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Changing surface charge with salicylate differentiates
between subgroups of calcium-antagonists
Michael Spedding

Merrell Dow Research Center, Strasbourg Center, 16 rue d'Ankara, Strasbourg 67084, France

1 Sodium salicylate (5-10mM) has been used to distinguish the effects of the three calcium-
antagonist subgroups which had been previously differentiated in functional studies.
2 Sodium salicylate (10 mM) reduced the antagonistic effects of verapamil and diltiazem on
Ca2+-induced contractions of K+ (40 mM)-depolanzed taenia preparations from the guinea-pig
caecum. In contrast, salicylate had no effect on the potency of nifedipine and increased the inhibitory
effects of cinnarizine and flunarizine. Sodium salicylate (10 mM) had little effect on Ca2'-induced
contractions per se.
3 In preparations pretreated with calcium-antagonists and recontracted with high concentrations
of Ca2 , salicylate (5 mM) caused an additional contraction when the preparations had been
pretreated with verapamil or diltiazem but had no effect in control or nifedipine-treated prepara-
tions. In contrast, salicylate relaxed Ca2+-induced contractions in tissues which had been pretreated
with cinnarizine, flunarizine, pimozide, bepridil, fendiline, perhexiline and with the calmodulin
antagonist W-7.
4 The mechanism of action of salicylate was investigated. Inhibition of prostaglandin biosynthesis
or of oxidative phosphorylation by salicylate was not responsible for these effects because in-
domethacin (28 lM) and 2,4-dinitrophenol (20 tLM) did not differentiate between calcium antagon-
ists. The effects of salicylate are ascribed to an increase in negative surface charge on the membrane
because other agents changing surface charge (3,5-dichlorosalicylate, 0.3 mM; benzoate, 20 mM)
have similar effects and their potency is dependent on their affinity for lipid membranes. Further-
more, salicylate increased the effectiveness of the cationic local anaesthetic, (+)-propranolol
(100 pM), but did not change the effects of the neutral local anesthetic, benzocaine (1 mM).
5 It is argued that salicylate increases the effectiveness of cinnarizine by increasing accumulation of
this drug in the cell membrane or at intracellular sites whereas the reduced effectiveness of
verapamil and diltiazem is secondary to a change in the state of the Ca2+ channel.

Introduction

The chemically-disparate group of drugs which act as most lipophilic of these agents and can be readily
calcium-antagonists have been claimed to comprise differentiated from verapamil, diltiazem and the di-
several subgroups on the basis of binding studies hydropyridines in K+-depolarized smooth muscle
(Ferry & Glossmann, 1982) and of structural and because their inhibitory effects are reduced by the
functional differences between the compounds presence of Ca2+ during the incubation period (Sped-
(Fleckenstein, 1981; Spedding, 1981; 1982a,b; ding, 1982a).
1983, Table 1). The diphenylalkylamines are the A possible explanation for the protective effect of

Table 1 Literature classification of calcium antagonists

Dihydropyridines' Verapamil Diltiazem Diphenylalkylamines2
Fleckenstein (1981) A A A B
Spedding (1981, 1982a,b, 1983) A B B C
Ferry & Glossmann (1982) IA II III IB

I e.g. nifedipine, nicardipine, PY 108-068.
2e.g. cinnarizine, flunarizine, fendiline, pimozide, prenylamine.

) The Macmillan Press Ltd 1984
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Ca2l is that the cation may shield negative surface
charges on cell membranes. There are 15-
20 mEq kg- I of fixed negative surface charge in
guinea-pig taenia preparations (Brading & Wid-
dicombe, 1977) with different affinities for divalent
or monovalent cations (Goodford & Wolowyk,
1972; Brading, 1981). Surface charges affect ion
channel gating by locally contributing to the electrical
field across the membrane (see Hille et al., 1975). In
addition a small number of charges at or in ion
channels will control ion selectivity for the channel.
Thus some surface charges will have specific effects
on ion channels whereas the general surface charge of
the membrane will have more widespread effects,
such as influencing cation binding and the affinity of
charged compounds for the membrane.

McLaughlin (1973) has shown that salicylate is
adsorbed onto lipid bilayers giving an increased sur-
face charge to the bilayer; the negative charge in-
creased the passage of cationic drugs through the
membrane. Effects of salicylate on surface charge
have also been described using electrophysiological
techniques in molluscan neurones (Levitan &
Barker, 1972) and in sheep ventricular fibres (Cohen
et al., 1979), although in these studies surface charge
was measured indirectly from changes in K+ permea-
bility. This paper describes the effects of increasing
membranal negative surface charge with salicylate
ions on calcium-antagonist function. In addition the
effects of salicylate on the ability of high concentra-
tion of (+)-propranolol and benzocaine to inhibit
Ca2+-induced contractions (Spedding & Berg, 1984,
unpublished data) has been investigated; the effects
of benzocaine should be independent of surface
charge as benzocaine is a neutral local anaesthetic.

