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Abstract

The enantiomers desoxymuscarine 6 were tested in vitro on guinea pig tissues, and their muscarinic
potency was evaluated at M, (heart force and rate) and M; (ileum and bladder) receptor subtypes to-
gether with the enantiomers of the parent compound muscarine 1. The eutomers (+)-1 and (+)-6 and
distomers (—)-1 and (—)-6 were also assayed in vivo on pithed rat. Affinity, relative efficacy and enantio-
selectivity were also determined for the compounds under study at M, (heart force and rate) and M;
(ileum and bladder), in order to investigate muscarinic receptor heterogeneity. The results of this study have
been discussed in comparison with the data previously reported for the structurally related fluoromusca-
rine (+)-4 and difluoromuscarines (+)-5 and (—)-5. © 2000 Elsevier Science Inc. All rights reserved.
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Introduction

Molecular handedness is a crucial structural feature of biologically active compounds,
since opposite configurations at pharmacophoric groups are frequently influencing the bio-
logical response, mainly in terms of affinity, toxicity and receptor subtype selectivity (1).
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Therefore, the stereoisomeric composition of drugs is currently receiving considerable atten-
tion owing to its pharmacological as well as industrial and regulatory implications (2,3).

The muscarinic receptor population represents a family of cholinergic receptors abundant
in the parasympathetic and in central nervous systems, where they mediate both excitatory
and inhibitory effects (4). At present, the pharmacological classification of muscarinic recep-
tors distinguishes among M, M,, M; and M, subtypes. A fifth subtype, termed M;, has been
predicted by molecular cloning studies, even though its physiological role is yet unknown
(5,6). The characterization of muscarinic receptor subtypes is based essentially on the dis-
covery of selective antagonists (7—11). However, the development of new highly potent and
subtype-selective muscarinic receptor agonists could provide novel therapeutic agents useful,
for example, in the treatment of pain and Alzheimer’s disease (12,13).

Well defined stereochemical requirements in the molecular structure of muscarinic ligands
characterized by the presence of a tetrahydrofuran ring, i.e. muscarine and muscarone (14-16),
are essentials for their interaction with the complementary receptor subsites. All the major
chiral muscarinic agonists show in fact a high value of the eudismic ratio (ER) and a spatial
arrangement around the chiral centers matching those of natural muscarine (+)-1 (17) (Fig.
1). These outcomes emerged also from our studies on the eight chiral muscarine stereoiso-
mers (18), as well as the four chiral isomers of muscarone (2) and methylenemuscarone (3).
The absolute configuration of the most potent stereoisomer of muscarone (19) and methylen-
emuscarone (20) is depicted in Fig.1. With the aim of studying further the relationship be-
tween the muscarinic activity/selectivity and the different substitution patterns at position 4
(“muscarinic subsite”), we synthesized and tested (2S5,4R,5S5)-4-deoxy-4-fluoromuscarine
(+)-4 (fluoromuscarine, Fig. 1) and the two enantiomers of 4-deoxy-4,4-difluoromuscarine
(+)-5 and (—)-5 (difluoromuscarine, Fig. 1).

HO, N F,
ra N ;
+ + +
1l NMe; NMe3 NMe;
(0] (¢} (¢}

(+)-1 (25,4R,55) (-)-2(28,55): X=0 (+)-4 (25,4R,55)
(5)-1 (2RA4S8,5R) (-)-3 (25,55) : X =CH;

(+)-5 (28,55) (+)-6 (25,55)
(-)-5 (2R,5R) (-)-6 (2R,5R)

Fig. 1.
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The pharmacological profile of these new chiral muscarinic agonists was investigted by
means of in vivo and in vitro assays, and the results compared to those of racemic muscarine
(*+)-1 (21,22). The replacement of the hydroxy group of muscarine with a fluorine atom, i.e.
(+)-4, caused a significant change only in the receptor-ligand interaction at the cardiac M,
muscarinic receptors controlling rate (21), whereas the introduction of two fluorine atoms at
position 4, i.e. (+)- and (—)-5, produced significant differences in the affinity and relative ef-
ficacy at M, (heart rate) and M; (ileum) receptor subtypes, with a parallel drop of the enantio-
selectivity (22).

