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with 1,4-dihydropyridine binding sites in rat ileum smooth

muscle

Olivier Feron, Maurice Wibo, *Marie-Odile Christen & 1Théo‘phile Godfraind

Laboratoire de Pharmacologie, Université Catholique de Louvain, UCL 7350, Avenue Emmanuel Mounier, 73, B-1200 Bruxelles,
Belgium and *Laboratoire de Thérapeutique Moderne, 42, rue Rouget-de-Lisle, Suresnes 91151, France

1 The interaction of pinaverium bromide, a quaternary ammonium compound, with binding sites for (L-
type) calcium channel blockers was investigated in rat ileum smooth muscle.

2 Pinaverium inhibited [*HJ-(4)-PN200-110 ([*H]-(+ )-isradipine) specific binding to tissue homoge-
nates incompletely (K; 0.38 uM; maximal inhibition 80%). In contrast, binding to single cell preparations
(obtained by collagenase treatment) and to saponin-treated homogenates was completely inhibited. These
data are compatible with the view that, in untreated homogenates, 20% of [*H]-(+ )-isradipine binding
sites are not accessible to pinaverium because it is associated with sealed inside-out vesicles.

3 Pinaverium bromide increased the apparent K; of [3H]-(+)-isradipine binding to saponin-treated
homogenates but did not significantly affect the B,,, value. Moreover, the dissociation rate constant of
[3H]-(+ )-isradipine binding was not changed by pinaverium. These data suggest that pinaverium inter-
acts with the dihydropyridine binding site in a competitive manner. However, in contrast to uncharged
dihydropyridine calcium antagonists, pinaverium inhibited, rather than stimulated, [*H]-diltiazem
binding to rat brain membranes (at 30-37°C).

4 Although B,,, values of [*H]-(+)-isradipine were similar in homogenates prepared from tissue and
cells (collagenase-treated), the K, value was significantly higher in cell homogenates (166 vs 95 pM). Simi-
larly, the K; value of pinaverium was higher in cell preparations than in tissue homogenates (0.77 vs
0.38 um). Thus, collagenase can significantly modify the dihydropyridine recognition site.

5 The competitive interaction of pinaverium, a permanently charged drug, with [3H]-(+ )-isradipine
bound to intact cells and its absence of interaction with [3H]-(+)-isradipine bound to sealed inside-out
vesicles imply that the dihydropyridine receptor lies near the external surface of the plasma membrane.
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Introduction

Pinaverium bromide, a quaternary ammonium compound,
has been recommended for the treatment of hypermotility dis-
orders of the intestine, especially irritable bowel syndrome (for
review see Christen, 1990). Earlier studies on smooth muscle
tissue suggest that pinaverium exerts its spasmolytic action
mainly by blocking voltage-dependent Ca%* channels and has
little effect on receptor-operated channels and intracellular
Ca?* stores (Droogmans et al, 1983; Baumgartner et al.,
1985; Beech et al., 1990). Its selectivity for the intestinal tract
is attributable to its low absorption by the gut and its marked
hepatobiliary excretion (Jacquot et al., 1989).

In this paper, we have characterized the interaction of pina-

verium bromide with specific binding sites for L-type channel
blockers (Godfraind et al., 1986). We carried out competition
experiments on homogenates of longitudinal smooth muscle
from rat ileum and on dissociated ‘intact’ cells obtained after
treatment with collagenase; we have also investigated the
influence of collagenase on binding parameters. The results
show that pinaverium bromide interacts with dihydropyridine
binding in an apparently competitive manner at concentra-
tions reported to be active on Ca>* channel currents. Analysis
of this interaction suggests that pinaverium bromide, a posi-
tively charged drug, has access to the dihydropyridine binding
site from the outside of the cell.

