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Abstract 

The present study was designed to determine the in vitro affinity profile of (R)-(-)-dimethindene and (S)-(+)-dimethindene 
at muscarinic receptor subtypes using both functional and binding assays. In addition, the racemate was investigated in functional 
studies. The functional musearinic receptors studied were putative M 1 receptors in rabbit vas deferens and rat duodenum, M 2 
receptors in guinea-pig left atria and rabbit vas deferens, as well as  M 3 receptors in guinea-pig ileum and trachea. Furthermore, 
the histamine H 1 antagonism by (R)-(-)-  and (S)-(+)-dimethindene has been examined in guinea-pig ileum. Muscarinic binding 
selectivity was assessed in homogenates from human neuroblastoma NB-OK 1 cells (M1), rat heart (M2), pancreas ( M  3) and 
striatum (M4) .  The results demonstrate that (S)-(+)-dimethindene is a potent M2-selective muscarinic receptor antagonist 
(pA 2 = 7.86/7.74; pK i = 7.5'8) with lower affinities for the muscarinic M 1 ( p A  2 = 6 . 8 3 / 6 . 3 6 ;  p K  i = 7.08), the M 3 (pA2 = 
6 . 9 2 / 6 . 9 6 ;  p K  i = 6.70) and t]he M4 receptors ( p g  i --- 7.00), respectively. The (S)-( +)-enantiomer was more potent (up to 41-fold) 
than the (R)-(-)-enantiomer in all muscarinic assays. In contrast, the stereoselectivity was inverse at histamine Ha receptors, the 
(R)-(-)-enantiomer being the eutomer (pA e = 9.42; pA2/(S)-isomer = 7.48). In conclusion, (S)-(+)-dimethindene is a useful 
tool to investigate muscarinic receptor heterogeneity. In addition, this lipophilic compound might become the starting point for 
the development of M2-selective muscarinic receptor antagonists useful as diagnostic tools for quantifying muscarinic M 2 
receptors in the central nervous system with positron emission tomography imaging, and to test the hypothesis that muscarinic 
M 2 receptor antagonists show beneficial effects in the treatment of cognitive disorders. 

Keywords: Dimethindene, enantiomer; Muscarinic M 2 receptor antagonist; Histamine H 1 receptor; Muscarinic receptor subtype; 
Enantioselectivity; Stereoselectivity, inverse; PET (positron emission tomography); Alzheimer's disease 

1. Introduction 

A large body of evidence derived from both func- 
tional and radioligand binding studies suggests that 
there are at least four pharmacological muscarinic re- 
ceptor subtypes, termed i~I1, M2, M 3 and M 4 recep- 
tors. Molecular biology studies suggest that at least five 
genes encoding muscarinic receptor subtypes (ml -m5)  
are expressed in mammalian tissues. Comparison of 
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the location, antagonist binding properties and func- 
tional coupling of the native muscarinic M1-M 4 recep- 
tors with those of the expressed m l - m 4  proteins 
showed a good correlation. A functional equivalent of 
the m5 gene product has yet to be identified. This 
subclassification of muscarinic receptors is based pri- 
marily on the relative sensitivities of the receptor sub- 
types to key muscarinic antagonists such as pirenzepine 
(M1 > M4 > M3 > M2), ll-[[2-[(diethylamino)-methyl]- 
1-piperidinyl]acetyl]-5,11-dihydro-6H-pyrido-[2,3-b]- 
[1,4]-benzodiazepin-6-one (AF-DX 116) and related 
compounds, methoctramine and himbacine (M 2 > M 4 

> M 1 > M 3) as well as hexahydro-sila-difenidol and its 
p-fluoro derivative (M 3 > M 1 >__ M 4 > M2; for recent 
reviews, see Hulme et al., 1990; Levine and Birdsall, 
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1993, 1995; Caulfield, 1993). In addition, muscarinic 
receptors may be differentiated on the basis of their 
stereoselectivity to chiral antagonists (Feifel et al., 1990; 
Waelbroeck et al., 1992; D6rje et al., 1991). 

Muscarinic M 2 receptors have been reported to be 
depleted in post-mortem brains from patients with 
Alzheimer's disease (Aubert et al., 1992). This has 
raised the necessity of developing M2-selective mus- 
carinic receptor antagonists, capable of penetrating 
into the central nervous system, that could be useful 
both as diagnostic tools for quantifying the loss of 
muscarinic M 2 receptors with positron emission to- 
mography imaging (Dewey et al., 1990), and as thera- 
peutic agents (Gitler et al., 1992). The muscarinic M 2 
receptor in hippocampal and cortical tissues has been 
shown to function as an inhibitory autoreceptor, the 
inhibition of which enhances acetylcholine release 
(Doods et al., 1993). Selective blockade of these mus- 
carinic M 2 receptors in still existing neurons might 
therefore be a viable means of reversing the choliner- 
gic hypofunction and the resulting cognitive impair- 
ments in patients with Alzheimer's disease (Gitler et 
al., 1992; Doods et al., 1993). However, the 'M2-selec- 
tive' key muscarinic receptor antagonists (see above) as 
well as compounds recently discovered such as trip- 
itramine (Melchiorre et al., 1993; Maggio et al., 1994), 
imperialine (Eglen et al., 1992) and its 3-a-chloro 
derivative (Baumgold et al., 1994), and 5-[[4-[4-(diethyl- 
amino)butyl]-l-piperidinyl]acetyl]-10,11-dihydro-5H-di- 
benzo[b,e] [1,4]diazepin-ll-one (DIBA; Gitler et al., 
1992; Cohen et al., 1993) suffer from clear limitations 
(see Discussion). 

