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Spironolactone inhibition of contraction and calcium

channels in rat portal vein

C. Dacquet, G. Loirand, C. Mironneau, 'J. Mironneau & P. Pacaud

Laboratoire de Physiologie Cellulaire, Institut de Biochimie et Neurochimie du C.N.R.S., Université de
Bordeaux II, 1 Rue Saint-Saéns, 33077 Bordeaux Cedex, France

1 The effects of spironolactone have been studied on the mechanical activity of rat portal vein strips
and the calcium channel currents of isolated cells using the patch clamp technique (whole-cell
configuration).

2 Spironolactone (50 nM to 0.1 mM) depressed both K*-induced and twitch contractions within 5—
6 min. This inhibitory effect was overcome by elevating the calcium concentration in the perfusing
solution.

3 Spironolactone (60uM) depressed the transient contractions induced in a Ca’*-free, EGTA-
containing solution by either acetylcholine (0.1 mM) or noradrenaline (10puM). The effect of
spironolactone was dependent on a reduction in the filling of the internal calcium store.

4 Rapidly inactivating calcium channel current was maintained in the presence of spironolactone
(60 uM), while slowly inactivating calcium channel current was blocked in a concentration-dependent
manner. Half-inhibition of slow calcium channel current was obtained at concentrations between 5—
7 uM.

5 Administration of spironolactone (10 uM) at rest reduced calcium channel current by about 70%
(tonic inhibition). Repetitive depolarizations (300 ms long pulses to zero mV, applied between 0.05 and
0.5 Hz) had no further inhibitory effect on the inward current (absence of use-dependence).

6 When cells were held at depolarized membrane potentials at which slow calcium current was
inactivated by about 80%, the inhibitory effect of spironolactone (10 puM) was similar to that obtained
with cells normally polarized. Spironolactone (10 uM) had no effect on the voltage-dependence of
inactivation of the calcium channel current.

7 Our results suggest that spironolactone acts primarily on the plasma membrane by depressing

inward current through slow calcium channels. This effect may be explained by a preferential binding
of the drug to the resting state of the slow calcium channel. In addition, spironolactone may depress

contractions dependent on the release of calcium from the sarcoplasmic reticulum.

Introduction

Spironolactone is a mineralocorticoid that com-
petitively inhibits the effects of aldosterone and other
steroids in many tissues (Ramsay, 1982). It also
possesses diuretic and antihypertensive properties
which can be equivalent to those of the thiazides. The
reduction in blood pressure induced by spironolactone
is obtained without a significant variation in the
plasma concentration of K* ions. Moreover, direct
effects of spironolactone have been demonstrated in
mammalian myocardium including a positive
inotropic effect and an increase in both the amplitude
and duration of the action potential (Coraboeuf &
Deroubaix, 1974).

'Author for correspondence.

The purpose of the present study was to test whether
spironolactone has calcium channel blocking proper-
ties in vascular smooth muscle by studying its effects
on isometric contractions (in polarized and
depolarized preparations), and on the calcium channel
currents of isolated vascular smooth muscle cells using
the patch-clamp technique. A Ca**-free, EGTA-con-
taining solution was used to determine whether
spironolactone may affect intracellular calcium release
induced by acetylcholine or noradrenaline.
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Methods
Contractile activity

Experiments were performed on longitudinal strips
(100-200 pum wide, 2—3 mm long) isolated from rat
portal veins. After a stabilizing period (20 min) in the
reference solution, the preparation was ready for
experimental recordings. Isometric contractions were
recorded in an experimental chamber which has been
described previously (Mironneau et al., 1984). Con-
centrations producing 50% inhibition of contraction
(IC,,) were estimated from the concentration-response
curves. Relative potency of spironolactone on
polarized and depolarized preparations was calculated
as the ratio of IC,, against spontaneous contractions
and against the plateau of K*-induced contractions.