Methods
Single cell preparations

Single smooth muscle cells from rat ileum were prepared by
the method of Momose & Gomi (1978) modified by Takaya-
nagi et al. (1986). Wistar rats (250-350g) were killed by
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decapitation and the ileum was quickly removed. The longitu-
dinal muscle layers were peeled manually from the underlying
circular muscle and incubated at 37°C for 90 min in a medium
(mm: NaCl 137, KCl 2.7, MgCl, 1.0, CaCl, 0.18, glucose 5.6,
HEPES 4.2; pH 7.4) bubbled with a gas mixture of 95% O,:
5% CO, . Tissue pieces were then incubated in a medium con-
taining 0.1% purified collagenase (Sigma Ia) and 1% bovine
serum albumin at 37°C for 30 min. The incubation was ter-
minated by washing tissue fragments twice by centrifugation
(500g for 30s). Pellets were resuspended in the incubation
medium at 37°C and single cells could then be separated by
gently pipetting the suspension through a wide-bore Pasteur
pipette. The suspension of single cells was filtered through a
nylon mesh (0.18 mm).

Membrane preparation

Freshly prepared tissue or single cells were suspended in
about 10 volumes of an ice-cold solution containing 0.25 mm
sucrose, 0.lmMm phenylmethylsulphonylfluoride and 5mm
Tris-HCI (pH 7.4), and homogenized with three strokes of the
pestle rotating at 1500revmin~! in an all-glass Potter—
Elvehjem-type grinder (Braun, Melsungen, Germany) kept at
2°C. Protein concentration was estimated according to Lowry
et al. (1951).

In some experiments, tissue homogenates were treated by
collagenase in the same way as were the muscle strips used for
cell isolation. The incubation was then terminated by centrifu-
gation at 200000g for 30 min and the pellet was resuspended
with a Dounce homogenizer in ice-cold 0.25mM sucrose buf-
fered at pH 7.4 with 5mm Tris-HCI.

Binding studies

The specific binding of [*H]-(+)-isradipine was measured, as
described previously (Wibo et al., 1988), by incubating frac-
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Table 1 [3H]<(+)-isradipine binding parameters in homogenates from rat ileum smooth muscle: effect of collagenase

Tissue homogenates (4)
Cells homogenates (3)
Collagenase-treated tissue homogenates (3)

K, (pM) B, (fmolmg~! prot.)
95.2 + 8.8 102.3 + 15.5
165.7 + 6.4* 95.8 + 6.8
1459 + 3.0* 100.2 £+ 10.2

Values are means + s.e.mean from 7 (in parentheses) membrane preparations. [*H]-( + )-isradipine binding parameters were estimated by
linear regression (EBDA programme). *Significantly higher than the tissue homogenate value (P < 0.01, ¢ test).

tions with the radioligand for 60min at 37°C in 2.5ml of a
buffered salt solution of the following composition (mm):
NaCl 145, KCl 5, MgCl, 1.25, CaCl, 2.5, Tris 20; pH 7.4 at
37°C. Non-specific binding was estimated in the presence of
1um nifedipine. After incubation, membranes collected on
Whatman GF/F filters were washed twice with 10ml of ice-
cold 0.9% NacCl.

[*H]-ouabain binding was measured in a ‘Mg—Pi’ medium
(37°C, 60min) as previously described (Noél & Godfraind,
1984). Non-specific binding was estimated in the presence of
1 mM ouabain. Membranes were collected on GF/F filters and
washed twice with 10 ml of chilled 10 mm Tris-HCI (pH 7.4). In
all binding assays, filters were immersed in Picofluor 15/
toluence (1/3, v/v) and radioactivity was counted with an effi-
ciency of 40-45%.

For [3H]-diltiazem binding studies, rat cerebral cortex
membranes were prepared according to the method of Schoe-
maker et al. (1985). Membranes (50 ug of protein in a final
volume of 0.5ml) were incubated in 50mm Tris-HCI buffer
(pH 7.4) with 5nM [*H]-diltiazem for 60min at 30° or 37°C.
After incubation, membranes were harvested by centrifugation
(10000 g for 10 min). The supernatant was removed by aspira-
tion and the pellet was rapidly washed with 100 ul of ice-cold
Tris-HCI buffer. The pellet was then solubilized in 100 ul of
Soluene and its radioactivity was measured in the presence of
10ml of Picofluor 15/toluene (1/3, v/v), with an efficiency of
40-45%.

