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Inhibition by mibefradil, a novel calcium channel antagonist, of
Ca’™ - and volume-activated Cl~ channels in macrovascular

endothelial cells

'Bernd Nilius, Jean Prenen, Masahiro Kamouchi, Felix Viana, Thomas Voets & Guy Droogmans

KU Leuven, Laboratorium voor Fysiologie, Campus Gasthuisberg, B-3000 Leuven, Belgium

1 We have studied the effects of mibefradil, a novel calcium antagonist, on the resting potential and ion
channel activity of macrovascular endothelial cells (calf pulmonary artery endothelial cells, CPAE). The
patch clamp technique was used to measure ionic currents and the Fura-II microfluorescence technique
to monitor changes in the intracellular Ca®>* concentration, [Ca®*]..

2 Mibefradil (10 uM) hyperpolarized the membrane potential of CPAE cells from its mean control
value of —26.6+0.6 mV (n=7) to —59.8+1.7 mV (n=06). A depolarizing effect was observed at higher
concentrations (—13.74+0.6 mV, n=4, 30 uM mibefradil).

3 Mibefradil inhibited Ca®*-activated Cl~ currents, I c., activated by loading CPAE cells via the
patch pipette with 500 nM free Ca>" (K;=4.74+0.18 uM, n=3).

4 Mibefradil also inhibited volume-sensitive Cl~ currents, /¢, activated by challenging CPAE cells
with a 27% hypotonic solution (K;=5.4+0.22 uMm, n=06).

5 The inwardly rectifying K™ channel, IRK, was not affected by mibefradil at concentrations up to
30 uM.

6 Ca®" entry activated by store depletion, as assessed by the rate of [Ca’"|-increase upon reapplication
of 10 mM extracellular Ca*>" to store-depleted cells, was inhibited by 17.6+6.5% (n=38) in the presence
of 10 uM mibefradil.

7 Mibefradil inhibited proliferation of CPAE cells. Half-maximal inhibition was found at 1.7+0.12 uMm
(n=3), which is similar to the concentration for half-maximal block of CI~ channels.

8 These actions of mibefradil on Cl~ channels and the concomitant changes in resting potential might,
in addition to its effect on T-type Ca?" channels, be an important target for modulation of

cardiovascular function under normal and pathological conditions.
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Introduction

Mibefradil (Ro 40-597) is a novel calcium-antagonist with a
high bioavailability that causes well-tolerated antihypertensive
and anti-ischaemic effects and prevents ischaemically induced
ventricular fibrillation without negative inotropic effects
(Clozel et al., 1990; Fang & Osterrieder, 1991; Veniant et al.,
1995; Bernink et al., 1996; Billman et al., 1996; Roux et al.,
1996; Braun et al., 1996). These properties have led to the
organization of a large scale clinical trial. In addition, it may
facilitate the effects of endothelium-derived NO, affect eico-
sanoid production, have antiproliferative effects on smooth
muscle cells after vascular injury and exert a vasodilating ac-
tion via protein kinase C (PKC)-inhibition (Kung et al., 1995;
Schmitt et al., 1995; Chida et al., 1995; Hermsmeyer &
Miyagawa, 1996). The obvious therapeutic efficacy of mibe-
fradil is in contrast with the lack of information about its
mechanism of action.

Most of these effects have been attributed to its rather se-
lective block of cardiac and vascular smooth muscle T-type
Ca®" channels (Mishra & Hermsmeyer, 1994; Bakx et al.,
1995; Roux et al., 1996), since a 10 fold higher concentration is
required for an equi-effective block of L-, N-, Q- and R-type
channels (Bezprozvanny & Tsien, 1995). T-type Ca®* channels
might be the major target of mibefradil, but given the multi-
functional effects of mibefradil, it is rather unlikely that its
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action would be limited only to these channels. It has been
shown that mibefradil affects vascular smooth muscle cells
(Schmitt et al., 1995; Kung et al., 1995; Hermsmeyer &
Miyagawa, 1996), and this action might be mediated by an
effect of mibefradil on the underlying endothelial cells, which
are important modulators of smooth muscle activity. The role
of ion channels in regulating endothelial cell activity is now
generally accepted including NO production, release of va-
soactive compounds and control of cell proliferation (see Ni-
lius et al., 1997b for a review). The driving force for Ca®"-
release-activated or store-operated Ca®* entry (CRAC or
SOC), which is extremely important for NO-signalling (for a
review see Nilius & Casteels, 1996; Nilius et al., 1997b), is
mainly controlled by K* and Cl~ channels (Groschner et al.,
1994; Daut et al., 1994; Voets et al., 1996b). These channels
might also be involved in the mitogenic activity of endothelial
cells (Voets et al., 1995, 1996¢; Nilius et al., 1996).