Electrical activity

The cells were isolated from rat portal vein as des-
cribed recently (Loirand et al., 1986). They were
maintained in primary culture and used during the
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Figure 1 Effect of spironolactone on isometric twitch
contractions in a polarized rat portal vein strip bathed in
the reference salt solution. (a) Spironolactone (50 uM)
reversibly inhibited the contraction. (b) Concentration-
response curve for the inhibitory action of spironolac-
tone. Ordinate scale: % of maximal control contraction.
Abscissa scale: —log of drug concentration (M). Each
point represents the mean of 5 preparations; vertical lines
show s.d.

first 48 h. The electrode, electronics and data record-
ing have also been described in detail recently
(Loirand et al., 1986). The cells were investigated with
patch electrodes in the whole-cell clamp mode (Hamill
et al., 1981). The patch pipettes were filled with a
solution containing (mM): CsCl 130, K-pyruvate 7.5,
K-succinate 7.5, HEPES 10 (pH7.3 with KOH),
EGTA 1. The CsCl equilibrated within 1 min with the
internal fluid, thereby blocking the outward potas-
sium currents. Thus, the net inward current was
considered to represent the calcium channel current.

Solutions-and drugs

Physiological solutions had the following composi-
tion: (a) reference solution (mM): NaCl 130, KCl15.6,
CaCl, 2.1, MgCl,0.24 and glucose 11. The solution
was buffered by either Tris-HCl or HEPES-NaOH
(8.3mM) to pH74. (b) Barium solutions were
obtained by substituting CaCl, for BaCl, in various
amounts. (c) In Ca-free solution, CaCl, was omitted
and EGTA was added at 0.5 mM. (d) High-potassium
solutions were obtained by substituting NaCl with
KCl in equimolar amounts. (¢) Cobalt chloride and
nifedipine (Bayer) were used as inhibitors of the
calcium inward current (Fleckenstein, 1983). All solu-
tions were maintained at 35 + 1°C.

Acetylcholine and noradrenaline were obtained
from Sigma. Spironolactone was a gift from Searle
(Paris). Spironolactone and nifedipine were prepared
as a 107'M stock solution in dimethylsulphoxide
(DMSO, Sigma) and diluted to the final concentra-
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Figure 2 Concentration-response curves for the effects
of spironolactone on sustained /(@) and phasic ()
contractions induced by a 60 mM K* solution. Ordinate
scale: % of maximal control contraction. Abscissa scale:
—log of drug concentration (M). Each point represents
the mean of 4 preparations; vertical lines indicate s.d.
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tion. The added amount of DMSO to the final solution
had no effect on either mechanical or electrical
activity.

Statistical analysis

The experimental results are expressed as mean + s.d.
and significance was tested by means of Student’s ¢
test.

Results

Effects of spironolactone on isometric contractions in
rat portal vein

Figure 1a shows the inhibitory effect of spironolactone
(50uM) on spontaneous contractions. In all
experiments, the measurements were only made when
the preparations reached a steady-state, i.e., within 5—
6min. The effect of spironolactone was completely
reversed within 4—5min in reference solution. The
concentration-response curve for the inhibitory effect
of spironolactone was obtained in a non-cumulative
manner on 5 different preparations. The amplitude of
the contraction (as %) was plotted as a function of the
external drug concentration (from 50 nM to 0.1 mM) as
shown in Figure 1b. Half-maximal and complete
inhibition were obtained at concentrations of 20 uM
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Figure 3 Effect of spironolactone (60 uM) on transient
contractions of rat portal vein induced by noradrenaline
(NA, 10 uMm) in a Ca?*-free solution. (a) When spironolac-
tone was added only during calcium loading
(Ca? 2.1 mM), the contraction was reduced to 51 + 8%
of control (n=4). (b) When added during calcium
loading and during Ca**-free perfusion, spironolactone
reduced the transient contraction to 46 + 7% of control
(n =4). NA was applied after 2min in the Ca?*-free
solution.

and 60puM, respectively. The inhibitory effect of
spironolactone (20 uM) on spontaneous contractions
was completely reversed by an increase in external
calcium concentration from 2.1 to 4.2 mm.

Application of a 60mMK* solution induced a
phasic peak contraction followed by a sustained
plateau the amplitude of which was dependent on the
external calcium concentration (Gabella, 1968; Nanjo,
1984). Spironolactone was then added for its
equilibration time either before the phasic potassium
contraction or during the plateau of the potassium
contraction. Figure 2 shows the depressant action of
spironolactone on both potassium contractions as a
function of the drug concentration. Against the
plateau of the K*-contraction, half-maximal and
complete inhibition were obtained at 10 and 50 uM,
respectively. Against the phasic peak potassium con-
traction, half-maximal and complete inhibition were
obtained at 30 and 100 uM, respectively. From 4
different preparations, the relative potency of spiron-
olactone calculated from the IC,, against spontaneous
contractions and against the plateau of K*-induced
contractions was equal to 2, indicating that spiron-
olactone did not induce a voltage-dependent
inhibitory effect (P> 0.05).