Methods

Strips of taenia (1 -2 mm diameter, 20-25 mm relax-
ed length) from the caecum of male guinea-pigs
(200-300g) were set up in 10ml isolated organ
baths containing K+ depolarizing Tyrode solution
(mM: NaC197, KCl 40, NaHCO3 11.9, NaH2PO40.4,
glucose 5.5, pH 7.1), which was gassed with 95% 02:
5% CO2 and maintained at 35°C. Contractile re-
sponses were measured isotonically under 1 g load
and responses were recorded using Harvard or
Bioscience isotonic transducers connected to Rik-
adenki potentiometric recorders. Cumulative
concentration-response curves to Ca2+ were con-
structed by increasing the bath concentration in
logarithmic increments (Van Rossum, 1963). The
curves were obtained after a 20 min washout period
in Ca2+-free solution; this procedure allows repro-
ducible sensitivity to Ca2+ for several hours (Sped-
ding, 1982a). The 100% response was taken as the
maximum contraction (usually 3 mM Ca2+) during
the second concentration-response curve, the first
curve being discarded from analysis. Dose-ratios
were calculated as the ratio of the concentrations of
Ca2+ which produced a 50% maximal response
(EC50) in the presence and absence of the antagonist.

In some experiments preparations were pretreated
with calcium-antagonists for 20 min before the addi-
tion of Ca2+ (3 mM) which contracted the tissues to
35-65% of the maximal response. When the con-
traction had stabilized, salicylate was added and the
% change in this response calculated, taking the
steady state response as 100%.

Values in the text refer to means± s.e.mean. Stu-
dent's t test was used for comparisons. The mean
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lgue 1 Inhibitory effects of sodium salicylate (5, 10 and 20 mi) on cumulative concentration-response curves to
CaC12 (0, mM) in a taenia preparation from the guinea-pig caecum maintained in K+ (40 mM)-Tyrode solution.
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Flgure 2 Antagonistic effects of diltiazem (1 JiM for 20 mn, left panels) and cinnarizine (1 pM for 20 mn, right
panels) on cumulative concentration-response curves to CaC12 (0 control; 0 with antagonist) in K+-depolarized
taenia preparations. The upper panels were control preparations and the lower panels were paired preparations in
the presence of sodium salicylate (10 mM). Vertical bars represent s.e.mean, n = 5-7.

dose-ratios were calculated as logarithms and these
values were tested for statistical significance; the
antilogarithms of these values are shown in the text,
with the range of the s.e.mean.

Drugs

The following drugs were used: sodium salicylate,
sodium benzoate (E. Merck), sodium 3,5-
dichlorosalicylate (ICN Pharmaceuticals), cin-
narizine tartrate, flunarizine hydrochloride,
pimozide tartrate (Janssen Pharmaceutica); dil-
tiazem hydrochloride, N-(6-aminohexyl)-5-chloro-
1-naphthalenesulphonamide (W-7) (Synthelabo);
bepridil (Organon); 2,4-dinitrophenol (Sigma);
fendline hydrochloride (Dr Thiemann GmbH); in-
domethacin (MSD); nifedipine (Bayer AG); (±)-
verapamil hydrochloride (Knoll). Indomethacin was

dissolved in a solution of 1% sodium carbonate and
nifedipine (1 mM) was dissolved in ethanol. All the
drugs were diluted in distilled water before use.

Results

Salicylate pretreatment

Preincubation for 20 min with sodium salicylate
(5-20 mM) did not markedly change the sensitivity
of K+ (40 mM)-depolarized taenia preparations to
Ca2+, although the maximum response of cumulative
concentration-response curves was reduced, the ef-
fect being most prominent at 20mm (Figure 1). In
contrast, the calcium antagonists diltiazem (1 giM)
and cinnarizine (1 JiM) caused parallel displacement
to the right of the cumulative concentration-response
curves to Ca2+ (Figure 2, upper panels). However, if
the antagonist were incubated in the presence of
salicylate (10 mM for 20 min) the inhibitory effects of
diltiazem were reduced, whereas the effects of cin-
narizine were increased (Figure 2, lower panels).
The inhibitory effects of these and other calcium-

antagonists, expressed as Ca2+ dose-ratios, in the
absence and presence of sodium salicylate (10 mM for
20 min) are shown in Table 2. Salicylate reduced the
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Table 2 Effectiveness of calcium-antagonists in the absence or presence of sodium salicylate (10 mM)

Antagonist
Diltiazem, 1 IIM
Verapamil 0.2 pM
Nifedipine, 3 nM
Nifedipine, 10 nM
Cinnarizine, 1 gIM
Flunarizine, 1 liM

Ca2+ dose-ratio (range s.e.mean)
Control Salicylate

25.1 (20.9-30.2) 6.5 (4.8-8.7)*
20.0 (14.4-27.5) 5.5 (3.5-6.9)*
2.5 (2.3-2.6) 2.8 (2.3-3.5)