In order to deepen the investigation of the stereoelectronic requirements at the “muscarinic
subsite”, recently we prepared the chiral forms of desoxymuscarine 6 (Fig.1), whose race-
mate is a moderately potent muscarinic agonist (23). Both enantiomers of 6 were obtained
with enantiomeric excess higher than 98% through a synthetic sequence based on a
chemoenzymatic approach (24). In this paper we report the results of the pharmacological
characterization of (+)-and (—)-6 at M, (heart) and M; (ileum and bladder) muscarinic re-
ceptor subtypes.

Results and discussion

Muscarine and desoxymuscarine enantiomers (+)-1, (—)-1, (+)-6 and (—)-6, prepared ac-
cording to published procedures (18,24), were tested in vitro on guinea pig tissues, and their
muscarinic potency (pD,) was evaluated at M, (heart force and rate) and M; (ileum and blad-
der) receptor subtypes. All the compounds behaved as full agonists (a¢=1, Table 1). In order
to evaluate their muscarinic activity (EDs,) at ganglionic M, and cardiac (heart rate) M, re-
ceptors, the derivatives under study were also tested in vivo on pithed rat (Table 2). Since the
only comparison of agonist potencies on different tissues is not sufficient to speculate on the
heterogeneity of muscarinic receptors, affinity and relative efficacy were calculated (Table 3).
Finally, the enantioselectivity, which is a parameter of utmost importance in the characteriza-

Table 1
Potencies, intrinsic activities and eudismic ratios of muscarines (+)-1/(—)-1 and desoxymuscarines
(+)-6/(—)-6, at M, and M; muscarinic receptors

Tissue
Guinea pig heart (M,) Guinea pig ileum (M3)  Guinea pig bladder (M;)
force rate
pD,* ob pD,* ot pDy* ob pDy* ab
(+)-1 7.68 = 0.10 1.0 7.07 =0.14 1.0 7.05*0.10 1.0 5.58 £0.05 1.0
ER° 302 214 63 43

(—)-1 5.20 £0.22 1.0 474 = 0.24 1.0 525%x0.12 1.0 4.95 £0.29 1.0
(+)-6 6.44 = 0.06 1.0 6.59 = 0.14 1.0  6.87 =0.15 1.0 5.22 = 0.09 1.0
ER¢ 1.2 1.1 18 58

(—)-6 6.36 = 0.06 1.0 6.54 = 0.18 1.0 5.62x0.09 1.0 3.46 = 0.11 1.0

* —logEDy,. The results are the mean = SEM, and the number of observations varies between 6 and 10.

® Intrinsic activity, measured by the ratio between the maximum response of the compound and the maximum
response of (*)-muscarine.

¢ Eudismic ratio: the ratio between the potency of the more potent and the less potent enantiomer.




320 M. De Amici et al. / Life Sciences 67 (2000) 317-326

Table 2
Potencies of (+)-1, (—)-1, (+)-6 and (—)-6 at ganglionic M, receptors mediating tachycardia and at cardiac
M, receptors mediating bradycardia in the pithed rat

EDs, (g/kg),pithed rat®

Increase in heart rate (M) Decrease in heart rate (M,)
(+)-1 3.0 =0.50 4.5 *0.75
ERP 179 14
(—)-1 536 = 61 65.0+7.2
(+)-6 13919 23.8 £ 1.8
ER® 27 10
(—)-6 377.8 =354 238.0 =93

2 The results are the mean = SEM, and the number of observations varies between 5 and 9.
® Eudismic ratio: the ratio between the potency of the more potent and the less potent enantiomer.

tion of receptor subgroups, was evaluated as the eudismic ratio (ER) both in in vitro and in
VIvo assays.

