receptor
subtypes. Therefore, it is apparent that there are differences
between the binding and functional assay results. As a
matter of fact, cloned human muscarinic receptors expressed
in CHO cells represent an artificial system loosely related to
the rabbit and guinea pig tissues used for functional studies,
not to mention genetic differences. For this reason the
binding results were taken as a prescreening to select the
compounds to evaluate in functional studies.

For the sake of clarity, the following discussion will
examine separately the two series of compounds studied.

4.1. 1,3-Dioxolanes

The first thing to underline is that the absolute config-
uration of (—)—3 and (+)—4 is the same of the parent
compound (+)—1, suggesting that the drugs bind to the
same binding site. However, while the affinity of (+)—4 is
reduced for all subtypes with respect to the parent com-
pound (+)—1, compound (—)—3 maintains about the same
affinity for the hm2 subtype, while for the other subtypes
the affinity generally decreases. The fact that (—)—3 is the

2-epimer of (+)—4 demonstrates once more the importance
of the stereochemical features of the molecule, in particular
those of position 2. As far as functional activity is con-
cerned, comparison of the pD, of (—)—3 with that of parent
compound (+)—1, confirms that selectivity for M, recep-
tors arises from a selective reduction of potency on the
other subtypes. Accordingly, compound (—)—3, with a pD,
of 7.22, is some two orders of magnitude more potent on
M, than on M3 receptors and is a modest antagonist on My
and putative M, receptors.

4.2. 1,3-Oxathiolanes

Unlike what happens in the corresponding 1,3-dioxolane
series, one of the four isomeric tertiary amines, (+)—5,
shows affinity for human muscarinic receptors, in particular
for the hm?2 subtype (Table 3). As far as functional activity is
concerned, (+)—5 is a fairly potent M, agonist that is some
two orders of magnitude more potent on M, than on M; and
Mj; receptor subtypes; on My subtype it behaves as a modest
antagonist. This is quite an exciting result as the pharma-
cokinetic properties of (+)—5 (that does not carry a perma-
nent charge) could be most useful to study M, muscarinic
subtypes in the CNS. This unusual affinity and potency of a
tertiary amine like (+)—5 could be related to the insertion of
the tertiary nitrogen in a cycle, as happens with the closely
related muscarinic agonist cevimeline (AF 102B) [28],
recently approved for Sjogren’s syndrome and in phase
III trials for Alzheimer’s disease. It is perhaps interesting
that the absolute configuration at the oxathiolane positions
(2',5") of (+)—5 is the opposite of that of the parent com-
pound ((+)—2) which carries a quaternary nitrogen.

In this class, all four isomeric methyliodides are
endowed with good affinity for human muscarinic recep-
tors and their stereoisomeric relationships offer a good
opportunity to study the importance of the stereogenic
centers on affinity and potency. Overall, the affinity trend
parallels that found in the 1,3-dioxolanes series: the com-
pounds appear to be slightly but firmly selective for the
hm?2 subtype, where they maintain the affinity of the parent
compound, while affinity versus the remaining subtypes is
generally depressed. Epimers (+)—6 and (—)—7, that have
the same absolute configuration of the parent compound
(+)—2, as far as the stereogenic centres of the 1,3-oxathio-
lane nucleus are concerned, are the eutomers in the five
receptors studied. However, (+)—6 and (—)—7 present
opposite configurations at the pyrrolidine stereogenic cen-
ter 2. This structural diversity does not affect the affinity for
hml, hm3, hm4 and hm5 subtypes, but introduces a
different behaviour versus hm2 subtype, where (+)—6 is
more affinitive (pK; = 6.17) than (—)—7 (pK; = 5.85) with a
difference that is small yet significant. This result confirms
that in these series of compounds, steric complication in
alpha to the basic nitrogen can induce different pharma-
cological profiles in compounds that have the same stereo-
chemistry in the rest of the molecule.
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Functional studies confirm M, selectivity as a general
feature of the series. Indeed, compounds (+)—6, (—)—6,
(+)—7 and (—)—7 behave as modest antagonists or poor
agonists on rabbit vas deferens and guinea pig lung. At the
contrary, they act as partial or full agonists on guinea pig
atrium and ileum, showing higher potency (1-2 orders of
magnitude) on the former subtype. Interestingly, in the
functional tests, the eutomer of the (+)—7/(—)—7 couple is
no longer (—)—7, as found in binding, but (+)—7. A
complete analysis of the influence of the stereochemistry
by simple inspection of the available data is not easy. A
deeper understanding of its importance for muscarinic
activity will likely be provided by the quantitative eudis-
mic analysis [29,30] that is under way.

In conclusion, by steric complication of the potent
muscarinic full agonists (+)—1 and (+)—2, we have devel-
oped two new series of muscarinic partial agonists that are
endowed with affinity and functional selectivity versus M,
subtype. Among them, two compounds ((—)—3, (+)—5)
are particularly interesting and show a promising pharma-
cological profile. Compound (—)—3, in binding experi-
ments, presents a good selectivity for the hm?2 subtypes that
is confirmed and exalted in functional tests. Here, it
behaves as a weak antagonist on M; and My and as an
agonist on M, and M3 subtypes, showing a potency on M,
subtype some two orders of magnitude higher than on M.
The other somewhat more interesting compound is the
tertiary amine (+)—S5 that, in functional studies, was fairly
selective for M, subtypes and, lacking a permanent charge
on the nitrogen, may be an interesting new tool to study
CNS muscarinic receptors.
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