Racemic dimethindene maleate is a widely used 
histamine H 1 receptor antagonist capable of crossing 
the blood-brain barrier (Nicholson et al., 1991; Casy et 
al., 1992; Cicurel et al., 1992). It contains a chiral 
centre which results in the existence of two enan- 
tiomers (Fig. 1). Borchard et al. (1985) reported that 
the (R)-enantiomer (pA 2 = 9.1) proved to be 20-fold 
more potent at histamine H1 receptors in guinea-pig 
ileum than the (S)-isomer (pA 2 = 7.8). This has been 
confirmed in binding studies at peripheral and central 
histamine H a receptors (Ter Laak et al., 1993). The 
higher histamine H 1 receptor antagonism by (R)-di- 
methindene was subsequently confirmed in vivo, both 
in animal and in human studies (Nicholson et al., 1991; 
Leuschner et al., 1992; Cicurel et al., 1992). Antimus- 
carinic activity has been reported for racemic dime- 
thindene maleate which inhibited the contractile re- 
sponses to carbachol in guinea-pig ileum (Sautel et al., 
1992; pA2=6.7). In addition, competition binding 
studies at muscarinic receptors in bovine frontal cortex 
using the non-selective radioligand [3H]3-quinuclidinyl 
benzilate showed that (S)-dimethindene binds with 
higher affinity to muscarinic receptors (K i = 0.9 /xM) 
than the (R)-isomer (K i = > 10/zM) (Nicholson et al., 
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Fig. 1. Chemical structures of the enant iomers  of dimethindene.  

1991). However, the affinity profile of (R)- and (S)-di- 
methindene at clearly defined muscarinic receptor sub- 
types M1-M 4 has never been investigated. 

Thus, the aim of the present study was to examine 
the affinity of the enantiomers of dimethindene at 
muscarinic receptor subtypes M1-M 4 in functional (in- 
cluding the racemate) as well as in binding studies. In 
addition, the antagonism by the enantiomers of dime- 
thindene was studied at histamine H 1 receptors. 

Preliminary accounts of these results have been pub- 
lished (Lambrecht et al., 1994, 1995; Pfaff et al., 1994). 

2. Materials and methods 

The muscarinic receptor subtypes present in the 
preparations used in this paper are summarized in 
Table 1, and the methods used have been described in 
detail previously (Table 1). In all functional prepara- 
tions, control experiments established that there was 
no consistent sensitivity change to the agonists used 
over the normal experiment duration. 

2.1. Functional studies 

Rat duodenum 
Experiments on intact rat duodenum were carried 

out according to Micheletti et al. (1987). Briefly, male 
Wistar rats (300-350 g) were killed by cervical disloca- 
tion and exsanguination. Rat duodenum segments of 
about 1.5 cm length were suspended under 1.5 g of 
tension in 6-ml organ baths containing a modified 
Tyrode buffer (see Organ bath solutions). Relaxations 
were induced by the Ml-selective muscarinic receptor 
agonist 4-(4-fluorophenylcarbamoyloxy)-2-butynyl-N- 
methylpyrrolidinium tosylate (4-F-PyMcN +; Lambrecht 
et al., 1993) added at increasing concentrations with a 
15-min interval between each. Responses were 
recorded isotonically using a force-displacement trans- 



o. Pfaff et al. // European Journal of Pharmacology 286 (1995) 229-240 231 

ducer  connec ted  to a Hellige amplifier and a Rikadenki  
mult ichannel  recorder.  

Rabbit vas deferens 
Experiments  on rabbit field-stimulated vas deferens  

were  carried out  according to Eltze (1988, 1994) and 
Eltze et al. (1988, 1993). Briefly, vasa deferent ia  f rom 
male New Zea land  white rabbits (2.5-3.0 kg; killed by 
i.v. injection of  pentobarbi ta l  sodium (120 m g / k g ) )  
were removed,  dissected free of  connective tissues and 
divided into 5 - 6  segments  of  about  1.0-1.5 cm length. 
Each  tissue was set up in a 6-ml organ bath containing 
a modif ied Krebs buffer  (see Organ  bath  solutions). 
The  resting tension was adjusted to 500 mg and twitch 
contract ions were elicited by electrical field st imulation 
(0.05 Hz, 40 V, 0.5 ms) via pla t inum electrodes. The  
neurogenic  responses were measured  isometrically with 
a force-displacement  t ransducer  and recorded  on a 
Rikadenki  mult ichannel  recorder.  Antagonis t  affinities 
for prejunct ional  muscarinic M 1 and postjunctional  
muscarinic M 2 receptors  were obta ined f rom cumula-  
tive concentra t ion-response  curves ei ther  to the M 1- 
selective muscarinic receptor  agonist 4-(4-chlorophen- 
y lcarbamoyloxy)-2-butynyl t r imethylammonium iodide 
(4-CI-McN-A-343; Eltze et al., 1988; Waelbroeck  et al., 
1994) for inhibition (muscarinic M l receptors)  or to 
carbachol  for potent ia t ion (muscarinic M 2 receptors;  

Eltze, 1988,1994; Eltze et al., 1993) of  neurogenic  
twitch contract ions in the absence and presence  of  
antagonists.  

Guinea-pig left atria, ileum and trachea 
Guinea-pigs (300-400 g) of  either sex were killed by 

cervical dislocation and exsanguination. The  organs 
required were removed and set up in 6-ml organ baths, 
under  250 (left atria divided in two) and 500 mg 
tension (ileum and trachea),  in Tyrode  solution (see 
Organ  bath solutions). 

Left  atria were electrically paced  (2 Hz, 3 ms, 5 V) 
by means  of  plat inum electrodes,  and negative in- 
otropic  effects to cumulative addit ion of  the selective 
muscarinic receptor  agonist  arecaidine propargyl  ester  
(Mutschler  and Hultzsch, 1973; Eltze et al., 1993) were 
measured  as changes  in isometric tension and recorded  
as with the rabbit  isolated vas deferens. 

Strips of  ileal longitudinal muscle (Paton and Zar,  
1968) were p repared  for isotonic contract ions in re- 
sponse to cumulative administrat ion of  arecaidine 
propargyl  ester or histamine. Responses  to the agonists 
were recorded  as with the rat duodenum.  