64.7 (49.9-82.4) 47.0 (39.8-74.9)
2.5 (2.1-2.9) 8.5 (6.0-12.9)*
2.8 (2.3-3.4) 10.2 (6.1-17.4)*

The calcium-antagonists were incubated with taenia preparations for 20 min in Ca2+-free, K+-depolarizing Tyrode
solution before cumulative addition of Ca2+ (0.1 -10 mM). The antagonistic effects are expressed as Ca2+ dose-ratios
(range s.e.mean). Preparations in which salicylate (10 mm for 20 min) was added with the antagonist were run in
parallel, comparing tissues from the same animal, *P< 0.05.

inhibitory effects of verapamil and diltiazem and
increased the inhibitory effects of flunarizine and
cinnarizine. However, the inhibitory effects of
nifedipine were unchanged by salicylate despite the
use of concentrations of nifedipine causing small
(3 nM) or substantial (10 nM) antagonism of Ca2+-
induced contractions.

Salicylate addition to established contractions

The effects of salicylate were also investigated in
tissues previously incubated with calcium-

Control

Verapamil

antagonists. Salicylate (5 mM) added to established
Ca2+-induced contractions in control preparations
did not cause a direct relaxation (Figure 3), although
10 mM had slight relaxant effects (20-40%).
Calcium-antagonists were therefore preincubated
with taenia preparations for 20 min in Ca2+-free
K+-Tyrode solution and their antagonistic effects
surmounted by addition of Ca2+ 3 mM. The concent-
ration of antagonist was chosen such that Ca2+
(3 mM) resulted in a contraction which was 35-65%
of the maximal response of the tissue. Salicylate
(5 mM) was added when the Ca2+-induced contrac-

Diltiazem f

Nifedipine
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FIgure 3 Effects of salicylate (5 mm, added at 0 ) on contractions induced by Ca2+ (3 mM, * ) of taenia preparations
maintained in K+ (40 mM)-depolarizing Tyrode solution. The preparations had been pretreated for 20 min before
addition of Ca2+ with verapamil (0.2 ;M), diltiazem (1 fIM) or nifedipine (10 nM) The effects of salicylate on a

contraction induced by Ca2+ (100 pM) in an untreated preparation are also shown (control). The time bar represents
10 min. The isotonic contractions were between 40 and 60% of the maximum contraction.

n

5
5
5
8
7
5
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Table 3 Effects of salicylate (5 mM) on Ca2+-
induced contractions in K' depolarized taenia pre-
parations pretreated with calcium-antagonists

Control
Verapamil, 0.2 Mm
Diltiazem, 1 Mm
Nifedipine, 3 nM
Cinnarizine, 1 jAM
Flunarizine, 1 AM
Fendiline, 3 Mm
Pimozide, 1 AM
Perhexiline, 1OMm
W-7, 200 tLM

% change (s.e.mean)
- 6.4 (8.7)
+ 63.8 (14.3)*
- 86.2 (34.3)*
+ 19.5 (12.0)
39.7 (15.1)*

- 57.5 (13.3)*
- 64.6 (16.3)*
- 5 1.0 (17.2)*
- 33.5 (9-9)*
- 98.0 (2.0)*

n
7
7
5
8
8
8
4
5
4
4

The experiments were performed as in Figures 3
and 4. *P<0.05

tion had stabilized. Under these conditions salicylate
caused a further increase in the Ca2l-induced con-
traction when the preparations had been pretreated
with verapamil (0.2 Mm) or diltiazem (1 pM) (Figure
3, Table 3). Salicylate did not significantly change
contractility in preparations pretreated with
nifedipine (10 nM) (Figure 3, Table 3).

In contrast, salicylate (5 mM) caused a slow relaxa-
tion of Ca2+-induced contractions in preparations
which had been pretreated with cinnarizine (1 ptM),
flunarizine (1 ltM), pimozide (1 tM), fendiline (3 LM),
bepridil (3 Mm) and perhexiline (10 tM) (Figure 4).
Furthermore, salicylate (5 mM) fully relaxed Ca2+-
induced contractions when the taenia preparations
had been preincubated with the calmodulin antagon-
ist, W-7, 200 Mm (Figure 4, Table 3).

Mechanism of salicylate-induced effects

Salicylate has been shown to change membranal
surface charge at 5-10mM, but may also inhibit
prostaglandin biosynthesis or oxidative phosphoryla-
tion (Brasch, 1983). However, the differential ef-
fects of salicylate are unlikely to be due to inhibition
of prostaglandin biosynthesis because indomethacin
(28 lM) neither increased nor decreased Ca2+-
induced contractions in preparations pretreated with
verapamil (0.2 pM) or cinnarizine (1 pM) (n = 4,
P> 0.1). Furthermore inclusion of indomethacin
(28 Mm) in the K+ Tyrode throughout the course of

Flunarizine

Fendiline

Bepridil

.