Effects of spironolactone on contractions induced in
Ca**-free solution

In Ca**-free, 0.5 mM EGTA-containing solution, the
60 mM K *-induced contraction ceased within several
seconds. In contrast, noradrenaline- and acetyl-
choline-induced contractions decreased in amplitude
but persisted longer (Nanjo, 1984; Dacquet et al.,
1987). In the following experiments, the filling of the
internal calcium store was carried out on quiescent
preparations (in the presence of 50 nM nifedipine) for
10min in 2.1 mM Ca®*-containing solutions. When
spironolactone (60 pM) was added only during calcium
loading (Figure 3a), the noradrenaline-induced con-
traction obtained after 2 min in Ca?*-free solution was
decreased to 51+ 8% of control (n =4, P>0.01).
When spironolactone was applied during calcium
loading and during perfusion in Ca®*-free solution
(Figure 3b), the amplitude of the transient noradren-
aline-induced contraction obtained after 2min in
Ca?*-free solution was reduced to 46 + 7% of control
(n=4, P<0.01). The spironolactone-induced
inhibitory effects were not significantly different
(P>>0.05). Similar experiments were made on con-
tractions induced by acetylcholine (0.1 mM) in a Ca?*-
free solution. When spironolactone was added only
during calcium loading or during calcium loading and
perfusion in Ca”*-free solution, the reductions of
acetylcholine-induced contractions were not sig-
nificantly different (P> 0.05, n = 5).
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Effects of spironolactone on calcium channel currents

In rat portal vein, two distinct types of calcium
channel current have been separated kinetically and
pharmacologically. A rapidly inactivating current is
present when cells are held at very negative potentials
(—70mV). This current is prominent for relatively
small depolarizations and is insensitive to nifedipine
(0.5 uM). A slowly inactivating current (slow current)
is observed by stepping at a less negative holding
potential (—40mV) and it is blocked by 50nM
nifedipine (Loirand et al., 1986). Both currents are
unaffected by tetrodotoxin (10uM) and both are
blocked by 2.5mm Co®* ions. Figure 4a shows the
calcium channel current in response to a depolariza-
tion clamp pulse from a holding potential of — 70 mV
in a 5mM Ba’*-containing solution. The depolariza-
tion elicited a barium inward current which reached a
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Figure 4 Effect of spironolactone on the inward current
in a single cell elicited from a holding potential of
—70mV to + 10 mV in a solution containing 5 mm Ba?*.
(a) A rapidly inactivating inward current persists in the
presence of a maximal concentration of spironolactone
(60 uM). (b) Current-voltage relationships of the peak
current obtained in another cell in the absence (@) and
presence (O) of spironolactone (60 uM). Calcium channel
current was defined as the inward current sensitive to
2.5mM Co**,

peak of 950 pA within 5—7 ms. From the peak, the
inward current decayed with time but was still inward
at the end of a 300 ms depolarization. Application of
60 uM spironolactone reduced the peak calcium chan-
nel current to about 42+ 6% of control (n =35,
P<0.01) within 10min. This reduction was
associated with complete suppression of the late
inward current. In the presence of spironolactone,
inward current inactivated faster and the half-decay
time was shortened from 100 to 45 ms. Higher concen-
trations of spironolactone (100 uM) had no further
inhibitory action on inward calcium channel current
(n = 4). The inhibitory effect of spironolactone (at
concentrations lower than 60puM) was completely
reversible within 15 min. The influence of membrane
potential pulses is illustrated by the peak current-
voltage relationships obtained from a holding poten-
tial of —70 mV. By subtracting the currents obtained
before and after exposure to 2.5mM Co** ions, we
obtained the corrected peak inward current-voltage
relationships (Figure 4b). Under control conditions,
inward current started at a threshold potential of
—40mV and reached a peak near zero mV. At positive
potentials, the current decreased and reversed at about
+ 70 mV. In the presence of 60 uM spironolactone, the
inward current was reduced over the whole range of -
clamp potentials without modification of the reversal
potential. In order to verify whether the spironolac-
tone-resistant  current corresponded to the
dihydropiridine-resistant current, spironolactone was
added after complete inhibition of the slow inward
current in the presence of 0.5 uM nifedipine (Figure 5).
The fast inward current obtained by stepping from
—70mV was not significantly changed by spironolac-
tone (3 + 2%, n =4, P>0.05), suggesting that the
drug exerted its main inhibitory effect on the slow
inward current.