Isolated tracheal  segments  (1.5 cm) were cut  longi- 
tudinally, and pinned out under  Tyrode  solution. 
Thereupon ,  the tissues were cut in a zig-zag fashion 
(Emmerson  and Mackay, 1979), and cumulative con- 

Table 1 
Preparations employed in the present study 

(a) Functional studies 

Muscarinic receptor Preparation Reference 

Putative M 1 Rabbit vas deferens a Eltze (1988, 1994) 
Eltze et al. (1988) 
Waelbroeck et al. (1994) 

Putative M I Rat duodenum b Micheleni et al. (1987) 
Lambrecht et al. (1993) 
Pfaff et al. (1995) 

M 2 Rabbit vas deferens c Eltze (1988, 1994) 
Eltze et al. (1993) 

M 2 Guinea-pig atria d Caulfield (1993) 
M 3 Guinea-pig ileum Caulfield (1993) 

Eltze et al. (1993) 
M 3 Guinea-pig trachea Roffel et al. (1993) 

Emmerson and Mackay (1979) 

Histamine receptor Preparation Reference 

H 1 Guinea-pig ileum Emmet et al. (1982) 

(b) Radioligand binding studies ~: 

Muscarinic receptor Preparation Reference 

M 1 NB-OK 1 cells Waelbroeck et al. (1990a,b, 1992, 1994) 
M 2 Rat heart 
M 3 Rat pancreas 
M 4 Rat striatum 

a Inhibition of neurogenic twitch contractions (0.05 Hz) to 4-CI-McN-A-343. b Relaxations to 4-F-PyMcN +. c Potentation of neurogenic twitch 
contractions (0.05 Hz) to carbachol, a Electrically paced left atria (2 Hz). c [3H]N_Methylscopolamine as radioligand. 
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centration-response curves were constructed to arecai- 
dine propargyl ester. Isotonic responses were recorded 
as with the rat duodenum. 

Organ bath solutions 
Except for the rat duodenum (37°C), the bathing 

fluid was maintained at 31°C and aerated with 95% 
02-5% CO 2 (pH = 7.4). 

The Tyrode solution used in the experiments on 
guinea-pig atria, ileum and trachea as well as on the 
rat duodenum was of the following composition (mM): 
NaC1 137.0, KC1 2.7, CaC12 1.8 (rat duodenum = 1.0), 
MgC12 1.05, NaH2PO 4 0.42, NaHCO 3 11.9 and (+ ) -  
glucose 5.6. 

The modified Krebs buffer used in the experiments 
at the rabbit vas deferens consisted of (mM): NaC1 
118.0, KCI 4.7, CaCI 2 1.0 (2.5 in experiments at mus- 
carinic M 2 receptors), MgSO 4 0.6, KH2PO 4 1.2, 
NaHCO 3 25.0 and (+)-glucose 11.1. Yohimbine (1.0 
IxM) was included to block a2-adrenoceptors (Eltze, 
1988). 

Antagonist affinities 
The tissues were allowed to equilibrate for 30 min. 

Then, concentration-response curves to the agonists 
were constructed in the absence (control) and in the 
presence of at least three concentrations (log interval 
= 0.48) of antagonists, allowing 30-60 rain equilibra- 
tion time. Preliminary experiments indicated that these 
intervals were sufficient for equilibration of the antago- 
nist concentration used. The rat duodenum was ex- 
posed to only one concentration of antagonists. Each 
concentration of antagonist was tested 3-5  times and 
the ratios of agonist molar EC50 values obtained in the 
presence and absence of antagonists were calculated. 
The ECs0 values were determined by fitting the data to 
a non-linear iterative curve fitting procedure (Parker 
and Waud, 1971; Tallarida and Murray, 1986). Curves 
in Fig. 2 are fitted curves. For the assessment of 
antagonist affinity, Schild plots were made (Arun- 
lakshana and Schild, 1959) using linear regression by 
the method of least squares, pA 2 values were deter- 
mined from Schild plots in which the slopes of the 
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Fig. 2. Antagonism of responses to 4-CI-McN-A-343 in rabbit vas deferens and to arecaidine propargyl ester in guinea-pig left paced atria and 
ileum by different concentrations of (S)- (+)-dimethindene.  Data are means + S.E.M. of n = 3-5. Error bars falling within the area covered by a 
symbol are not shown. (A) Concentration-response curves for 4-C1-McN-A-343-induced inhibition of neurogenic twitch contractions in rabbit vas 
deferens in the absence ( [ ] )  and presence of 0.3 (o), 1.0 ( • ) ,  3.0 ( • )  and 10.0 ( • ) / ~ M  (S)-dimethindene. (B) Concentration-response curves for 
arecaidine propargyl ester-induced negative inotropy in guinea-pig atria in the absence ( [] ) and presence of 0.03 (e), 0.1 ( • ), 0.3 ( • ) and 1.0 ( • ) 
/~M (S)-dimethindene. (C) Concentration-response curves for arecaidine propargyl ester-induced contractions in guinea-pig isolated ileum 
longitudinal smooth muscle in the absence (D)  and presence of 0.3 (e), 1.0 ( v ) ,  3.0 ( 0 )  and 10.0 ( • )  ~M (S)-dimethindene. (D) Schild 
regression from experiments in rabbit vas deferens (e), guinea-pig atria ( • )  and guinea-pig ileum ( • ) .  
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regression lines had been constrained to 1.00. This is 
more consistent with the competitive theory which 
connects pA 2 with - l o g  Ka, since the slopes obtained 
in the present study (Table 2) did not differ signifi- 
cantly from unity (Tallarida and Murray, 1986). 

2.2. Radioligand binding experiments 

General considerations 
Protein concentrations were determined according 

to Lowry et al. (1951), using bovine serum albumin 
(fraction V; Sigma Chemical Co., St. Louis, MO, USA) 
as standard. Male Wistar albino rats were killed by 
decapitation and the brain, heart or pancreas immedi- 
ately removed. Human neuroblastoma NB-OK 1 cells 
were cultured as previously described (Waelbroeck et 
al., 1988,1990a,b,1992,1994) in RPMI 1640 medium 
enriched with 10% foetal calf serum, 100 uni ts /ml  
penicillin and 100 /xg/ral streptomycin. All the ho- 
mogenates were prepared at 4°C. 

The binding studies were performed at 25°C, at 
equilibrium, in a 50 mM '.sodium phosphate buffer (pH 
7.4) enriched with 2 mM MgC12 and 1% bovine serum 
albumin, [3H]N-methylscopolamine and the indicated 
unlabelled drug concentrations, in a total volume of 1.2 
ml. Bovine serum albumin was an essential ingredient 
in pancreas binding studies, since the binding capacity 
of pancreas homogenates disappeared within 40 min at 
room temperature if this protein was omitted from the 
buffer, but was maintained over 90% for at least 4 h in 
its presence. Control experiments in NB-OK 1 cells as 
well as in rat heart and striatum showed that the 
competition curves with (R)- and (S)-dimethindene 
were not significantly (P  > 0.05) shifted to the right by 
inclusion of 1% bovine serum albumin into the incuba- 

tion buffer (data not shown). This allowed us to per- 
form the binding experiments in all tissues in the 
presence of bovine serum albumin. 