Drugs

[3H]-(+)-PN200-110 ([3H]~ + )-isradipine, isopropyl 4-(2,1,3-
benzoxadiozol - 4 - yl)- 1,4 - dihydro - § - methoxycarbonyl - 2,6 -
dimethyl-3-pyridinecarboxylate; 85.9 Cimmol ~!), [3H]-diltia-
zem (77 Cimmol~!) and [3H]-ouabain (15Cimmol~') were
obtained from NEN Research Products (Boston, MA, U.S.A)).
Pinaverium bromide (4-(6-bromoveratryl)-4-[2-{2-(10
norpinan-2-yl)ethoxy }ethyl] morpholinium bromide) was pro-
vided by Latema Sarbach (Suresnes, France). Nifedipine and
nitrendipine were gifts from Bayer AG (Leverkusen, Germany)
and (+)-cis-diltiazem from Synthelabo (Paris, France).
Ouabain was from Merck (Darmstadt, Germany), and col-
lagenase (type Ia) from Sigma Chemical Co (St Louis, MO,
USA). Other chemicals used were of analytical grade. All the
experiments with 1,4-dihydropyridines were carried out under
yellow light to prevent their degradation.

Statistical analysis

Results of the experiments are expressed as means + s.e.mean.
Tests of significance have been made by Student’s ¢ test, P
values smaller than 0.05 being considered significant.

In binding experiments, saturation isotherms were analysed
by Scatchard and Hill plots. The dissociation constant (Kp)
and B,,, were calculated by linear regression. In competitive

experiments, displacement curves were analysed by a sigmoid
curve fitting programme (Munson & Rodbard, 1980). An iter-
ative technique gave estimate of IC,, (concentration of dis-
placer inhibiting 50% of specific binding) and the K; value was
calculated according to Cheng & Prusoff (1973).

Results

The specific binding of [*H]-(+ )-isradipine to tissue homoge-
nates was saturable in the concentration range of 25-250 pm.
As shown in Table 1, the values of K, and B,,, calculated
from the Scatchard plots (n =4) were 952 + 8.8pM and
102.3 + 15.5fmolmg™" of protein, respectively. B,,, values
were similar in homogenates prepared from intact tissue and
dissociated cells, unlike K, values which were increased by
75% in cell homogenates. Since cell preparations had been
submitted to the action of collagenase, we treated tissue
homogenates with collagenase to study its eventual influence
on [3H](+)-isradipine binding. The results showed an
increase of the K, value by 50% and no significant variation
of the B, value (Table 1).

Pinaverium bromide inhibited [*H]-(+)-isradipine specific
binding to tissue homogenates incompletely (80% inhibition
at 10-100 uMm, Figure 1). Slopes of Hill plots (not shown) were
close to 1. The K; value derived from the concentration for
half-maximal inhibition (ICs,) according to Cheng & Prusoff
(1973) was 0.38 + 0.10 uM (Table 2). The incomplete inhibition
of [3H]-(+ )-isradipine binding by pinaverium bromide might

100

[3H)-(+)-isradipine
binding (%)
S
1

0 -

1077 10-¢ 10-% 104

Pinaverium concentration (m)

Figure 1 Inhibition by pinaverium of [*H]~(+ )-isradipine binding to
homogenates of ileum smooth muscle. Competition experiments were
performed with [*H]-(+)-isradipine at a concentration near the K,,,
0.1nM, and increasing concentrations of pinaverium. Total binding
(specific + nonspecific) is expressed as a percentage of the value
obtained in the absence of pinaverium. Data are means from 6 deter-
minations (2 different preparations); vertical bars show s.e.mean when
they are larger than symbols. Non-specific binding (horizontal line)
was determined in the presence of 1uM nifedipine and was signifi-
cantly lower (P < 0.01; ¢ test) than the value of total binding at each
pinaverium concentration.

Table 2 Comparison of pinaverium binding parameters in tissue homogenates and ‘intact’ cells from rat ileum smooth muscle

ICso (uM) K; (um) Hill coeff.
Tissue homogenates (3) 0.68 + 0.19 0.38 + 0.10 0.96 + 0.07
‘Intact’ cells (3) 1.33 + 0.02* 0.77 + 0.01* 0.98 + 0.09