The effects of different concentrations of spiron-
olactone on the slow inward current obtained from a
holding potential of —40 mV are illustrated in Figure
6. The maximal inward current was reduced by
60 £ 9% (n = 6, P <0.01) at a concentration of 10 uM
while 60 uM spironolactone completely abolished the
inward current (n =4). As shown by the current-
voltage relationships (Figure 6c), the control and
spironolactone peak current-voltage relationships
converge to a similar potential indicating little or no
change in the apparent reversal potential for the slow
calcium channel current. Half-inhibition of inward
current was obtained with concentrations of 5—7 uM
in 6 different cells.

Tonic and use-dependence of the effect of
spironolactone on slow calcium channels

As spironolactone exerted its main inhibitory effect on
the slow calcium channel current, we used two
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Figure5 Effect of spironolactone on the fast inward current of a single cell in a 5 mM Ba?*-containing solution. (a) The
slow inward current elicited from a holding potential of —40mV to 0mV is inhibited by the addition of 0.5 uM
nifedipine. (b) After returning to a holding potential of — 70 mV, the fast inward current in response to a depola-ization
to OmV is not significantly affected by 10 uM spironolactone.
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Figure 6 Effect of spironolactone on the slow inward current of single cells elicited from a holding potential of
—40mV toOmV (a) and — 10 mV (b) in a S mM Ba*-containing solution. Partial (a) and complete (b) inhibition of the
inward current was produced by 10 and 60 uM spironolactone, respectively, in two different cells. (c) Current-voltage
relationships of the peak slow inward current in control (@) and in presence of 10pM (O) and 60puM (W)

spironolactone.
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protocols to assess the relative contribution of tonic
and use-dependent blockade of calcium channels.
When voltage-clamp pulses were applied from a
holding potential of —40 mV at a frequency of 0.05 Hz
under control conditions, the decrease of maximal
slow inward current within 15 min was not significant
(7% 3%, n =25, P>0.05). With the first protocol,
spironolactone (10 uM) was added to a cell which was
stimulated at a frequency of 0.05Hz as in control
(Figure 7a). There was a progressive decline of inward
current during subsequent voltage depolarizations. A
steady state inhibition of 67 + 8% (n = 6, P <0.001)
was obtained for the 18th depolarization, after 6 min
of drug exposure. With the second protocol, spiron-
olactone (10 uM) was added during a rest period of
6min and blockade was assessed as the difference
between peak inward current in the control and the
first pulse after drug exposure (Figure 7b). The inward
current was inhibited by 63+ 7% (n =4, P<0.01)
indicating that the blockade was not dependent on the
number of voltage depolarizations applied at 0.05 Hz.
As hyperpolarizing the membrane to —80 mV for 30 s
did not restore the initial inward current, we can
assume that the blockade was largely tonic.

In order to confirm that the effect of spironolactone
was not use-dependent at any stimulation frequencies,
the rate of pulsing was increased to 0.2 and 0.5 Hz. At
these frequencies, the slow inward current became