The incubations were terminated by addition of 2 ml 
of ice-cold 50 mM sodium phosphate buffer (pH 7.4) 
and filtration over glass-fiber GFC filters (Whatman, 
Maidstone, UK) soaked in 0.05% polyethyleneimine 
(Sigma Chemical Co., St. Louis, MO, USA). The filters 
were rinsed 3 times with the same buffer, and dried. 
The bound radioactivity was measured by liquid scintil- 
lation counting. Non-specific binding was estimated as 
binding in the presence of 1 /zM atropine. 

Preparation of  the homogenates or crude membranes 
used for binding studies 

For [3H]N-methylscopolamine binding to muscarinic 
M~ receptors, the NB-OK 1 cells were rinsed, har- 
vested and centrifuged in 20 mM sodium phosphate 
buffer (pH 7.4) containing 150 mM NaC1 and 1 mM 
EDTA, resuspended and homogenized in 20 mM 
Tris/HC1 buffer (pH 7.5) enriched with 5 mM MgC12 
and stored in liquid nitrogen. The incubation period 
was 2 h, in the presence of 0.25 nM [3H]N-methyl- 
scopolamine and about 200/zg protein per assay. The 
tracer concentration was equivalent to two tracers' K D 
values to muscarinic M 1 sites. 

The rat heart was rinsed in isotonic NaCI, then 
homogenized in 2.5 ml of 20 mM Tris/HC1 buffer (pH 
7.5), enriched with 250 mM sucrose, with an Ultratur- 
rax homogenizer (maximal speed, for 5 s) followed by 
addition of 12.5 ml of the same buffer, seven up and 
down strokes with a glass-Teflon homogenizer and 
filtration on two layers of medical gauze. The 2-h 
incubation period was sufficient to allow equilibrium 
binding of [3H]N-methylscopolamine and unlabelled 

Table 2 
Affinity estimates (pA 2 values) and 
and histamine receptors (see T~ble 

slopes of Schild plots (in parentheses) for (R,S)-, (R)- and (S)-dimethindene at various functional muscarinic 
1) 

Preparation p A  2 values 

(R,S)-Dimethindene (R)-Dimethindene (S)-Dimethindene 

Vas deferens, M 1 6.61 _+ 0.03 5.81 + 0.02 6.83 + 0.03 
(0.96 + 0.05) (0.98 + 0.05) (1.08 + 0.04) 

Duodenum, M 1 n.d. 5.49 + 0.08 6.36 + 0.05 
(1.12 _+ 0.27) (0.87 + 0.10) 

Left atria, M e 7.48 + 0.03 6.25 + 0.05 7.86 + 0.03 
(1.01 + 0.05) (0.86 + 0.08) (0.97 + 0.05) 

Vas deferens, M 2 n.d. 6.22 + 0.03 7.74 + 0.03 
(1.11 _+ 0.05) (1.00 _+ 0.05) 

Ileum, M 3 6.64 + 0.03 5.61 +_ 0.03 6.92 + 0.02 
(0.99 + 0.06) (0.99 _+ 0.06) (1.00 + 0.05) 

Trachea, M 3 n.d. 5.59 +_ 0.03 6.96 5- 0.05 
(1.03 + 0.06) (0.91 5- 0.08) 

Ileum, H 1 n.d. 9.42 + 0.06 7.48 5- 0.05 
(0.87 + 0.14) (0.87 + 0.12) 

The p A  2 values were calculated from regression lines whose slopes were constrained to 1.00 as required for the theoretical model of competitive 
antagonism. The results are presented as means + S.E.M., n = 8-14. n.d. = not determined. 
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competitors to muscarinic M 2 receptors. The [3H]N- 
methylscopolamine concentration used was 1.0 nM, i.e. 
two tracers' K D values to muscarinic M 2 sites, and the 
protein concentration was 400-500/~g per assay. 

The rat pancreas was minced with scissors and ho- 
mogenized with a glass-Teflon homogenizer (seven up 
and down strokes) in 8 ml of 300 mM sucrose enriched 
with 0.2 mg/ml bacitracin and 500 kallikrein inhibitor 
units (KIU)/ml of Trasylol. The resulting homogenate 
was immediately filtered over two layers of medical 
gauze and diluted ll-fold with the incubation buffer to 
achieve final concentrations of 50 mM sodium phos- 
phate buffer (pH 7.4), 2 mM MgC12 and 1% bovine 
serum albumin. A 4-h incubation period was necessary 
to allow full equilibration of [3H]N-methylscopolamine 
binding at 25°C. The tracer concentration used was 
0.25 nM, equivalent to two tracers' K o values to the 
muscarinic M 3 sites in pancreas, and the pancreas 
protein concentration was 0.8-1.0 mg per assay. 

The rat striatum was homogenized in 2 ml of 20 mM 
Tris/HC1 buffer (pH 7.5), enriched with 250 mM su- 
crose, and stored in liquid nitrogen until use. The 
homogenate was diluted 20-fold with the homogeniza- 
tion buffer, immediately before the incubation with 
[3H]N-methylscopolamine. In rat striatum homoge- 
nates, [3H]N-methylscopolamine labels muscarinic M1, 
very few M 2 and M3, and a majority of M 4 sites. It 
dissociates faster from the muscarinic M 1 and M 2 sites 
(Waelbroeck et al., 1990a,b, 1992, 1994). The ho- 
mogenate (equivalent to about 30 /zg protein) was 
preincubated in a total volume of 1.2 ml, in the pres- 
ence of [3H]N-methylscopolamine and unlabelled 
drugs. A 2-h preincubation period allowed equilibrium 
binding. Then, 1 /xM atropine was added and tracer 
dissociation was allowed for 35 min before filtration. 
This procedure allowed us to investigate tracer binding 
to the striatum muscarinic M 4 sites. The tracer concen- 
tration used in these experiments (0.25 nM) was equiv- 
alent to six tracers' K o values to striatum muscarinic 
M 4 sites. 