Values are means + s.e.mean from n (in parentheses) preparations. IC,, values were estimated from displacement curves by a sigmoid
curve-fitting iterative technique (EBDA programme). K; values were calculated according to Cheng & Prusoff (1973).
* Significantly higher than the tissue homogenate values {0.01 < P < 0.05, ¢ test).
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Figure 2 Effect of pinaverium bromide on the rate of dissociation of
[3H]~(+)-isradipine binding. After incubation with 0.1nm [*H]-(+)-
isradipine for 60 min at 37°C, dissociation was induced by addition of
1 uM nifedipine in the presence (Hl) or absence ((J) of 10uM pina-
verium. B, and B, are specific [*H]-(+)-isradipine bound at time 0
and time ¢, as indicated on the abscissa scale. Data are means from 6
determinations; s.e.means were smaller than symbols.

suggest that this drug allosterically interacts with the dihy-
dropyridine recognition site, as previously found for other
drugs (Murphy et al., 1983; Glossmann et al., 1985). However,
in dissociation experiments (Figure 2), we did not observe any
significant effect of pinaverium bromide (10um), the disso-
ciation rate constant (k_,) of [*H]-(+)-isradipine being equal
to 0.049 + 0.009min~! and 0.048 + 0.006 min~! in the pre-
sence or absence of pinaverium, respectively. Moreover, in
saturation experiments pinaverium at concentrations up to
10 uM did not significantly affect the B,,, of [H]-(+ )-isradi-
pine binding (Figure 3).

The incomplete inhibition of [3H]-(+)-isradipine binding
by pinaverium bromide in tissue homogenates, might be
explained by the presence of sealed vesicles, in which dihy-
dropyridine binding sites are inaccessible to pinaverium, a
positively charged drug. Indeed, in samples preincubated with
saponin (0.5-1.0mgmg~! protein), the specific binding of
[®H]-(+)-isradipine was completely inhibited by pinaverium
bromide (Table 3). Additional experiments showed that the
addition of saponin did not alter [*H]-(+)-isradipine binding
up to a saponin/protein concentration ratio of 1 (results not
shown). The existence of sealed vesicles in tissue homogenates
was supported by the results of binding experiments with
[®H]-ouabain (Figure 4). In the presence of saponin
(0.5mgmg~! protein), the K, of [*H]-ouabain binding was
not modified (98 vs 96.5 nm), whereas the B,,,, increased from
452 to 557 fmol mg ™! protein.

Competition experiments were also carried out on single
cells preparations that had not been homogenized. As shown
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Figure 3 Effect of pinaverium on saturation curves of [*H]-(+ )-isra-
dipine binding to homogenates of ileum smooth muscle. Saturation
experiments were performed with pinaverium bromide at concentra-
tions of 0.3um (W), 1uM (A) and 10uM (A), or without drug (7).
Results are shown as Scatchard plots. Samples were preincubated
with saponin (0.5mgmg~!prot) for 20min at room temperature
before incubation with [3H]-(+ )-isradipine. Each value is the mean of
3-6 determinations; s.e.means were smaller than symbols.

Table 3 Relationship between saponin concentration and
inhibition of [3H]<(+)-isradipine binding by 100uM pina-
verium

Saponin/protein ratio (w/w) Inhibition (%)
No saponin 80.1 + 0.8
1/3 88.7+ 1.5
1/2 989 + 0.1
11 99.0 + 0.1

Tissue homogenates (750 ug protein ml ™) were preincubated
with various concentrations of saponin, as indicated (20 min
at room temperature). Samples (200ul) were then further
incubated at 37°C for 60min with 0.1nmM [3H]-(+ )-isradi-
pine, in a final volume of 2.5ml (see Methods). Data are
means + s.e.mean from 3 different preparations.

in Figure 5, pinaverium completely inhibited [*H]-(+)-isradi-
pine specific binding to intact cells in the absence of saponin
treatment. Pinaverium IC,, and K, values in single cells prep-
arations were about twice as high as those found in tissue
homogenates (Table 2).