Cinnarizine

a

Pimozide

Perhexiline;
W-7

Figure 4 Effects of salicylate (5 mM, added at *) on
contractions induced by Ca2+ (3 mM, * ) of taenia prep-
arations maintained in K+ (40 mM)-depolarizing Tyrode
solution. The preparations had been pretreated for
20 min before addition of Ca2+ with flunarizine (1 pM),
cinnarizine (1 MM), fendiline (3Mm), pimozide (1 JiM),
bepridil (3 Mm), perhexiline (10 Mm) and W-7 (200 tLM).
The time bar represents 10 min. The isotonic contrac-
tions were between 40 and 60% of the maximum con-
traction.

the experiment did not affect the ability of salicylate
(5 mM) to augment a Ca2+-induced contraction in a
preparation pretreated with verapamil (0.2 pM) (data
not illustrated).
The effects of sodium salicylate on the potency of

the calcium antagonists were similarly not related to
its well-known inhibitory effects on oxidative phos-
phorylation because 2,4-dinitrophenol did not
change the potency of the calcium-antagonists (Table
4). The concentration of 2,4-dinitrophenol (20 ym)
was chosen to cause threshold antagonism of Ca2+-

Table 4 Effectiveness of calcium-antagonists in the absence or presence of 2,4-dinitrophenol (20 MM)

Antagonist
Verapamil, 0.2 pM
Cinnarizine, 1 pM

Ca2 dose-ratio (range s.e.mean)
Control 2,4-Dinitrophenol

52.8 (35.0-90.2) 21 (7.1-42.9)
32.6 (14.0-75.9) 26.4 (13.2-52.7)

Experimental protocol as in Table 2.

n
6
6
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FIgure 5 Effects of sodium benzoate (20 mM, 0 ) on
contractions induced by Ca2+ (3 mm, *) of taenia prep-
arations maintained in K+ (40 mM)-depolarizing Tyrode
solution. The preparations had been pretreated with
verapamil (0.2 1AM for 20 min) or with W-7 (200 1AM for
20 min). The isotonic contractions were 53 and 41%
respectively of the maximum contraction.

induced contractions; higher concentrations (55 1AM)
cause almost complete inhibition (Spedding, 1982a).
Furthermore, 2,4-dinitrophenol (201lM) did not aug-
ment Ca2+-induced contractions in preparations pre-
treated with verapamil (0.21AM, n = 4).
Sodium benzoate is a useful tool to investigate the

effects of surface charge because although this agent
is less potent than salicylate (Levitan & Barker,
1972) it does not uncouple oxidative phosphoryla-
tion (Brody, 1956; Brasch, 1983). Sodium benzoate
(20 mM) resembled sodium salicylate in increasing
Ca2+-induced contractions in preparations pre-
treated with verapamil (0.21lM) and relaxing prep-
arations pretreated with W-7 (2001M) (Figure 5). In
contrast to sodium benzoate, 3,5-dichlorosalicylate is
50 fold more lipophilic than salicylate (Levitan &
Barker, 1972) and is therefore adsorbed onto cell
membranes at 30-100 fold lower concentrations
(McLauglin, 1973). 3,5-Dichlorosalicylate (100 1AM)
also increased Ca2+-induced contractions in prepara-
tions treated with verapamil (0.2 1AM) and relaxed
contractions in preparations pretreated with W-7
(2001AM) (Figure 6). Thus the concentrations of
sodium benzoate and of 3,5-dichlorosalicylate which
have differential effects on calcium-antagonists are
the concentrations previously found to change mem-
brane surface charge.

W-7, 200 aiM-

Fgure 6 Effects of 3,5-dichlorosalicylate (100lAM, *)
on contractions induced by Ca24 (3 mm, *) of taenia
preparations maintained in K+ (40 mM)-depolarizing
Tyrode solution. The preparations had been pretreated
for 20 min before addition of Ca24 with verapamil
(0.21AM) or with W-7 (2001AM). The isotonic contrac-
tions were 55 and 46% of the maximum contraction.

If salicylate is acting by changing surface charge on
the membrane then it may affect tissue K+ permea-
bility. Although the tissues were routinely main-
tained in high K+ solution, the concentration used,
40 mM, is optimal for allowing reproducible and sus-
tained Ca2+-induced contractions but does not cause
a maximal depolarization. Thus preparations were
incubated with calcium-antagonists in K+ (100 mM)
Tyrode and challenged with salicylate (5 mM) after
being contracted with Ca2+ (3 mM). Under these con-
ditions the Ca2+-induced contraction was not well
maintained and, after an initial phasic contraction,
declined to a steady level which was 30-70% less
than the phasic contraction. Salicylate fully relaxed
Ca2+-induced contractions in preparations which had
been pretreated with cinnarizine (11M) or W-7
(200 1AM) (n = 4). However, salicylate (5 mM) had no
effect in three preparations and relaxed one prepara-
tion (by 49%) which had been preincubated with
verapamil, 0.2 1AM. This result is in marked contrast
with the findings in K+ (40 mM)-Tyrode solution
(Figure 3).