Inspection of the data gathered in Table 1 reveals that natural muscarine (+)-1 proved to
be the most potent agonist at all the studied tissues. Furthermore, as expected, (+)-6, which
shares with (+)-1 the absolute configuration at the two common stereogenic centers,
emerged as the eutomer of desoxymuscarine.

Interestingly, muscarine and desoxymuscarine did not display the same potency trend
among the tested receptor subtypes, and their ER values were accordingly affected. Indeed,
the couple (+)-1/(—)-1 showed high and comparable ER values in the two M, assays, i.e.
guinea pig heart force (ER=302) and rate (ER=214), whereas the values were lower and
quite different in the two typical Mj; tests, i.e. guinea pig ileum (ER=63) and urinary bladder
(ER=4.3). Conversely, the couple (+)-6/(—)-6 displayed the highest ER values at M; recep-
tors, i.e. guinea pig urinary bladder (ER=58), and no enantioselectivity at cardiac M, sub-
types (ER=1.2 and 1.1).

As expected, the in vivo data, obtained according to the method reported by Angeli et al.
(22,25), showed that natural muscarine (+)-1 is more potent than (+)-6, the eutomer of des-
oxymuscarine, at ganglionic M; and cardiac M, receptors subtypes (Table 2). It is worth
pointing out that the pronounced enantioselectivity observed for muscarine in the in vitro M,
assays (ER=214) is drastically reduced in the in vivo test (ER=14). The opposite trend holds
true for desoxymuscarine, which gained a moderate enantioselectivity in the in vivo assay
(ER=10). As already postulated (21,22), the different results between the in vitro and in vivo
assays could be attributed to differences in metabolism and pharmacokinetics among the ag-
onists in the two preparations.

In order to evaluate a possible heterogeneity within the M, (heart force and rate) and M;
(ileum and bladder) muscarinic receptor populations (21), further pharmacological parame-
ters such as affinity (Ky) and relative efficacy (e,) have been determined, as shown in Table 3.
In the same table the data previously reported for fluoromuscarine (+)-4 and difluoromusca-
rines (+)-5 and (—)-5 have been included.

The comparison of the responses of the structurally related ligands gathered in Table 3 fur-
ther supports previous studies on the nature of the interaction involving the binding of the hy-
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droxy group of muscarine to the complementary receptor subsite (18,21,22,26-28). The
stereogenic center with the (R) configuration at position 4, i.e. (+)-1 and (+)-4, is the struc-
tural requirement which gives the highest contribution to the potency of the ligands. Interest-
ingly, at the M, receptors regulating heart rate, the replacement of the hydroxy group with a
fluorine atom, while leaving unaffected the potency of (+)-1 and (+)-4, causes a 126-fold
increase of the affinity together with a 200-fold reduction of the efficacy. Moreover, the sup-
pression of the chiral center at the “muscarinic subsite”, i.e. (+)-5 and (+)-6, induces a de-
crease of the values of all the pharmacological parameters, when compared to those
determined for natural muscarine. In particular, the introduction of two geminal fluorine
atoms at position 4, that is (+)-5, causes an overall lowering of the hydrogen bonding and of
the dipole-dipole interaction between the fluorine atom of (+)-4 and the complementary re-
ceptor subsite (22). The effect is particularly evident at the M, subtype regulating heart rate,
where (+)-4 displays a 240-fold higher affinity and a 120-fold lower efficacy than difluoro-
muscarine (+)-5. An opposite trend is detected, with the exception of the results at bladder,
when the data on distomers (—)-1, (—)-5 and (—)-6 are taken into account. Hence, the overall
enantioselectivity of muscarines 1, and presumably of fluoromuscarines 4, is significantly
higher than that of difluoromuscarines 5 and desoxymuscarines 6. Therefore, the role of the
absolute configuration at C-2 and C-5 is enhanced by the presence of a suitably oriented po-
lar group (or atom) at C-4.