It is well known that diltiazem, a benzothiazepine inhibitor
of L-type Ca?* channels, stimulates [*H]-dihydropyridine
binding at 30°-37°C, and that conversely, some dihydropyri-
dines enhance the binding of [3H]-diltiazem (Schoemaker &
Langer, 1985). To gain further insight into the interaction of
pinaverium with the dihydropyridine binding site, we com-
pared its effect on [*H]-diltiazem binding with that of nitren-
dipine. This experiment was carried out on a membrane
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Figure 4 Effect of saponin on saturation curve of [*HJ-ouabain
binding to homogenates of ileum smooth muscle. After 20min prein-
cubation at room temperature in the presence () or absence (A) of
saponin (0.5mgmg~! prot.), membranes were incubated at 37°C for
60min with 100nM [3H]-ouabain and increasing concentrations of
cold ouabain. Non-specific binding was determined in the presence of
1 mM ouabain. Results are shown as Scatchard plots; each value is the
mean of 6 determinations.
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Figure 5 Inhibition by pinaverium of [3H]-(+)-isradipine binding to
cells isolated from ileum smooth muscle. Competition experiments
were performed as described in legend of Figure 1, except that isolated
cells were used instead of tissue homogenates. Data are means from 6
determinations (2 different preparations); s.e.means were smaller than
symbols. Non-specific binding (horizontal line) was not significantly
different from total binding at a pinaverium concentration of 100 uM.
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Figure 6 Effects of (+)-cis-diltiazem, pinaverium and nitrendipine
on the binding of [3H]-diltiazem to rat cerebral cortex membranes.
Binding was measured at 30°C (W) or 37°C ([J) as described in
Methods, with 5nm [*H]-diltiazem and increasing concentrations of
competitor: (a) (+)-cis-diltiazem; (b) pinaverium; (c) nitrendipine.
Total binding (without non-specific binding subtracted) is expressed
as a percentage of the value obtained in the absence of unlabelled
ligand. Data are means of 3-6 determinations. The s.e.means (not
shown) do not exceed 5% of the mean values.

fraction from rat brain, because we met with difficulties when
using membranes from intestinal muscle (data not shown). As
shown in Figure 6, (+)-cis-diltiazem inhibited [3H]-diltiazem
binding with an ICs, of 128nM at 37°C and 42nM at 30°C
(Hill coefficient 0.6-0.7), in agreement with previous findings
(Schoemaker & Langer, 1985). At 37°C, nitrendipine stimu-
lated [*H]-diltiazem binding at concentrations of 10-300nm,
whereas, at 30°C, it stimulated binding at 1-10nM and inhib-
ited binding at concentrations higher than 100 nM. Pinaverium
had no detectable stimulatory effect, but inhibited binding at
concentrations of 1-100 uM, and the curves at 30°C and 37°C
were superimposable. The IC,, estimated from these curves
by nonlinear regression was 5-6 uM, a value distinctly higher
than that measured in [3H]-(+)-isradipine displacement
experiments (Table 2).

Discussion

As shown recently by Beech et al. (1990), pinaverium bromide
is able to block voltage-dependent, L-type Ca2* channels in
rabbit intestinal smooth muscle cells. In binding experiments,
pinaverium bromide appears to interact competitively at the
dihydropyridine receptor, and the K; value that we measured
with ‘intact’ cells (0.77 um) is in good agreement with the
inhibitory potency in patch-clamp experiments (IC5, 1.5 um).
That the inhibition of dihydropyridine binding is competitive
is supported by the following arguments. (1) [°H]-(+ )-isradi-
pine specific binding could be completely inhibited by pina-
verium bromide in ‘intact’ cells and saponin-treated
homogenates and the Hill coefficients were close to 1. (2) The
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effect of pinaverium bromide on equilibrium binding param-
eters was compatible with a competitive inhibition, since, at
concentrations up to 10 uM, this drug increased the apparent
Kp of [®H])-(+)-isradipine binding but did not significantly
affect B,,, (Figure 3). The average K; calculated from the
apparent Ky, (Kp ,,,) values at 4 different concentrations of
pinaverium by the equation: Kp, opp = Kp(1
+ [pinaverium]/K)), is 0.69 uM, in good agreement with the
values deduced from the analysis of displacement curves
(Table 2). (3) The dissociation rate constant of [*H]-(+)-isra-
dipine binding was not changed by 10 uM pinaverium bromide
(Figure 2). Nevertheless, some subtle differences may be noted
between the effects of pinaverium and dihydropyridines, a
finding which is not unexpected in view of the different chemi-
cal structures involved and the presence of a positively
charged group in pinaverium. In contrast to most dihydropy-
ridine calcium antagonists, which stimulate [>H]-diltiazem
binding in a temperature-dependent manner, pinaverium
inhibited [*H]-diltiazem binding and its effect was identical at
30°C and 37°C. Interestingly, amlodipine, a predominantly
charged dihydropyridine, enhances [3H]-diltiazem binding (at
37°C) over a narrow concentration range and inhibits binding
at concentrations higher than 1um (Burges et al., 1989). Its
behaviour is thus intermediary between those of pinaverium
and uncharged dihydropyridines. Moreover, calcium channel
blockade by pinaverium is not appreciably voltage-dependent,
in contrast to the blockade evoked by dihydropyridine
calcium antagonists (Beech et al., 1990).