Local anaesthetics may inhibit Ca2+-induced con-
tractions in a non-specific fashion if sufficiently high
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Benzocaine

(+)- Propranolol

10 min

Flgure 7 Effects of salicylate (5 mM, added at 0 ) on contractions induced by Ca2+ (3 mm, * ) of taenia preparations
maintained in K+ (40 mM)-depolarizing Tyrode solution. The preparations had been pretreated for 20 min before
addition of Ca2+ with benzocaine (1 mm, upper panel) and (+)-propranolol (100 fM, lower panel). The isotonic
contractions were 39 and 48% of the maximum contraction.

concentrations are used (Spedding & Berg, 1984).
The effects of the neutral local anaesthetic ben-
zocaine might be expected to be independent of
surface charge. Taenia preparations were therefore
incubated for 20 min with benzocaine (1 mM) or with
the cationic local anaesthetic (+)-propranolol
(100 juM). Salicylate (5 mM) caused a rapid relaxation
of Ca2+-induced contractions in (+)-propranolol-
treated preparations but did not affect substantially
the preparations pretreated with benzocaine (Figure
7).

Discussion

The drugs classed as calcium-antagonists are a chem-
ically disparate group often with different clinical
profiles. I have sought to rationalize these differences
by proposing that three distinct subgroups of calcium
antagonist exist, each with its own distinct structure
activity relationships and different functional effects
in vitro and in vivo (Spedding, 1981; 1982a,b; 1983).
The present study has confirmed this classification
because salicylate differentiated three subgroups of
calcium-antagonists which were the same as those
found in previous functional studies (Spedding,
1981; 1982a,b, 1983). Thus salicylate had no effect
on the calcium-antagonist potency of the dihyd-
ropyridine, nifedipine, reduced the inhibitory effects
of verapamil and diltiazem and increased the

calcium-antagonistic effects of the lipophilic
diphenylalkylamines (cinnarizine, flunarizine, fen-
diline, pimozide) and also of the calmodulin antagon-
ist W-7. The effects of salicylate were similar whether
preincubated with the antagonists or added to tissues
where the calcium-antagonists were in a steady state
with Ca2 . Sodium salicylate thus appears to be a
powerful tool to investigate the modes of action of
different calcium-antagonists.
The mechanism of action of salicylate is probably

due to an increase in negative surface charge of the
membrane which would also affect the disposition of
any residual bound Ca2+. The concentrations of
salicylate used are similar to those shown to change
surface charge in artificial membranes (McLaughlin,
1973) and in molluscan neurones (Levitan & Barker,
1972). Furthermore, dichlorsalicylate was more po-
tent and benzoate less potent than salicylate in caus-
ing similar effects, consistent with their differential
affinities for lipid bilayers (McLaughlin, 1973) and
neurones (Levitan & Barker, 1973). Further evi-
dence for a role of surface charge is provided by the
experiments with benzocaine and (+)-propranolol.
Benzocaine is a neutral local anaesthetic which
achieves its inhibitory effects by rapid diffusion into
the membrane (Courtney, 1980). Predictably, the
potency of this drug was not influenced by salicylate.
In contrast the local anaesthetic properties of (+)-
propranolol are predominantly due to the cationic
form of the molecule. These effects should be influ-
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enced by a change in surface charge and were in fact
altered by salicylate. Furthermore, certain alterna-
tive explanations can be ruled out from the present
work. For example, salicylate ions are known to
uncouple oxidative phosphorylation (Brody, 1956;
Brasch, 1983) and to inhibit prostaglandin biosyn-
thesis. However, neither 2,4-dinitrophenol, an un-
coupler of oxidative phosphorylation, nor in-
domethacin, an inhibitor of prostaglandin biosyn-
thesis, had differential effects on calcium-antagonist
potency. Nevertheless it is worth pointing out that
these secondary effects will limit the test systems in
which salicylate can be used because high concentra-
tions (5 mM) are necessary to change surface charge;
in heart preparations lower concentrations may in-
hibit oxidative phosphorylation and contractility
(Brasch, 1983). It remains to be seen whether high
concentrations of benzoate are more selective than
salicylate in changing surface charge.
How may changes in surface charge differentially

affect the action of calcium-antagonists? First, sur-
face charge may affect ion channel gating and change
the proportion of ion channels in a particular form
(resting, activated, inactivated). Hille et al. (1975)
proposed that negative surface charges clustered
around sodium channels give a local contribution to
the electrical field across the membrane and hence
control gating characteristics. Shimoni (1981) has
proposed that repriming of the Ca2" channel in frog
atnum is dependent on intracellular Ca2+ and on
variations in extracellular surface charge. Thus the
surface charge could influence the state of the chan-
niel and thereby alter the effectiveness of drugs which
have affinity for a particular state.