a0
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smaller even in the absence of spironolactone (Figure
8). Comparing the control slow inward current and the
current obtained after 2min during a train of
repetitive pulses (—40 to 0 mV), the reduction was
40+ 3% (n=3, P<0.01) at 0.2Hz, and 58 + 7%
(n =4, P<0.01) at 0.5 Hz. When the stimulation was
interrupted for 2—3 min, the amplitude of the inward
current was completely restored. When spironolac-
tone (10 uM) was applied under resting conditions for
3 min, the first pulse evoked a slow inward current
which was significantly reduced (45+ 7%, n=>5,
P <0.01). During stimulation at frequencies of 0.2
and 0.5 Hz, the slow inward current decreased in a
beat-to-beat fashion and a steady-state was usually
reached within 2 min. We compared the amplitude of
the currents obtained after 2 min of stimulation in the
presence and absence of spironolactone. The spiron-
olactone-induced reductions of peak inward current at
0.2 and 0.5Hz stimulation were 57 +£10% (n =35,
P<0.01) and 59+ 8% (n=4, P<0.01), respec-
tively. After spironolactone had been acting for 5 min,
the differences in inhibition of the slow inward current
in the absence and presence of a train of repetitive
pulses for 2 min were not significant (P > 0.05). Thus,
we can assume that the antagonistic effect of spiron-
olactone is not changed after the depolarizing pulses
have opened the slow calcium channels at frequencies
between 0.05 and 0.5 Hz.

Control

100 pa|

Figure7 Tonic and frequency-dependent inhibition of the slow inward current of single cells in 5 mM Ba’*-containing
solution by spironolactone (10 uM) at a stimulation frequency of 0.05 Hz. (a) Membrane currents elicited by repetitive
voltage-clamp pulses (0.05 Hz) from a holding potential of —40 mV to 0 mV. The largest inward current was recorded
under control conditions before exposure to the drug; subsequent currents were recorded during a train of voltage
clamp pulses applied after the addition of spironolactone. The numbers correspond to the inward current elicited by the
3rd (1 min), 12th (4 min), 18th (6 min) pulses. (b). Membrane currents elicited under control conditions and after 6 min
of perfusion in the presence of spironolactone (S) without application of any depolarizing pulse. In both cases, the
steady-state inhibition of the inward current was similar.
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Figure 8 Effect of frequency of the command pulse on
the slow inward current of single cells recorded from a
holding potential of —40mV to 0mYV in a 5mm Ba?*-
containing solution. Amplitudes of the inward current
evoked by repetitive application of the command pulse in
the absence (@) and presence (O) of spironolactone
(10 uM). Spironolactone was added for 3 min before
application of a train of repetitive pulses at 0.2 Hz (a) and
0.5Hz (b). (W) and (O) correspond to a partial restora-
tion of the inward current obtained after a resting period
of 1 min in control and spironolactone-containing solu-
tions, respectively. Steady-state blockade was evident
when comparing the control current and the current
obtained in the presence of spironolactone after 5 min. In
(a), the slow inward current was inhibited by 43% after
addition of spironolactone for 3 min without stimulation
and by 50% after application of a train of repetitive pulses
for 2 min at 0.2 Hz. In (b), it was inhibited by 56% after
addition of spironolactone for 3 min without stimulation
and 63% after application of a train of repetitive pulses
for 2 min at 0.5 Hz. The command pulses were 300 ms in
duration and 40 mV in amplitude.

Voltage-dependence of the effect of spironolactone on
slow calcium channels

The next possibility we tested was that changes in
membrane potential, even in the absence of repetitive
stimulation, can alter the effectiveness of inward
current blockade by spironolactone. In this test,
calcium channel current was recorded during

depolarizing voltage pulses applied from a holding
potential of —40mYV or — 20m V (Figure 9). In the
absence of the drug, a change in the holding potential
from —40 to —20 mV resulted in a decrease in inward
current (80 £ 5%, n =9, P <0.001) because of inac-
tivation of the calcium channels. Then, spironolactone
(10pM) was added, and after a steady-state was
reached in this solution (6 min), inward current was
again recorded during a similar depolarization from
the two holding potentials. Inward currents recorded
during the pulses applied from both holding potentials
in the presence of spironolactone were decreased by
the same extent (61* 7%, n =35, P<<0.01). These
results clearly show that blockade of the calcium
channel current by spironolactone is not affected by
changes in membrane potential in the absence of
repetitive stimulation.