As far as tissue selectivity is concerned, based on the Furchgott’s assumption that differ-
ences in pKp, of at least 0.5 may be indicative of receptor heterogeneity (29), we can deduce
that (+)-1 is able to discriminate within M, and M; receptor subtypes. On the contrary, the
affinity data of (+)-6 suggest that desoxymuscarine is not able to discriminate the same re-
ceptor populations. Moreover, the affinity values of distomers (—)-1 and (—)-6 are almost su-
perimposable and characterized by a lack of any subtype selectivity. As a consequence, mus-
carines maintained a relevant enantioselectivity at heart force (ER=93) and reached a high
value of eudismic ratio (ER=372) at ileum. The different ER values of (+)-1 and (—)-1
within both the M, and M; populations (93 versus 6 and 372 versus 23, respectively) further put
in evidence the distinct structural requirements of the muscarinic receptor subtypes mediating,
on one side, heart force and rate, and, on the other one, those involved in the ileum and bladder.

By taking into account the results obtained with fluoromuscarine (+)-4, the replacement
of the hydroxy group of natural muscarine with a fluorine atom brings about significant
changes at heart force potency as well as at heart rate affinity and efficacy. As a matter of fact,
an inversion of the affinity profile at the M, receptor subtypes is observed on passing from
(+)-1 to (+)-4 and, in addition, (+)-4 is 100 times more efficacious at receptors mediating
heart force than at those mediating heart rate. However, differences in relative efficacy cannot
be taken as a proof of receptor heterogeneity, since they may reflect different levels of recep-
tor reserve. Unfortunately, the enantioselectivity parameters are not available for fluoromus-
carine, since (—)-4 has not been prepared yet.

On the whole, the estimation of potency as well as affinity and relative efficacy of muscar-
ine, difluoromuscarine and desoxymuscarine enantiomeric pairs further stresses the difficulty
of interpreting the variations of these parameters as a function of molecular structure (30).
However, the structure-activity relationships of this set of chiral muscarinic ligands, confirm
that the M, and M, receptor subtypes are endowed with distinct structural requirements, that



M. De Amici et al. / Life Sciences 67 (2000) 317-326 323

is the muscarinic populations within the cardiac M, (heart force and rate) and M; (ileum and
bladder) subtypes are characterized by a certain degree of heterogeneity. Among the com-
pounds investigated in this study, natural muscarine (+)-1 and fluoromuscarine (+)-4 represent
the pharmacological tools which better put in evidence such a heterogeneity. Since the “mus-
carinic subsite” is able to host a number of substituents of different size (28), whose influence on
the pharmacological profile is not easily predicted, we are now elaborating the functional data of
new chiral analogues of muscarine with lipophilic and steric hindered groups at this position.

Experimental section

All animal testing was carried out according to the European Communities Council Direc-
tive of 24 November 1986 (86/609/EEC).

Pharmacology

In vitro tests

General considerations. Male guinea pigs (200-300 g) were killed by cervical dislocation,
and the organs required were set up rapidly under 1 g of tension in 20-mL organ baths con-
taining physiological salt solution (PSS) kept at an appropriate temperature (see below) and
aerated with 5% CO,-95% O,. Two dose-response curves were constructed by cumulative ad-
dition of the reference agonist [(*)-muscarine]. 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 new dose-response curve to the agonist under study was ob-
tained. Responses were expressed as a percentage of the maximal response obtained in the
control curve. The results are expressed in terms of pD,, which is the —log EDs, the concen-
tration of agonist required to produce 50% of the maximum contraction. Contractions were
recorded by means of a force transducer connected to a two-channel Gemini polygraph
(U. Basile). In all cases, parallel experiments in which tissues received only the reference agonist
were run in order to check any variation in sensitivity.