Secondly, surface charges give a bulk charge to the
membrane which can affect drug disposition. In this
respect, penetration of cationic drugs in bilayer mem-
branes is augmented by increases in negative surface
charge (McLauglin, 1973). Surewicz & Leyko (1981)
have shown that (+)-propranolol accumulates in and
expands negatively charged acidic phospholipid
membranes at low concentrations (5 Mm), whereas 20
fold higher concentrations are required for an equi-
valent effect in neutral membranes. Thus the relaxa-
tion following addition of salicylate to propranolol-
treated preparations may reflect greater partitioning
of propranolol into the taenia muscle membranes
following the increase in surface charge. In this re-
spect, the time course of the relaxation following
addition of salicylate is similar to the time course of
the onset of the inhibitory effects of propranolol
(Spedding & Berg, 1984, unpublished data), consis-
tent with a change in equilibrium.
The increased effectiveness of W-7 and the

diphenylalkylamines is also likely to be due to in-
creased passage through cell membranes. W-7 binds
to calmodulin (Hidaka. et al., 1978). Calmodulin

functions as one of the Ca2+ receptor proteins for the
contractile proteins in smooth muscle and W-7, in the
concentrations used in this study (200 pM), has been
shown to inhibit contractility in the taenia without
inhibiting 45Ca2+ uptake (Karaki et al., 1982). Thus
W-7 must penetrate the cell membrane to achieve its
site of action and the increased effectiveness of W-7
in the presence of salicylate is probably due to in-
creased intracellular accumulation, although a direct
effect of salicylate on calmodulin cannot be ruled out.
Similarly, the increased effectiveness of the
diphenylalkylamines in the presence of salicylate
may be taken as evidence that these drugs must
accumulate at intracellular or intramembranal sites.
An intracellular site of action on the contractile
proteins has been reported (Spedding, 1983), but
only at high concentrations requiring considerable
intracellular accumulation. Intracellular accumula-
tion has been demonstrated for one calcium-
antagonist, bepridil, which binds to the contractile
proteins (Cramb & Dow, 1983) and accumulates
40- 100 fold in smooth or cardiac muscle (Cramb &
Dow, 1983; Pang & Sperelakis, 1983). The
diphenylalkylamines (Spedding, 1982a) and bepridil
(unpublished observation) have a slow onset of ac-
tion in the taenia which becomes even slower if Ca2+
is present in the bathing media. The reduced effec-
tiveness of these drugs in the presence of high exter-
nal Ca2+ and increased inhibition in the presence of
salicylate is compatible with opposite effects of Ca2+
and salicylate on surface charge and hence on the
disposition of the drugs.
The question then arises as to whether the drugs

accumulate at the Ca2+ channel, at the contractile
proteins, or at other sites. Fendiline and prenylamine
have been shown to bind to calmodulin (Johnson
et al., 1983; Johnson & Fugman, 1983) at the same
concentrations as they inhibit contractility in K+-
depolarized smooth muscle (Spedding, 1982a).
Furthermore the other diphenylalkylamines, being
lipophilic and weakly basic, would be expected to
bind to the lipophilic site on this acidic protein (Sped-
ding, 1983a). Thus, after accumulation the drugs
could inhibit Ca2+-dependent processes subsequent
to Ca2+ entry. In this respect bepridil (Vogel et al.,
1979) and cinnarizine (Spedding & Richards, 1983)
have been shown to inhibit contractility to a greater
extent than 45Ca2+ uptake (but see Godfraind, et al.,
1982). Nevertheless, the diphenylalkylamines do
have high affinity for the calcium channel in smooth
muscle, as defined by [3H]-dihydropyridine binding
(Bolger et al., 1983). This apparent discrepancy can
be resolved if the lipophilic recognition sites on the
channel and on calmodulin are similar, as proposed
by Johnson et al. (1983); the drugs would have
affinity for both sites and, while the relative contribu-
tion at each site might depend on the experimental
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situation, the end result in each case would be inhibi-
tion of contractility.
The reduced calcium-antagonistic effects of dil-

tiazem and verapamil in the presence of salicylate
may be due to direct effects on the calcium channel.
Dichlorosalicylate (0.3 mM) reduces the inhibitory
effects of verapamil, but not of dihydropyridines, on
[3H]-nitrendipine binding to guinea-pig skeletal
muscle membranes (Mir & Spedding, unpublished
observations.) A site of action at the calcium channel
would therefore explain the reversal of the effects of
verapamil by salicylate. However, such an explana-
tion must also accomodate the finding that salicylate
was only effective in reversing the effects of ver-
apamil when the preparations were partly depolar-
ized (40 mM K+) and not when preparations were
fully depolarized (100 mM K+; Inomato & Kao,
1976) even though the effects of cinnarizine and W-7
were still augmented. This discrepancy might be exp-
lained on the basis that verapamil selectively binds to
certain forms of the channel. Calcium channels may
exist in at least three states (closed, open and inacti-
vated; Reuter, 1983) and diltiazem and verapamil
are claimed to bind selectively to the inactivated form
(Kanaya et al., 1983). Thus procedures reducing the
time spent in this state would reduce the overall
affinity of the channels for verapamil.