Analysis of binding data 
All competition curves were repeated 3 times in 

duplicate. ICs0 values were determined by a non-linear 

curve fitting program, assuming that a single receptor 
subtype was labelled by [3H]N-methylscopolamine 
(Waelbroeck et al., 1988, 1990a,b, 1992, 1994). K i val- 
ues were calculated from IC50 values by the Cheng and 
Prusoff (1973) equation. The pK i values shown in 
Table 3 correspond to - log  K~ values. 

2.3. Statistics 

All data are presented as means (+ S.E.M.) of the 
indicated number (n) of experiments. Differences be- 
tween mean values were tested for statistical signifi- 
cance by means of Student's t-test, accepting P < 0.05 
as being significant. 

2. 4. Drugs 

[3H]N-Methylscopolamine chloride (80-85 Ci /  
mmol) was obtained from Amersham International 
(Bucks, UK). Atropine sulphate, yohimbine hydrochlo- 
ride and histamine dihydrochloride were from Sigma 
Chemical Co. (St. Louis, MO, USA). Carbachol 
(carbamylcholine chloride) was obtained from Merck 
(Darmstadt, Germany). Arecaidine propargyl ester hy- 
drobromide (Mutschler and Hultzsch, 1973), 4-(4-chlo- 
rophenylcarbamoyloxy)-2-butynyltrimethylammonium 
iodide (4-C1-McN-A-343; Nelson et al., 1976), and 4- 
(4-fluorophenylcarbamoyloxy)-2-butynyl-N-methylpyr- 
rolidinium tosylate (4-F-PyMcN+; synthesis by analogy 
to 4-C1-McN-A-343) were synthesized in our laborato- 
ries according to the literature. 

The enantiomers of dimethindene ((S)-(+)- 
base / ( - ) - ta r t ra te  and (R)-(-)-base/(+)- tar t ra te ;  
Casy et al., 1992) were a generous gift from Zyma 
(Munich, Germany). There was chromatographic evi- 
dence (high-performance liquid chromatography analy- 
sis on an at-acid glyeoprotein column; Radler and 
Blaschke, 1991) that the enantiomers of dimethindene 
were of high optical purity (ee >_ 99%; Zyma, personal 
communication). 

All other chemicals were of the highest grade avail- 
able. 

Table 3 
In vitro affinity profile (pK i values and Hill coefficients, nil) of (R)- and (S)-dimethindene at muscarinic binding sites in various tissues (cell 
lines; see Table 1) 

Tissue a (R)-Dimethindene (S)-Dimethindene 

PKi nia PKi nH 

NB-OK 1 cells, M 1 5.96 ± 0.03 0.96 ± 0.03 7.08 _+ 0.03 0.94 ± 0.04 
Rat heart, M z 6.30 ± 0.02 0.93 ± 0.03 7.78 _+ 0.02 0.99 ± 0.03 
Rat pancreas, M 3 5.63 ± 0.02 1.09 ± 0.02 6.70 ± 0.02 1.08 ± 0.04 
Rat striatum, M 4 6.00 ± 0.03 0.94 ± 0.03 7.00 _+ 0.02 0.99 ± 0.04 

The p K  i and n H values were calculated by non-linear curve fitting as explained under Materials and methods. The results are presented as 
means ± S.E.M. of three experiments carried out in duplicate, a Muscarinic binding sites were labelled using [3HlN-methylscopolamine. 
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Table 4 

Receptor selectivity and stereoselectivity ((S)/(R)) ratios a for the enantiomers of dimethindene obtained in binding studies at muscarinic M l 
(NB-OK 1 cells), M 2 (rat heart), M 3 (rat pancreas) and M 4 receptors (rat striatum). The corresponding values a obtained in functional 
experiments at muscarinic M I (rabbit vas deferens), M 2 (guinea-pig atria) and M 3 receptors (guinea-pig ileum) are given in parentheses 

(R)-Dimethindene 

Receptor selectivity 

1VI2/M1 M 2 / M  3 M 2 / M  4 

2 5 2 
(3) (4) - 

(S)-Dimethindene 5 12 6 

(11) (9) - 

Stereoselectivity 

M1 M 2 M 3 M4 

13 30 12 10 
(10) (41) (20) - 

a The values shown represent lhe antilogs of the differences between corresponding p K  i and pA z values (Tables 2 and 3). 

3. Results  

3.1. Functional studies 

Racemic dimethindene and its enantiomers (0.3 
nM-30  /zM) did not elicit an agonist response itself 
but surmountably antagonized responses to the ago- 
nists in all preparations studied. There was a concen- 
trat ion-dependent parallel shift to the right of agonist 
dose-response curves without either the basal tension 
or the maximal responses being affected. The Schild 
plots were linear throughout the antagonist concentra- 
tion-range studied, and slopes were not significantly 
different from unity ( P >  0.05; shown for (S)-di- 
methindene in vas defere, ns, atria and ileum in Fig. 2). 
Thus, (R,S)-, (R)- as well as (S)-dimethindene were 
apparently simple competitive antagonists in the 
preparations studied. The affinities (pA 2 values) are 
shown in Table 2, and they were used to calculate 
stereoselectivity and receptor selectivity ratios (Table 
4). 

Antimuscarinic effects of racemic dimethindene and its 
enantiorners 

Electrical field stimulation of the rabbit vas deferens 
elicited neurogenic twitch contractions which could be 
concentration dependently inhibited by the Ml-selec- 
tive muscarinic receptor agonist 4-C1-McN-A-343 (Fig. 
2A; - log ECs0 = 6.84 + 0.04, n = 30). Similarly, expo- 
sure of the rat duodenum to the preferential mus- 
carinic M 1 receptor agonist 4-F-PyMcN + elicited a 
concentrat ion-dependent relaxation ( - l o g  ECs0 = 6.11 
+ 0.04, n = 53). Both effects were antagonized with 
very similar potency by pre-equilibration of the tissues 
with (R)- and (S)-dimethindene, the pA 2 values being 
5.81/5.49 and 6.83/6.36 in vas deferens and duo- 
denum, respectively (Tab]le 2). 