Determination of dissociation constants.  Dissociation constants (Kp) and relative effica-
cies (e,) for compounds (+)-6 and (—)-6 were determined as previously described (29,22)
according to the method of Furchgott and Bursztyn (31) for full agonists (a=1).

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. The composition of PSS
was the following (mM): NaCl (118), NaHCO; (23.8), KCl1 (4.7), MgS0O,.7H,0 (1.18),
KH,PO, (1.18), CaCl, (2.52), glucose (11.7). Tension changes were recorded isotonically.
Tissues were equilibrated for 30 min, and dose-response curves to (*)-muscarine were ob-
tained at 30 min intervals, the first one being discarded and the second one being taken as
the control.

Guinea pig bladder. A 2 mm wide longitudinal strip of bladder from urethra to the apex of
the bladder was cut, excluding the portion under the urethra orefice, and mounted in PSS (the
same used for ileum) at 37 °C. Contractions were recorded isometrically. Tissues were equil-
ibrated for 30 min (see protocol for ileum).
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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, 5-10 V)
(Tetra Stimulus, N. Zagnoni). Inotropic activity was recorded isometrically. Tissues were equil-
ibrated for 2 hours and a cumulative dose-response curve to (#)-muscarine was constructed.

Right atria.  Right atria were equilibrated for 1h at the above conditions (see guinea pig
stimulated left atria for PSS and temperature). Contractions were recorded isometrically.

In vivo tests

Pithed rat. Male normotensive rats (270-330 g) were housed five per cage and maintained
on a 12 h light/dark cycle. Food and water were available ad libitum. The animals were an-
aesthetized with equithesin (9.6 g nembutal sodium, 42.6 g chloral hydrate, 21.2 g MgSO,,
400 mL propylene glycol, 50 mL ethyl alcohol and water to 1000 mL) 3 mL/kg of body
weight ip. The right jugular vein was cannulated (PE 10 polyethylene tubing) for drug ad-
ministration. Blood pressure was measured from the left common carotid artery through a PE
50 catheter connected to a pressure transducer (P23 ID, Statham, Hato Rey, Puerto Rico).
The heart rate was measured continuously by means of a rate meter (Basile) which was trig-
gered by the blood pressure pulse in the carotid artery. After catheterization of the trachea,
heparin (150 IU/kg) was given iv to prevent blood coagulation. Temperature was maintained
at approximately 37°C throughout the experiment by means of an overhead heating lamp.
The rats were then pithed by insertion of a steel rod (1.5 mm in diameter) through the skull
and foramen magnum down into the spinal canal (32). The animals were respired artificially
by means of a Harvard Apparatus Model 681 rodent respirator at a frequency of 60 cycles/min
with a volume of 1 mL/100 g. The preparation was allowed to equilibrate for at least 30 min be-
fore drug administration, until mean heart rate had stabilized. The basal heart rate amounted
to 300 = 8 beats/min (n = 50). Changes in heart rate were measured for individual doses of
the agonist given iv (0.1 mL/100 g). Full recovery from the pressor and cardiac effects with
return to preinjection values was allowed between successive doses. After drug injection, the
venous cannula was flushed with 50 L of isotonic saline solution.

Experimental protocol

All drugs were dissolved in saline (0.9% w/v) and injected iv in a volume of 0.1 mL/100 g.
Because of desensitization phenomena, when compounds (+)-1, (—)-1, (+)-6 and (—)-6
were employed, only one single dose-response curve was assessed in each preparation. EDs,
values were determined graphically from the resultant dose-response curves and represent
the dose causing 50% of the maximum response of the compound under study. Pretreatment,
iv, with antagonists was carried out 20 min before the administration of agonist. This interval
was selected because preliminary experiments showed that after this time the antagonistic ef-
fects of pirenzepine (50 wg/kg iv) and tripitramine (30 pg/kg iv), respectively, were constant
during the whole experiment.

Statistical analysis

Data are presented as means = SEM of n experiments. Student’s t test was used to assess
the statistical significance of the difference between two means.
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