Shimoni (1981) has shown in frog atrium that
increasing negative surface charge reduces and de-
polarization increases the proportion of inactivated
channels which fits with the effects of salicylate in the
taenia. It may therefore be possible that the effects of
salicylate are overcome by maximal depolarization.
Such a hypothesis would also explain the failure of
salicylate to modify the effects of nifedipine, because
the effects of this comnpound are much less dependent
on the state of the channel (Kohlhardt & Fleckens-
tein, 1977; Bayer & Ehara, 1978).
The effects of diltiazem were also reduced by

salicylate. It has been proposed that diltiazem dis-
sociates a subunit from the calcium channel on the
basis of target size analysis studies (Goll et al., 1983);
the effects of verapamil were not studied. As such
subunits are probably held together by local charges,
which may be modified in vitro, salicylate may be a
useful tool for investigation of the function of the
calcium channel in addition to studying the interac-
tions of calcium antagonists with the channel.

I am very grateful to Mme C. Berg for excellent technical
assistance and to Mme E. Anstett for typing the manuscript,
and to Bayer AG, Dr Thiemann Gmbh, Janssen Phar-
maceutica and Knoll for gifts of drugs. Dr J.R. Fozard's
criticism has considerably improved the manuscript.

References

BAYER, R. & EHARA, T. (1977). Comparative studies on
calcium antagonists. Prog. Pharmac., 2, 31-37.

BOLGER, G.T., GENGO, P., KLOCKOWSKI, R., LUCHOWS-
KI, H., JANIS, R.A., TRIGGLE, A.M. & TRIGGLE, D.J.
(1983). Characterization of binding of the Ca++ channel
antagonist, (3H) nitrendipine, to guinea-pig ileal smooth
muscle. J. Pharmac. exp. Ther., 225, 291-309.

BRADING, A.F. (1981). Ionic distribution and mechanisms
of transmembrane ion movements in smooth muscle. In
Smooth Muscle: an Assessment of Current Knowledge.
ed. Biilbring, E., Brading, A.F., Jones, A.W. & Tomita,
T. pp. 65-92. London: Edward Arnold.

BRADING, A.F. & WIDDICOMBE, J.H. (1977). The use of
lanthanum to estimate the number of extracellular
cation-exchanging sites in the guinea-pig's taenia coli,
and its effects on transmembrane monovalent ion move-
ments. J. Physiol., 266,255-273.

BRASCH, H. (1983). Lack of direct antiarrhythmic elec-
trophysiological effects of salicylate on isolated guinea-
pig myocardium. Naunyn-Schmiedebergs Arch. Phar-
mac., 323, 343-349.

BRODY, T.M. Action of sodium salicylate and related com-
pounds on tissue metabolism in vitro. J. Pharmac. exp.
Ther., 117, 39-51.

COHEN, I., NOBLE, D., OHBA, M. & OJEDA, C. (1979).
Action of salicylate ions on the electrical properties of
sheep cardiac Purkinje fibres. J. Physiol., 297, 163-185.

COURTNEY, K.R. (1980). Structure-activity relations for
frequency-dependent sodium channel block in nerve by
local anesthetics. J. Pharmac. exp. Ther., 213, 114-119.

CRAMB, G. & DOW, J.W. (1983). Uptake of bepridil into
isolated ventricular myocytes. Retention by actin.
Biochem. Pharmac., 32,227-231.

FERRY, D.R. & GLOSSMANN, H. (1982). Evidence for mul-
tiple receptor sites within the putative calcium channel.
Naunyn-Schmiedebergs Arch. Pharmac., 321, 80- 83.

FLECKENSTEIN, A. (1981). Fundamental actions of cal-
cium antagonists on myocardial and cardiac pacemaker
cell membranes. In New Perspectives on Calcium An-
tagonists. ed. Weiss G.B., pp 59-81. Bethesda: Ameri-
can Physiological Society.

GODFRAIND, T., MILLER, R.C. & SOCRATES LIMA, J.
(1982). Selective al- and a2-adrenoceptor agonist-
induced contractions and 45Call fluxes in the rat iso-
lated aorta. Br. J. Pharmac., 77, 597-604.