(R)- and (S)-dimethindene antagonized the negative 
inotropic responses to arecaidine propargyl ester in 
guinea-pig atria (Fig. 2B; - l o g  EC50 = 8.05 + 0.02, n 
= 11). The calculated pA 2 values were 6.25 and 7.86, 

respectively (Table 2). These affinity estimates were 
very similar to that obtained at muscarinic M 2 recep- 
tors in rabbit vas deferens (6.22 and 7.74, respectively; 
Table 2) using carbachol ( - l o g  EC50 = 7.35 _+ 0.04, 
n = 16) as agonist. 

Isotonic contractions of guinea-pig ileum (Fig. 2C) 
and trachea to cumulative administration of arecaidine 
propargyl ester ( - l o g  ECs0/i leum = 7.62 + 0.05, n = 
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Fig. 3. [3H]N-Methylscopolamine competition curves obtained at 
muscarinic M s (e; NB-OK 1 cells), M 2 (m; rat heart), M 3 (A;  rat 
pancreas) and M 4 receptors ( 0 ;  rat striatum). [3H]N-Methyl- 
scopolamine binding was measured in the absence and presence of 
(S)- (A) and (R)-dimethindene (B), as described in Materials and 
methods. The data points represent means of three experiments 
performed in duplicate. 



236 O. Pfaff et al. / European Journal of Pharmacology 286 (1995) 229-240 

12; - l o g  ECs0/ t rachea 7.10 _+ 0.05, n = 12) were an- 
tagonized by (R)- and (S)-dimethindene. The apparent 
affinities ( p A z / ( R )  = 5.61/5.59; PA2/ (S)  -- 6.92/6.96) 
for the two enantiomers in each of these tissues were 
identical. 

The antimuscarinic potency of (R,S)-dimethindene 
in rabbit vas deferens (pA 2 = 6.61), guinea-pig atria 
(pA 2 = 7.48) and guinea-pig ileum (pA 2 = 6.64) is best 
explained by the presence of 50% of the more potent 
(S)-enantiomer (for pAz values, see Table 2) in the 
racemic mixture. 

Histamine H 1 antagonism of (R)- and (S)-dimethindene 
Histamine H~ receptor antagonist activities of the 

enantiomers of dimethindene against histamine-in- 
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duced contraction of guinea-pig ileum ( - l o g  ECs0 = 
6.15 + 0.07; n = 12) are shown in Table 2. The pA 2 
values obtained were 9.42 ((R)-isomer) and 7.48 ((S)- 
isomer), respectively, the (R)-enantiomer being the 
eutomer. These results confirm previous investigations 
(Borchard et al., 1985; Nicholson et al., 1991; Casy et 
al., 1992; Ter  Laak et al., 1993). 

3.2. Radioligand binding studies 

In all tissues tested (Table 1), (R)- and (S)-di- 
methindene inhibited [3H]N-methylscopolamine bind- 
ing to muscarinic receptors. The competition curves 
(Fig. 3) did not deviate significantly from results ex- 
pected for competitive inhibition of tracer binding to a 
single receptor subtype. Hill coefficients (Table 3) were 
not significantly different from unity. The pK i values 
are summarized in Table 3. 

(S)-Dimethindene was found to prefer clearly mus- 
carinic M 2 (pK i = 7.78) over M 1 (pK i = 7.08), M 3 (pK i 
= 6.70) and M 4 (pK i =  7.00) receptors, and it was 
considerably more potent  than the (R)-stereoisomer 
(Table 4). An excellent correlation was found between 
the functional pA 2 values obtained in, respectively, 
rabbit vas deferens, guinea-pig atria or ileum and the 
p K  i values obtained in NB-OK 1 cells (muscarinic M 1 
receptors), rat heart (M 2 receptors) and rat pancreas 
(M 3 receptors) (see Discussion; Fig. 4B). 

--~ 8 -  
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~ 7  

~ 6  
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PKi (NB-OK 1/MI, RH/M2, RP/M3) 

Fig, 4. (A) Relationship of mean affinity estimates (pA z values) from 
Table 2 of (R)- (open symbols) and (S)-dimethindene (solid symbols) 
measured in functional studies at muscarinic MI (rabbit vas deferens 
(RVD) and rat duodenum (RD); ©,e), M 2 (guinea-pig atria (GPA) 
and rabbit vas deferens (RVD); 13, II) and M 3 receptors (guinea-pig 
ileum (GPI) and guinea-pig trachea (GPT); zx, • ). (B) Relationship 
of mean affinity estimates (pA 2 values) from Table 2 of (R)- (open 
symbols) and (S)-dimethindene (solid symbols) measured in func- 
tional studies at muscarinic M 1 (RVD; o,e) ,  M 2 (GPA; t3,11) and 
M 3 receptors (GPI; zx, • )  and the mean p K  i values (Table 3) found 
in binding studies in NB-OK 1 cells (M 1 receptors), rat heart (RH; 
M 2 receptors) and rat pancreas (RP; M 3 receptors). The dotted lines 
represent the lines of unity. The solid lines (A: slope = 0.93+_0.12, 
r = 0.97; B: slope = 1.01+0.10, r = 0.98) represent the normal re- 
gression lines, the slopes of which were not significantly different 
from unity ( P  > 0.05). 

4. Discussion 

4.1. General considerations 

It was the aim of the present study to explore the 
affinity of the enantiomers of dimethindene at three 
muscarinic receptor subtypes in functional studies on 
isolated organs and in binding studies with tissue ho- 
mogenates containing four different muscarinic recep- 
tor subtypes. In addition, histamine H 1 affinities were 
determined in guinea-pig ileum. 