The influence of spironolactone on the voltage-
dependent inactivation of calcium channel current was
also examined using a two-pulse protocol (Figure 10,
inset). A test pulse to +10mV (V,) from a holding
potential of —40 mV was preceded by a prepulse (V,)
of 300 ms duration and of variable amplitude. The two
pulses were separated by a rest interval (A t) of 30 ms.
Peak test pulse current, normalized to the peak test
pulse current obtained in the absence of a prepulse (I/
I...), was plotted against the prepulse voltage and
represented the calcium channel inactivation curve.
No significant difference in calcium channel inactiva-
tion was consistently observed in the presence or
absence of spironolactone (Figure 10). The absence of
a voltage-dependent blockade of calcium channel
inactivation by spironolactone was observed whatever
the duration of the prepulse (from 0.3 to 5 s) in 4 other
cells.

Discussion

It is generally believed that a rise in intracellular
calcium concentration is responsible for the activation
of contraction in smooth muscles (Endo et al., 1977;
Adelstein & Hathaway, 1979). From results of vol-
tage-clamp and contraction experiments in portal vein
smooth muscle, it has been suggested that there are
two sources of intracellular ionized calcium. One is the
influx of Ca’* ions from outside through two distinct
types of voltage-dependent calcium channels (Loirand
et al., 1986); the other is the release of calcium from
intracellular storage sites (Nanjo, 1984; Dacquet et al.,
1987). There is little doubt that the calcium inward
currents are involved in triggering a contraction
(Mironneau & Gargouil, 1979; G. Loirand, P. Pacaud,
C. Mironneau & J. Mironneau, unpublished observa-
tions). However, the amount of carried charges may
still be at least an order of magnitude below the total
amount of Ca’* ions required to activate a maximal
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Figure9 Potential-dependent inhibition of the slow inward current of a single cell in a S mm Ba?*-containing solution
by spironolactone (10 uM). (a) Inward currents recorded from a holding potential of —40mV to 0 mV in the absence
and presence of spironolactone for 6 min. (b) Inward current recorded from a holding potential of —20mV to 0 mV in
the absence and presence of spironolactone for 6 min. In both cases, the inhibition induced by spironolactone was

similar. .
1
\
V2
—40 At
(]
£ 05+
= o
\.
o
\.
Ne
..... —
°~o.o. _8
0 | L
—40 0 40 80
V, (mV)

Figure 10 Effect of spironolactone (10uM) on the
inactivation curve of the slow inward current of a single
cellin a 5 mM Ba”*-containing solution obtained with the
two-pulse protocol (inset). Peak test current normalized
by its value in the absence of a conditioning pulse (I/1,,,,)
was plotted against the conditioning pulse amplitude
under control conditions (@) and after addition of
spironolactone (O) for 6 min. The voltage pulses were
300ms in duration (conditioning and test pulse) and
50mV in amplitude (test pulse) and applied from a
holding potential of —40mV.

contraction (Bolton, 1979), suggesting that the release
of Ca’ ions from the sarcoplasmic reticulum is
involved in the development of contraction. Phasic
contraction induced by a 60 mM K* solution may
depend on activation of both fast and slow calcium
channels, while maintained contraction may depend,
in part, on a calcium influx through slow calcium
channels which remain largely available at membrane
potentials near —20 mV (G. Loirand, P. Pacaud, C.-
Mironneau & J. Mironneau, unpublished observa-
tions).

The present results indicate that spironolactone, at
doses between 50 nM and 0.1 mM, causes an inhibition
of external calcium-dependent contractions in both
polarized and depolarized portal vein preparations.
The inhibitory action of spironolactone, expressed by
its relative potency against spontaneous contractions
and against the plateau of the K*-induced contrac-
tions, was shown to be not significantly affected by the
level of the membrane potential, which is in contrast to
that of dihydropyridines in portal vein smooth muscle
(Dacquet et al., 1987). A reduced phasic K* contrac-
tion persisted in the presence of 60 uM spironolactone.
Moreover, our results in single portal vein cells, also
show that spironolactone, at this concentration, has
little if any inhibitory effect on the rapidly inactivating
calcium channel current which is insensitive to
dihydropyridines (Loirand et al., 1986). The parallels
between contraction and electrophysiological results
led us to propose that the spironolactone-resistant
transient contraction may result from activation of the
fast calcium channels. However, at higher concentra-
tions of spironolactone there is a clear discrepancy
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between inhibition of phasic K* contraction and
persistence of fast inward current. This may be
explained by taking into account the fact that spiron-
olactone also inhibits the filling of the internal Ca®*
store when the drug is added for 10min before
application of a high K*-solution. Under these condi-
tions, no detectable contraction is obtained, although
the fast inward current is maintained. Spironolactone
inhibits in a dose-dependent manner the slowly inac-
tivating calcium channel current recorded from a
holding potential of —40mV. The slow inward
current is reduced by spironolactone without any
modification of the apparent reversal potential, sug-
gesting that spironolactone decreases the slow calcium
conductance of the vascular membrane. As the inward
current through slow calcium channels is involved, in
part, in spike firing and activation of the contraction,
our data clearly illustate this phenomenon.