The purpose of the present experiments was to investigate
the possible effects of mibefradil on resting membrane poten-
tial and ion channel activity in macrovascular endothelial cells.
It was found that mibefradil efficiently inhibited both Ca®*-
activated and volume-activated Cl~ currents, Icc, and Icj ol
The inwardly rectifying K* current, IRK, and the store de-
pletion activated Ca®" entry were only slightly affected. These
effects of mibefradil on Cl~ channels and the concomitant
hyperpolarization might modulate Ca’®*-signalling in en-
dothelial cells and contribute to its complex cardiovascular
actions. In addition, we showed that mibefradil efficiently in-
hibited proliferation of calf pulmonary artery endothelial
(CPAE) cells.
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Methods

Cells from a bovine cultured pulmonary artery endothelial cell
line (CPAE, ATCC CCL 209) were grown in DMEM con-
taining 10% human serum, 2 mM L-glutamine, 2 uml~' peni-
cillin and 2 mg ml~"' streptomycin. Cultures were maintained
at 37°C in a fully humidified atmosphere of 10% CO, in air.
For electrophysiological measurements, only non confluent
single endothelial cells were used.

Electrophysiological methods and Ca®* measurements have
been described in detail elsewhere (Nilius ez al., 1994). Whole-
cell membrane currents were measured with ruptured patches.
Currents were monitored with an EPC-9 (List Electronic,
Germany) patch clamp amplifier (2048 points per record, fil-
tered at 500 or 100 Hz). The following voltage protocol was
applied every 15 s from a holding potential of 0 mV: a step to
—80 mV for 1.2 s, followed by a step to —150 mV for 0.4 s
and a 5.2 s linear voltage ramp to + 100 mV, thereafter a step
to 0 mV. Current-voltage relationships were reconstructed
from the ramp current, and the time course from the average
current in a small voltage window around the potential of in-
terest.

Cells were superfused with Krebs solution containing (in
mM): NaCl 150, KCl 6, MgCl, 1, CaCl, 1.5, glucose 10,
HEPES 10 and adjusted to pH 7.3 with 1 M NaOH. Tonicity
as measured with a Wescor 5500 osmometer (Schlag Instru-
ments, Gladbach, Germany) was 300 mOsmol. The standard
internal pipette solution contained (in mMm): KCl 40, K-as-

partate 100, MgCl, 1, Na,ATP 4, EGTA 0.1, HEPES 10, ad-
justed to pH 7.2 with 1 M KOH. Membrane potentials were
measured in the current clamp mode (standard pipette solution
and extracellular Krebs solution). For each cell, the mean
membrane potential was calculated in the absence and pre-
sence of mibefradil from the Gaussian fits of the frequency
distributions of all data points sampled during the whole ex-
periments (sampling rate 2 Hz).

To active Ca®*-sensitive C1~ currents, [Ca®*]; was increased
by loading the cells via the patch pipette (see Nilius ez al.,
1997a, b) with a solution buffered at a Ca®>" concentration of
500 nM (5 mm EGTA, 3.79 mMm CaCl, and 0.1 mm MgCl,,
pH=7.2). During these measurements inwardly rectifying K*
currents were blocked by substitution of K™ by Cs™ in the
extracellular and intracellular solutions.

Volume-sensitive Cl~ currents, Iy, were activated by
exposing the cells to a 27% hypotonic extracellular solution.
Before applying the hypotonic stimulus, the cells were super-
fused first with a modified isotonic Krebs solution (mannitol
Krebs), that contained (in mm): NaCl 105, CsCl 6, MgCl, 1,
CaCl, 1.5, glucose 10, HEPES 10, made isotonic with 90 mm
mannitol, pH 7.3 with 1 M NaOH. Omitting mannitol from the
above solution resulted in a hypotonic solution (HTS-Krebs)
with a 27% reduced osmolarity (216 mOsmol) of the same
ionic strength.