In functional experiments, (R)- and (S)-dimethin- 
dene behaved as competitive antagonists at muscarinic 
M 1 (rabbit vas deferens, rat duodenum), M 2 (guinea-pig 
atria, rabbit vas deferens), M 3 (guinea-pig ileum and 
trachea) and histamine H 1 receptors (guinea-pig ileum). 
They produced an antagonism that was reversible and 
surmountable, and their apparent affinity in each tis- 
sue appeared to be independent of the concentrations 
used. Schild plots were linear and slopes not signifi- 
cantly different from unity. This functional competitive 
antagonism by (R)- and (S)-dimethindene could be 
confirmed by the results of radioligand binding experi- 
ments at muscarinic M 1 (NB-OK 1 cells), M 2 (rat 
heart), M 3 (rat pancreas) and M 4 receptors (rat stria- 
turn). 
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4.2. Correlations 

In Fig. 4 A, the antimuscarinic potencies (pA 2 val- 
ues; Table 2) of (R)- and (S)-dimethindene at mus- 
carinic M 1 (mediating inlhibition of neurogenic twitch 
contractions in rabbit wts deferens), M 2 (mediating 
negative inotropy in guinea-pig atria) and M 3 receptors 
(mediating contraction in guinea-pig ileum) were plot- 
ted against their functional potencies obtained in rat 
duodenum (M1), rabbit was deferens (M 2) and guinea- 
pig trachea (M3). An excellent correlation (r  = 0.97) 
was found between these affinity estimates. 

In a complementary way functional antimuscarinic 
potencies of (R)- and (S)-dimethindene at muscarinic 
M1, M 2 and M 3 receptors (Table 2) were highly corre- 
lated (r  = 0.98; Fig. 4B) with their binding affinities 
(Table 3) in NB-OK 1 cells (M 1) as well as in rat heart 
(M 2) and pancreas (M3), respectively. 

4.3. Stereoselectivity 

In general, (S)-dimethindene was more potent than 
the (R)-enantiomer in all muscarinic assays. However, 
the stereoselectivity ratios were found to be different 
at the four muscarinic receptor subtypes, being great- 
est at muscarinic M 2 receptors (30- to 41-fold; Table 
4). These results provide additional evidence that 
stereoselectivity ratios of chiral muscarinic antagonists 
may be used as a parameter  (besides absolute affinity 
data) to characterize muscarinic receptor subtypes 
(Feifel et al., 1990; D6rje et al., 1991; Waelbroeck et 
al., 1990a, 1992; Eltze et al., 1993). 

The apparent affinity estimates of (R)- and (S)-di- 
methindene at functiona!l histamine H I receptors in 
guinea-pig ileum ( p A z / ( R )  = 9.42; p A 2 / ( S )  = 7.48) 
are very similar to that reported by Borchard et al. 
(1985) and Nicholson et al. (1991). In contrast with 
muscarinic receptors (Table 4) the (R)-enantiomer 
proved to be the eutomer at histamine H l receptors 
being 87-fold more potent than the (S)-configurated 
stereoisomer. Accordingly, these results demonstrate 
an inverse stereoselectivity and imply that the stereo- 
chemical requirements of the muscarinic receptors and 
histamine H 1 receptors, respectively, are different for 
the enantiomers of dimethindene, being most stringent 
at histamine H~ receptors. Such an inverse stereoselec- 
tivity for recognition of histamine H 1 and muscarinic 
receptors has also been reported for chiral diphenhy- 
dramine analogues (Rekker et al., 1971) as well as for 
the enantiomers of cis-2,3-dihydro-3-(4-methyl-1- 
piperazinylmethyl)-2-phenyl-l,5-benzothiazepin-4(5H)- 
one (BTM-1041 and BTM-1086; Eltze et al., 1989). 

Therapeutic implications 
The commercially availlable dimethindene maleate, 

used therapeutically as an histamine H 1 receptor an- 
tagonist, is a racemic mixture of the (R)- and (S)-enan- 

tiomers. Although the eutomer, (R)-dimethindene, is 
about 1500-fold more potent on histamine H a recep- 
tors than on muscarinic M 2 receptors, the affinity of 
(S)-dimethindene for muscarinic M z receptors should 
also be taken into consideration. The H 1 ( p A z / ( R ) =  
9.42) over M2 (pA2/ (S )  = 7.86) 'selectivity of the race- 
mate'  is still about 36-fold, so that side effects, such as 
tachycardia, caused by blockade of cardiac muscarinic 
M2 receptors remain unlikely. Nevertheless, our re- 
sults clearly illustrate the advantage of using pure 
enantiomers as medicines. 

4.4. Muscarinic receptor subtype selectivity and receptor 
specificity 

In both functional and binding assays (S)-di- 
methindene exhibited a higher affinity for the mus- 
carinic M 2 receptors than for histamine H I receptors 
and for the other muscarinic receptor subtypes. It 
possesses the following selectivity profile: M 2 _> H 1 > 
M1, M3, M 4. As far as muscarinic receptors are con- 
cerned, (S)-dimethindene is 5- to 30-, 9- to 12- and 
6-fold selective for muscarinic M 2 versus M 1, M 3 and 
M 4 receptors (Tables 2-4). The affinity profile of 
(R)-dimethindene (H 1 >> M e > M 4 _> Mx, M 3) is dif- 
ferent from that obtained for the (S)-isomer. 

Nicholson et al. (1991) determined the binding 
affinities of (R)-and (S)-dimethindene for several re- 
ceptors in bovine frontal cortex and striatum. No spe- 
cific binding was found (up to a concentration of 10 
/zM) at a z- and fl-adrenoceptors as well as at benzodi- 
azepine receptors, whereas both enantiomers showed 
similar affinity to al-adrenoceptors (K  i = 0.33 and 0.55 
/zM). (S)-Dimethindene (K  i --2.2 and 0.3 /zM) was 
more potent than the (R)-enantiomer (K i -- > 10 and 
2.7/zM) at 5-HT 2 and dopamine D 2 receptors, but less 
active at 5-HT 1 receptors ( K i / ( R ) =  2.8 )zM; K i / ( S )  
--- > 10/zM). 

As far as receptor specificity is concerned, these 
data show that (S)-dimethindene is a potent  M2-selec- 
tive muscarinic receptor antagonist possessing no or 
very low affinity for a2- and/3-adrenoceptors,  benzodi- 
azepine receptors as well as for 5-HT 1 and 5-HT z 
receptors. 