The complete inhibition of [3*H]-(+)-isradipine binding by
pinaverium bromide in intact cells suggests that this per-

-manently charged drug has access to the dihydropyridine

binding site from the outside of the cell. The incomplete inhi-
bition of [*H]-(+)-isradipine binding in tissue homogenates is
probably due to the presence of sealed inside-out vesicles, in
which dihydropyridine binding sites are accessible to [°H]-
(+)-isradipine (uncharged) but not to pinaverium (positively
charged). Saponin removed a permeability barrier in inside-
out vesicles, which accounted for some 20% of [*H]-(+)-isra-
dipine binding sites in homogenates. This interpretation is
confirmed by the effect of saponin on [*H]-ouabain binding
(Figure 3). It is well-known that ouabain binding sites are
exposed on the outside of the plasma membrane and are,
therefore, inaccessible to ouabain in sealed inside-out vesicles.
The percentage of sealed inside-out vesicles as determined in
this manner (18.8%), is in good agreement with the proportion
of the [3H]-(+)-isradipine binding sites that appear to be
inaccessible to pinaverium bromide (20%). Thus, our findings
support the view that the site of the calcium channel that
interacts with dihydropyridines lies near the external surface
of the plasma membrane, as previously proposed by Kass et
al. (1989) from their study on the effect of external pH on the
interaction of amlodipine (pK, 8.6) with the calcium channel,
and more recently, from the finding that a permanently
charged (quaternary ammonium) dihydropyridine derivative
inhibits L-channel current when applied extra-, but not intra-
cellularly (Kass et al., 1991). However, a recent study that used
photoaffinity labelling to locate the dihydropyridine binding
site in the Ca channel «, subunit of skeletal muscle claimed
that this site has a cytosolic localization (Regulla et al., 1991).
An additional conclusion that can be drawn from our
results is that collagenase might be deleterious for the voltage-
dependent Ca2* channels. Indeed, the Ky, of [*H]~(+)-isradi-
pine and the K; of pinaverium bromide were both appreciably
increased in cells obtained by collagenase digestion and in
tissue homogenates treated with collagenase. These observa-
tions support the view, expressed by Rusch & Hermsmeyer
(1988), that ‘dissociating methods for cell dispersion cannot be
regarded as innocent of influencing calcium channel viability’.

The authors wish to thank M. C. Hamaide for her technical assist-
ance. This work was supported by the Fonds de la Recherche Scienti-
fique Médicale (grant FRSM No. 3.9006.87) and by the Ministére de
PEducation et de la Recherche Scientifique (grant Action Concertée
No. 89/95-135).



484  O. FERON et al.

References

BAUMGARTNER, A, DRACK, E.,, HALTER, F. & SCHEURER, U. (1985).
Effects of pinaverium bromide and verapamil on the motility of
the rat isolated colon. Br. J. Pharmacol., 86, 89-94.

BEECH, D.J., MACKENZIE, L, BOLTON, T.B. & CHRISTEN, M.O. (1990).
Effects of pinaverium on voltage-activated calcium channel cur-
rents of single smooth muscle cells isolated from the longitudinal
muscle of the rabbit jejunum. Br. J. Pharmacol., 99, 374-378.

BURGES, R.A, DODD, M.G. & GARDINER, D.G. (1989). Pharmacologic
profile of amlodipine. Am. J. Cardiol., 64, 10 1-20 1.

CHENG, Y.C. & PRUSOFF, W.M. (1973). Relationship between the inhi-
bition constant (K, and the concentration of inhibitor which
causes 50% inhibition (IC,,) of an enzymatic reaction. Biochem.
Biophys. Res. Commun., 108, 110-117.