Inwardly rectifying K™ currents, IRK, were measured with
extracellular Krebs solution and the standard pipette solution
as described. This current was rapidly, reversibly and com-
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Figure 1 Effects of mibefradil on the membrane potential of calf pulmonary artery endothelial (CPAE) cells. (a) Membrane
potential was measured in current clamp mode after the cell had been broken into. Mibefradil (10 pum) induced a fast and reversible
hyperpolarization of the cells. Shown is a typical cell with a large C1~ conductance and a resting potential fluctuating between —22
and —27 mV. At higher concentrations (30 uM and more) mibefradil depolarized the cell (used for the histograms in (b) and (c)). (b)
Distribution of the membrane potentials sampled at 2 Hz from the cell shown in (a). The two peaks represent the membrane
potential in the absence (control) and the presence of mibefradil. The mean values were taken from the Gaussian fits for the pooled
data given in the text. Data obtained from the fits are: —28.8 mV, width 9.1 mV for control, —74.1 mV, width 7.2 mV for 10 um
mibefradil (bin width 2 mV). (c) Membrane potential from other CPAE cells during application of 10 and 30 um mibefradil. The
higher concentration clearly caused depolarization of the cell. (d) Distribution of the membrane potential measured from the cell in
(c) (same method as in (b)). Data obtained from fits are: —28.1 mV, width 3.1 mV for the control (absence of mibefradil),
—53.9 mV, width 3.1 mV for 10 um mibefradil, —13.5 mV, width 2.5 mV for 30 um mibefradil, (bin width 1 mV).
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Figure 2 High-affinity block of Ca®"-activated Cl~ channels by
mibefradil. (a) A CPAE cell was loaded with a Ca’®*-solution
buffered at 500 nm after breaking the membrane as indicated (the
methods are described elsewhere, Nilius et al., 1997a). Elevation of
[Ca®™); activated a CI™ current, Icica- This current was probed by
application of voltage ramps. From these ramps, the current can be
measured at any potential. Shown is the current activation at
+100 mV. Application of 10 um mibefradil (Mib) induced a fast and
reversible block of /¢y c,. Potassium currents were blocked by extra-
and intracellular Cs ' -solution (see Methods). (b) At the times
indicated in (a), I-V curves were depicted; (1) shows the fully

pletely blocked by application of 1 mM BaCl,. IRK was ob-
tained from the difference of the control current and the cur-
rent remaining after Ba®" application.

For [Ca®*]; measurements, cells were loaded with Fura-II
by incubating them for 20 min at 37°C in Krebs solution
containing 2 uM Fura-2/AM. The dye was excited at wave
lengths of 360 and 390 nm via a rotating filter wheel. The
fluorescence was measured at 510 nm and corrected for auto-
fluorescence. Calibration and calculation of the apparent free
Ca’" concentration from the fluorescence ratio R have been
described in detail elsewhere (Nilius et al., 1994):

[Ca®]; = Ker R K

O 1)

where K.q is the effective binding constant, R, the fluorescence
ratio at zero calcium and R, that at high Ca®".

To deplete internal Ca®" stores, cells were either incubated
for 20 min in 1 uM thapsigargin (Scientific Marketing Ass.,
Herts, U.K.) or 10 uM BHQ (2,5-di(tert)-butyl-hydro-quinone,
Aldrich) was added to the bathing solution. After either of
these procedures, [Ca’*]; strongly depends on the electro-
chemical Ca’>" gradient. To prevent effects of changes in
membrane potential on Ca®" entry, cells were incubated in a
depolarizing Krebs solution in which Na™ was substituted by
K" (a high K* Krebs solution). Because of the K -sensitivity
of the inwardly rectifying K" current (Voets ef al., 1996b), this
will stabilize the membrane potential at a value close to 0 mV.
These thapsigargin or BHQ treated CPAE cells were then ex-
posed to a nominal Ca**-free solution, which caused a further
drop of [Ca®"]; to values less than 30 nM. Stored-depletion
activated Ca®*-entry was then assessed from the initial rate of
[Ca**); increase induced by reapplication of 10 mm CaCl, to
the bath solution.

Cell proliferation was assessed by counting the cells at day
1, 2, 3, 4 and 7 after plating them at a density of 20 000 cells/
well. For counting, the cells were detached from the wells by
washing in a 0.05% trypsin and 5 mM EDTA containing Ca**
free solution. Thereafter, 1 ml normal culture medium was
added to stop trypsinization. A 500 ul cell suspension to which
70 pul trypan blue was added was transferred into a BURKER
chamber for cell counting. The number of cells is expressed
ul~"'. Only cells which excluded trypan blue were counted. This
enabled us to differentiate easily between reducing the cell
proliferation rate and cell death.