4.5. Comparison of (S)-dimethindene with other 'M 2- 
selective' antagonists 

In contrast to (S)-dimethindene, other so-called 
'M2-selective' muscarinic receptor antagonists such as 
methoctramine, himbacine, 5,11-dihydro-ll-[[(2-[2-[(di- 
propylamino)methyl]- 1-piperidinyl]ethyl)amino]carbo- 
nyl]-6H-pyrido[2,3-b][1,4] benzodiazepin-6-one (AF- 
DX 384), ll-[[4-[4-(diethylamino)butyl]-l-piperidinyl] 
acetyl]-5,11-dihydro-6H-pyrido[2,3-b][1,4]benzodiaze- 
pin-6-one (AQ-RA 741) or imperialine are not able to 
distinguish clearly between muscarinic M 2 and M 4 r e -  
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ceptors (see Hulme et al., 1990; Waelbroeck et al., 
1990b; D6rje et al., 1991; Eglen et al., 1992; Caulfield, 
1993; Maggio et al., 1994 for references). On the other 
hand, (S)-dimethindene resembles the two pirenze- 
pine analogues, AF-DX 116 and 5,11-dihydro-8-chlo- 
ro-ll-[[4-[3-[(2,2-dimethyl-l-oxopentyl)ethylamino]pro- 
pyl]-l-piperidinyl]acetyl]-6H-pyrido[2,3-b][1,4]benzodi- 
azepin-6-one (BIBN 99; Doods et al., 1993), in terms of 
its pharmacological and binding profile at muscarinic 
receptor subtypes in that it acts as an M2-selective 
muscarinic receptor antagonist with respect to M 1, M 3 
and M 4 sites. However, the affinity of (S)-dimethin- 
dene for muscarinic M 2 receptors is higher than that 
found for AF-DX 116 and BIBN 99. Binding studies 
with A9 L and CHO cells, respectively, expressing the 
cloned muscarinic receptor subtypes m l - m 4  showed 
that the alkaloid derivative 3-a-chlorimperialine 
(Baumgold et al., 1994) and the pirenzepine analogue 
DIBA bound with subnanomolar affinity to m2 recep- 
tors, but with lower affinity to the other three subtypes 
(6-fold m2 over m4). These results obtained from radi- 
oligand binding experiments must remain provisional 
until confirmed in functional experiments. The 
methoctramine analogue tripitramine has been re- 
ported to have high affinity for native muscarinic M 2 
receptors in rat heart (pK i = 9.54) and to display ex- 
tremely high subtype selectivity (M 2 > M 1 = 81-fold; 
M 2 > M 3 = 2239; M 2 > M 4 = 41; Melchiorre et al., 
1993). However, this high muscarinic M 2 receptor se- 
lectivity of tripitramine has recently been questioned 
on the basis of results obtained in functional experi- 
ments (Lambrecht et al., 1995) and in binding studies 
at cloned muscarinic receptor subtypes m l - m 4  (Mag- 
gio et al., 1994). The muscarinic receptor selectivities 
Mz /m2  > M a / m l  (3.5- to 23-fold) as well as M z / m 2  
> M3/m3 (32- to 251-fold) found in these studies were 
much lower than that reported by Melchiorre et al. 
(1993). The reason for this discrepancy is unknown. 
Further experiments are needed to clarify this issue. 

Therapeutic implications 
As already mentioned in the Introduction, M2-selec- 

tive muscarinic receptor antagonists could be useful as 
diagnostic tools for quantifying the loss of muscarinic 
M 2 receptors in the brain of patients with Alzheimer's 
disease with positron emission tomography imaging 
(Dewey et al., 1990; Gitler et al., 1992; Cohen et al., 
1993). In addition, such compounds might be a further 
option for the treatment of dementia of the Alzheimer's 
type (Doods et al., 1993). Although several muscarinic 
receptor antagonists with high affinity for M 2 recep- 
tors have been described (see above), most of these 
compounds suffer from clear limitations. 

Antimuscarinic agents such as AF-DX 116, AQ-RA 
741, AF-DX 384, himbacine, DIBA and methoc- 
tramine (probably also tripitramine) are not able to 

penetrate readily into the brain (Cohen et al., 1993; 
Doods et al., 1991, 1993). Baumgold et al. (1994) re- 
ported that 3-a-chlorimperialine is able to cross the 
blood-brain barrier. However, its muscarinic M 2 recep- 
tor selectivity has not been well established. In addi- 
tion, 3-a-chlorimperialine has, like the parent alkaloid 
imperialine, a very complicated chemical structure, and 
both compounds are highly expensive. Recently, the 
pirenzepine analogue BIBN 99 has been reported to be 
a lipophilic M2-selective muscarinic receptor antago- 
nist and to exhibit central nervous system activity. 
Positive results were obtained in animal models of 
cognitive function (Doods et al., 1993). Therefore, 
BIBN 99 may be considered as a tool to investigate the 
role of muscarinic M 2 receptors in the brain. 

It is noteworthy that dimethindene is a lipophilic 
compound, both enantiomers of which were able to 
penetrate readily into the brain of human healthy 
volunteers (Nicholson et al., 1991; Casy et al., 1992; 
Cicurel et al., 1992). In addition, Radler and Blaschke 
(1991) showed that the equal ease of (R)- and (S)-di- 
methindene to cross the blood-brain barrier was not 
influenced by differences in metabolism of the two 
enantiomers. 

In conclusion, the experiments described in the pre- 
sent study demonstrate that (S)-dimethindene is a novel 
M2-selective muscarinic receptor antagonist and a use- 
ful tool to investigate muscarinic receptor heterogene- 
ity. In addition, it might become the starting point for 
the development of M2-selective muscarinic receptor 
antagonists useful as diagnostic tools for quantifying 
muscarinic M 2 receptors in the central nervous system 
with positron emission tomography imaging, and to test 
the hypothesis that muscarinic M 2 receptor antagonists 
show beneficial effects in the treatment of cognitive 
disorders. The M 2 vs. M 1 muscarinic receptor selectiv- 
ity is of special importance in terms of the potential 
therapeutic use of muscarinic antagonists to reverse 
the cholinergic hypofunction in patients with 
Alzheimer's disease. Such an M z vs. M 1 muscarinic 
receptor selectivity may guarantee that the compound 
does not counteract its acetylcholine releasing action 
by blockade of postsynaptic muscarinic M~ receptors. 
One interesting aspect of using labelled (S)-dimethin- 
dene as a positron emission tomography ligand for 
quantifying muscarinic M 2 receptors in the central 
nervous system is the availability of the (R)-isomer, 
which can be used in its unlabelled form to exclude 
binding of labelled (S)-dimethindene to histamine H~ 
receptors under the imaging condition. 
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