GOLL, A. FERRY, D.R. & GLOSSMANN, H. (1983). Target
size analysis of skeletal muscle Call channels. FEBS
LIetters, 157, 63-69

GOODFORD, P.J. & WOLOWYK, M.W. (1972). Localization
of cation interactions in the smooth muscle of the
guinea-pig taenia coli. J. Physiol., 224, 521-535.

HIDAKA, H., ASANO, M., IWADARE, S., MATSUMOTO, I.,
TOTSUKA, T. & AOKI, N. (1978). A novel vascular
relaxing agent, N-(6-aminohexyl)-5-chloro- 1-



220 M. SPEDDING

naphthalenesulfonamide which affects vascular smooth
muscle actomyosin. J. Pharmac. exp. Ther., 207,8- 15.

HILLE, B., WOODHULL, A.M. & SHAPIRO, B.I. (1975).
Negative surface charge near sodium channels of nerve:
divalent ions, monovalent ions, and pH. Phil. Trans. R.
Soc. B., 270,301-318.

INOMATA, H. & KAO, C.Y. (1976). Ionic currents in the
guinea-pig taenia coli. J. Physiol., 255, 347-378.

JOHNSON, J.D. & FUGMAN, D.A. (1983). Calcium and
calmodulin antagonists binding to calmodulin and relax-
ation of coronary segments. J. Pharmnac. exp. Ther., 226,
330-334.

JOHNSON, J.D., WITTENAUER, L.A. & NATHAN. R.D.
(1983). Calmodulin, Ca++ antagonists and Ca++ trans-
porters in nerve and muscle. J. Neural Trans., suppl. 18,
97-111.

KANAYA, S., ARLOCK, P., KATZUNG, B.G. & HON-
DEGHEM, L.M. (1983). Diltiazem and verapamil prefe-
rentially block inactivated cardiac calcium channels. J.
Mol. Cell. Cardiol., 15,145-148.

KARAKI, H., MURAKAMf, K., NAKAGAWA, H., OZAKI, H
& URAKAWA, N. (1982). Effects of calmodulin an-
tagonists on tension and cellular calcium content in
depolarized vascular and intestinal smooth muscles. Br.
J. Pharmac., 77, 661-666.

KOHLHARDT, M. & FLECKENSTEIN, A. (1977). Inhibition
of the slow inward current by nifedipine in mammalian
ventricular myocardium. Naunyn-Schmiedebergs Arch.
Pharmac., 298,267-272.

LEVITAN, H. & BARKER, J.L. (1972). Salicylate: a
structure-activity study of its effects on membrane per-
meability. Science, 176,1423-1425.

McLAUGHLIN, S. (1973). Salicylates and phospholipid
bilayer membranes. Nature, 243,234-236.

PANG, D.C. & SPERELAKIS, N. (1983). Nifedipine, dil-
tiazem, bepridil and verapamil uptakes into cardiac and

smooth muscles. Eur. J. Pharmac., 87, 199-207.
REUTER, H. (1983). Calcium channel modulation by

neurotransmitters, enzymes and drugs. Nature, 301,
569-573.

SHIMONI, Y. (1981). Parameters affecting the slow inward
channel repriming process in frog atrium. J. Physiol.,
320,269-291.

SPEDDING, M. (1981). Marked differences in the effects of
"Ca++-antagonists" on CaCl2-induced contractions in
K+-depolarized smooth muscle. Br. J. Pharrnac., 72,
144P.

SPEDDING, M. (1982a). Assessment of the "Ca++ -

antagonist" effects of drugs in K+-depolarized smooth
muscle. Differentiation of antagonist sub-groups.
Naunyn-SchmiedebergsArch. Pharmac., 318,234-240.

SPEDDING, M. (1982b). Differences between the effects of
calcium antagonists in the pithed rat preparation. J.
cardiovasc. Pharmac., 4, 973-979.

SPEDDING, M. (1983). Direct inhibitory effects of some
'calcium-antagonists' and trifluoperazine on the con-
tractile proteins in smooth muscle. Br. J. Pharmac., 79,
225 -231.

SPEDDING, M. & RICHARDS, M. (1983). 45Call-uptake
curves: displacement by Ca'+-antagonists. Naunyn-
Schmiedebergs Arch. Pharmac., 324, R48.

SUREWICZ, W.K. & LEYKO, W. (1981). Interaction of prop-
ranolol with model phospholipid membranes:
monolayer, spin label and fluorescence spectroscopy
studies. Biochem. biophys. Acta, 643, 387-397.

VAN ROSSUM, J.M. (1963). Cumulative dose-response
curves. II. Technique for the making of dose-response
curves in isolated organs and the evaluation of drug
parameters. Archs int. Pharmacodyn., 143, 299-330.

VOGEL, S., CRAMPTON, R. & SPERELAKIS, N. (1979).
Blockade of myocardial slow channels by bepridil
(CERM-1978). J. Pharmac. exp. Ther., 210,378-385.

(Received February 14, 1984.
RevisedApril2, 1984.)