Mibefradil (kindly provided by Dr J-P Clozel, Hoffmann-
La Roche, Basel) was applied at concentrations between 1 and
30 uM from an aqueous 30 mM stock solution. We limited our
studies to concentrations up to 30 uM, because higher con-
centrations caused depolarization and leakage currents in most
of the cells together with an increase in [Ca®*]. We found
30 uM to be a critical threshold concentration for measuring
stable effects. Even this concentration induced cell depolar-
ization, a possible indication of a non-specific leak con-
ductance.

All experiments were performed at room temperature be-
tween 20 and 22°C.

Mean +s.e.mean were calculated from pooled data. Sig-
nificance was tested by means of Student’s ¢ test (level: P <0.05).
Inhibitory effects were defined as usual and given as % inhibi-

activated CI~ current, (2) the blocked current after application of
mibefradil. Note the strong outward rectification. The reversal
potential of the current (approximately —26 mV), was close to the
theoretical reversal Cl™~ equilibrium potential (Ec;=—32 mV). (c)
Concentration-response curve of the inhibitory action of mibefradil.
The curve is fitted by the Hill-equation

100
b (i)™

Inhibition =

with K;=4.7+40.18 um, Hill coefficient ny=0.99+0.03.
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tion=100* (1-(1+ 00,miEr/] + 100,conT)), Where I 100 cont and
I 100miser are the currents measured at +100 mV before and
during application of mibefradil, respectively.

Results

Effects of mibefradil on the membrane resting potential

The membrane potential of CPAE cells was measured in
current clamp mode by using standard pipette and extra-
cellular Krebs solutions. Figure la shows a typical recording
from a cell with a resting potential between —22 and
—30 mV. Application of 10 uM mibefradil rapidly and re-
versibly hyperpolarized the membrane to potentials between
—70 and —80 mV. However, if applied at a concentration of
30 uM, mibefradil rapidly depolarized the cell membrane
(Figure 1c). Membrane potential was measured from the
frequency distribution of all data points sampled during the
experiment. The distributions were fit in the presence and
absence of mibefradil. Mean values were obtained per cell
from these Gaussian fits, which takes into account the
membrane potentials during the whole experiment. Figure 1b
and c give the respective examples for both cells shown in
Figure la and c. By using this method, mean resting poten-
tials were obtained in the absence of mibefradil of
—26—6+0.6 mV (n="7), in the presence of 10 uM mibefradil
of —59+1.6mV (n=6), and for 30 uM mibefradil
—13.7+0.6 mV (n=4). The large scattering in the measured
values of the resting potential can be explained by different
contributions of the inwardly rectifying K™ current, the vo-
lume-sensitive Cl~ current and a non-selective cation current
to the resting net current (Voets et al., 1996b). Mibefradil
significantly shifted the membrane potential to more negative
values. However, high concentrations of mibefradil depolar-
ized the cell. This might be due to a non-specific leak that is
generated by this high concentration. A similar indication for
such a leak forming at high concentrations was seen in the
Ca’®"-measurement experiment. These effects at high con-
centrations will obviously be without therapeutic significance
because the concentrations for clinical trials are in the range
of 300 ng ml~"' (0.51 um) or even lower (Bakx et al., 1995;
Clozel, personal communication).

Mibefradil inhibits Ca’* -activated CI~ currents (¢ c,)

We have recently shown that loading of CPAE cells with Ca®>"
via the patch pipette activates a Cl~ current (Nilius ez al.,
1997a). Figure 2 shows an example of this current, analysed by
the ramp voltage protocol: loading of the cell with Ca*" after
breaking the membrane under the sealed patch pipette acti-
vated a current. The time course of activation at + 100 mV, as
shown in Figure 2a, was reconstructed from the average cur-
rent in a small voltage window around that potential recorded
during subsequent ramp protocols. Two representative in-
stantaneous /-V curves measured by the same protocol, as
depicted in Figure 2b, illustrate the strong outward rectifica-
tion of this current. Application of 10 uM mibefradil decreased
the current at + 100 mV by approximately 70% (Figure 2a, b).
Inward currents were also decreased to a similar extent. Figure
2¢ shows a summary of the concentration-dependence of the
blocking action of mibefradil on the Ca®"-activated Cl~ cur-
rent at +100 mV. Concentration-response curves were fitted
by the Hill equation. From eight cells, a half-maximal block
was observed at 4.74+0.18 um. The Hill coefficient,
ny =0.99 +0.03, indicates a non-co-operative mode of inhibi-
tion by mibefradil.