CHRISTEN, M.O. (1990). Action of pinaverium bromide, a calcium
antagonist, on gastrointestinal motility disorders. Gen. Pharmacol.,
21, 821-825.

DROOGMANS, G., HIMPENS, B. & CASTEELS, R. (1983). Effect of pina-
verium bromide on electrical and mechanical activity of smooth
muscle cells. Naunyn-Schmiedebergs Arch. Pharmacol., 323, 72-77.

GLOSSMANN, H., GOLL, A, ROMBUSH, M. & FERRY, D.R. (1985).
Molecular pharmacology of Ca?* channel: receptor binding
studies. In Nimodipine, Pharmacological and Clinical Properties. ed.
Betz, E,, Deck, K. & Hoffmeister, F. pp. 57-73. Stuttgart: F.K.
Schattauer Verlag.

GODFRAIND, T., MILLER, R. & WIBO, M. (1986). Calcium antagonism
and calcium entry blockade. Pharmacol. Rev., 38, 321-416.

JACQUOT, C., TROUVIN, J.H. & CHRISTEN, M.O. (1989). Selectivity of
gastrointestinal calcium antagonists: pharmacokinetic aspects. In
Calcium Antagonism in Gastrointestinal Motility. ed. Christen,
M.O., Godfraind, T. & McCallum, R.-W. pp. 141-151. Paris: Else-
vier.

KASS, RS, ARENA, J.P. & CHIN, S. (1989). Cellular electrophysiology of
amlodipine: Probing the cardiac L-type calcium channel. Am. J.
Cardiol., 64, 35 1-42 1.

KASS, RS, ARENA, J.P. & CHIN, S. (1991). Block of L-type calcium

channels by charged dihydropyridines. Sensitivity to side of appli-
cation and calcium. J. Gen. Physiol., 98, 63-75.

LOWRY, O.H, ROSEBROUGH, NJ, FARR, AL. & RANDALL, RJ.
(1951). Protein measurement with the Folin phenol reagent. J.
Biol. Chem., 193, 265-275.

MOMOSE, K. & GOM]I, Y. (1978). Studies on isolated smooth muscle
cells. VI. Isolation and acetylcholine contraction of single smooth
muscle cells from guinea-pig taenia. J. Pharmacobio-Dyn., 1, 184—
191.

MUNSON, P.J. & RODBARD, D. (1980). Ligand: a versatile computer-
ized approach for characterization of ligand-binding systems. Anal.
Biochem., 107, 220-239.

MURPHY, K.M.M,, GOULD, RJ., LARGENT, B.L. & SNYDER, S.H.
(1983). A unitary mechanism of calcium antagonist drug action.
Proc. Natl. Acad. Sci. U.S.A., 80, 860-864.

NOEL, F. & GODFRAIND, T. (1984). Heterogeneity of ouabain specific
binding sites and (Na*, K*)-ATPase inhibition in microsomes
from rat heart. Biochem. Pharmacol., 33, 47-53.

REGULLA, S., SCHNEIDER, T., NASTAINCZYK, W., MEYER, HE. &
HOFMANN, F. (1991). Identification of the site of interaction of the
dihydropyridine channel blockers nitrendipine and azidopine with
the calcium-channel «, subunit. EMBO J., 10, 45-49.

RUSH, N.J. & HERMSMEYER, K. (1988). Measurement of whole-cell
calcium current in voltage-clamped vascular muscle cells. Mol.
Cell. Biochem., 80, 87-93.

SCHOEMAKER, H. & LANGER, S.Z. (1985). [*H]Diltiazem binding to
calcium channel antagonists recognition sites in rat cerebral
cortex. Eur. J. Pharmacol., 111, 273-277.

TAKAYANAG]I, 1, KOIKE, K. & HIRUTA, T. (1986). Interactions of
muscarinic drugs with their receptors in single cells of guinea-pig
taenia caecum. J. Pharm. Pharmacol., 38, 476-478.

WIBO, M,, DE ROTH, L. & GODFRAIND, T. (1988). Pharmacologic rele-
vance of dihydropyridine binding sites in membranes from rat
aorta: kinetic and equilibrium studies. Circ. Res., 62, 91-96.

(Received April 16, 1991
Revised September 20, 1991
Accepted October 18, 1991)