Recent studies have provided new important infor-
mation regarding the mechanism of calcium channel
blockade by organic calcium channel antagonists (Lee
& Tsien, 1983; McDonald et al., 1984; Sanguinetti &
Kass, 1984; Bean, 1984; Uehara & Hume, 1985;
Kléckner & Isenberg, 1986). These experiments sup-
port the ‘modulated receptor hypothesis’ suggesting
that the inhibition of calcium channels can be des-
cribed as initial, tonic and frequency-dependent
mechanisms. The inhibitory effect of spironolactone
was not enhanced when the cell was stimulated by
repetitive depolarizing clamp pulses (0.05-0.5 Hz),
indicating that the functioning of calcium channels
does not play a key role in the inhibitory effect of
spironolactone (absence of use-dependence). The
initial block which occurs when resting tissue
equilibrates with the antagonist can be reversed by
hyperpolarizing the membrane to negative potentials
(—80mV) for 30s, while the tonic block cannot be
removed by a maximally effective unblocking poten-
tial. As the inhibitory action of spironolactone is not
suppressed by long hyperpolarizations to —80mV,
this leaves the tonic block as the main mechanism for
the spironolactone effect. Our results can be inter-
preted according to the ‘modulated receptor hypoth-
esis’ which postulates that the binding of the antagon-
istic drug is dependent on the channel state (resting,
open or inactivated state). When calcium channels are
opened by a conditioning depolarizing pulse sequence,
the binding of spironolactone is not favoured since the
inhibitory effect of spironolactone was similar to that
obtained in the absence of stimulation. On the other
hand, increasing the number of inactivated calcium
channels at depolarized holding potentials had no

further effect on the spironolactone-induced blockade
as assessed by the non preferential binding of the drug
to the inactivated calcium channel state. The absence
of effect of spironolactone on the voltage-dependent
gating process is indicated by the current-voltage
relationships and the inactivation curve of the slow
inward current. Thus, the blocking effect of spiron-
olactone can be explained by assuming that spiron-
olactone binds preferentially to the resting calcium
channels and, in this way, may remove calcium
channels from the pool of channels available for
opening.

The results of the experiments in the Ca’*-free,
EGTA-containing solution are consistent with the
proposal that Ca’* ions may be released from an
intracellular store in response to neurotransmitters or
by depolarization of the membrane (Mironneau &
Gargouil, 1979; Nanjo, 1984; Bond et al., 1984,
Dacquet et al., 1987). Presumably, the addition of
acetylcholine or noradrenaline releases mainly the
calcium distributed both within the peripheral sarco-
plasmic reticulum and on the internal surface of the
plasma membrane, through activation of membrane
receptors. Spironolactone depressed the transient con-
traction induced by both acetylcholine and noradren-
aline in a Ca”*-free solution. Spironolactone reduced
the direct filling of the intracellular calcium store
during calcium loading of the preparation but did not
affect significantly the release of calcium from the
internal store. Therefore, spironolactone resembles
nicardipine and diltiazem which exert a significant
effect on the filling of the intracellular internal calcium
store (Dacquet et al., 1987); it differs from drugs which
reduce the intracellular release of calcium without
affecting the direct filling of the internal store like
indapamide (Mironneau et al., 1986) or pinaverium
bromide (Mironneau et al., 1984).

In conclusion, our results demonstrate that spiron-
olactone, at concentrations that have to be considered
as pharmacological, acts on the plasma membrane of
vascular smooth muscle cells by inhibiting essentially
the slow calcium channels. The results also suggest
that spironolactone, at maximal doses, may have an
additional calcium antagonistic action, reducing con-
tractions dependent on intracellular calcium release.
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