Mibefradil inhibits volume-activated CI~ currents
(ICI,vol)

Volume-activated Cl~ currents, Iy, activated by swelling
CPAE cells at a constant [Ca*>*[;, differ in many respects from
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Figure 3 Mibefradil inhibited volume-activated Cl~ currents. (a)
Activation of the volume-sensitive Cl~ current Icyyo (described in
detail elsewhere, Nilius er al., 1994; 1997a for comparison between
Icica and Iciyo) by challenging the cell with a 27% hypotonic
solution (same protocol as in Figure 1). Mibefradil (Mib) - applied at
the time indicated - induced a fast and reversible block of /¢y K™
currents were blocked by Cs™. (b) At the times indicated, I-V curves
were depicted. Reversal potential was approximately at the expected
Eci=—16 mV (note the changed conditions under hypotonic
stimulation, see Methods). (c) Concentration-response curve of the
inhibitory action of mibefradil on Icjyo. The curve was fitted by the
Hill-equation with K;=5.440.22 um, Hill coefficient ny;=1.25+0.03.



B. Nilius et al

Mibefradil and ion channels in endothelial cells 551

the Ca?"-activated Cl1~ currents, Icc.. The outward rectifi-
cation of /¢, 18 much less pronounced than that of /¢ c.,
and the kinetic behaviour of both currents is completely
different. Icp,o also has a much larger amplitude than /¢ c.
(Nilius et al., 1994; 1996; 1997a).

To investigate the effects of mibefradil on volume-acti-
vated CI~ currents, cell swelling was induced by superfusing
the cells with a hypotonic solution in which the osmolarity
was decreased by 27%. The current activated by this pro-
cedure has been identified as the Cl~ current and char-
acterized in detail (Nilius ez al., 1994; Sziics et al., 1996).
Figure 3a shows the time course of the current activated
during a hypotonic challenge at +100 mV. The current ac-
tivates rather slowly, but reaches a stationary value close to
5 nA, which is considerably higher than that of Ca®"-acti-
vated currents at the same potential (134 pA/pF at
+100 mV for I¢, compared to 9 pA/pF for Iqc, in
Figure 1, for quantification see Nilius et al., 1997a). Some
representative /-V curves are shown in Figure 3b, from
which it is obvious that the outward rectification of I¢y e 1S
less pronounced than for the Ca?"-activated currents shown
in Figure 2b. Application of 10 uM mibefradil reduced the
outward current at + 100 mV by approximatley 66%. This
inhibition was almost completely reversible. Current inhibi-
tion was similar for inward and outward currents (Figure
3b). From 6 cells a concentration-response curve of the in-
hibition was constructed by using equation [2] and described
by equation [3]. From the fit, a concentration for half-
maximal inhibition of 5.4+0.22 uM and a Hill coefficient of
1.25+0.03 were obtained, indicating again a non-co-opera-
tive inhibition of /¢, by mibefradil.
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Mibefradil does not affect the inwardly-rectifying K*
channel (IRK)

CPAE cells express inwardly rectifying K* channels, which
have been described previously (Nilius ef al., 1994; Voets et al.,
1996a, b). This current can be dissected from other ionic cur-
rents in endothelial cells by calculating the difference current
between control conditions and after application of 1 mMm
Ba’", which completely blocks IKR but leaves other currents
unchanged (Voets et al., 1996a, b). Figure 4 shows an example
of such an experiment. Voltage ramps were applied every 10 s.
From these ramps I-V curves can be reconstructed and the
current amplitudes can be measured at any potential. The
current at — 150 mV is mainly IRK, because it is completely
and reversibly blocked by Ba®". However, at + 100 mV this
inhibition is almost absent (Figure 4a). These outward currents
are carried by Cl—, probably via volume-sensitive Cl~ channels
and by K" via non-selective cation channels (Voets et al.,
1996b). Application of 10 uM mibefradil induced only a small
reduction of the current at negative potentials, but a clear in-
hibition of the outward current at positive potentials (Figure
4a, b). However, the Ba>" sensitive current component which
represents IRK was only slightly affected (Figure 3c). The
current density of IRK at —150 mV was 11.6+0.86 pA/pF
under control conditions compared to 12.5+1.23 pA/pF
(n=9) in the presence of 10 uM mibefradil. At a concentration
of 100 uM, it was decreased to 9.1 +£0.80 pA/pF (n=5), i.e. an
inhibition by 13+2%. However, these latter effects were
measured only 1 min after application of mibefradil, because
the cells tend to get overloaded with calcium in the presence of
these high concentrations of mibefradil.

200

100

I (PA)

Figure 4 Mibefradil (Mib) did not inhibit the inwardly rectifying K™ channel in CPAE cells. (a) By use of the same voltage
protocol as in Figures 1 and 2, currents were measured at — 150 and + 100 mV in the absence of Cs ". Inward rectification is clearly
depicted. Application of 1 mm Ba?" for 30—40 s, completely blocked the inwardly rectifying K * current, IRK (see also Voets et al.,
1996a, b). Currents in Ba>* were used as reference currents to obtain the true IRK as the difference between the net-current and the
Ba® " -resistant current. Outward currents were not affected by Ba’". Application of mibefradil (10 uM) inhibited the outward
current but no clear effects were observed at negative potentials. (b) From the -V curves it is obvious that mibefradil blocked an
outward current but had a smaller effect on the inward current. The blocked outward current is mainly carried by Iy yo (see Voets
et al., 1996b). (c) Difference currents in control (2—1) and in the presence of mibefradil (3—4) to obtain the I-V relationships show

that IRK was not affected by mibefradil.
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Effect of mibefradil on store-depletion operated Ca?™
entry

Ca’>"-entry evoked by release of intracellular Ca®" is essential
for generating sustained cytosolic Ca®" signals in endothelial
cells and for refilling Ca?*-stores. To study the effects of
mibefradil on this important mechanism, we depleted these
stores by means of the thapsigargin and BHQ protocols, as
described in the Methods section, and monitored the changes
in [Ca®*]; upon reapplication of extracellular Ca®*. To pre-
vent changes in resting potential which would modify the
driving force for Ca*>*, Na™ in the Krebs solution was sub-
stituted with K™ to ‘clamp’ the membrane potential. Both
procedures for store depletion gave similar results. Figure 5
shows two examples of the Ca®"-signals observed in these
cells. Figure 5a shows the protocol of the changes in [Ca®*].
between nominally Ca’?*-free, 1.5 mM and 10 mM. Super-
fusion of the cells with nominally Ca®*-free solution de-
creased [Ca’"],. Reapplication of a 10 mM external Ca’"
induced a fast increase in [Ca®"]; followed by a slow decay.
These changes in [Ca’"]; after variation in [Ca®"]. do not
occur if the intracellular stores are not previously depleted
(Oike et al., 1994a, b). If mibefradil (10 uM) was applied be-
fore the reapplication of extracellular Ca®*, it reduced the
initial rate of rise in [Ca’>"]; during that reapplication. From
seven cells, the mean rate of [Ca®"J-elevation significantly
decreased in the presence of 10 uM mibefradil from
34404nM s7! to 2.6+03nM s~ !, ie. a reduction of
19.8+4.6% (n="7). If applied during the decaying phase of
[Ca?"]; (or a plateau-like Ca®*-level) mibefradil resulted in a
reversible decrease of [Ca®>*]; (Figure 5b). This reduction was
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100 nm

observed in 6 out of 8 cells. In the two remaining cells, mi-
befradil had no effect. [Ca®"]; decreased during the late phase
of Ca?" reapplication by 17.64+6.5% (n=8) or by 23.5+7.2%
(n=06) if only the responding cells were considered (for
quantification see legend of Figure 5b). Because of the simi-
larity of the effects on the Ca®*-plateau and the rate mea-
surements, this decrease is probably due to a small inhibition
of Ca*"-entry. Higher concentrations of mibefradil could not
be used because they induced, in most of the cells, an increase
in [Ca*"]; probably by influx through non-specific leaks.

Effects of mibefradil on endothelial cell proliferation

We have recently shown that modulation of ion channels
influences proliferation of different cell types (Nilius &
Droogmans, 1994). Especially, inhibition of /¢, by struc-
turally completely different channel blockers inhibits cell
proliferation (Voets et al., 1995). Also mibefradil induced a
sensitive inhibition of the proliferation of CPAE cells. The
presence of mibefradil in the culture medium significantly
inhibited growth of CPAE cells at a concentration of 1 um
(Figure 6a), whereas 10 uM reduced the number of cells by
more than 90% without inducing cell death. The cells did
not survive if exposed to a concentration of 100 um. Ob-
viously, these high concentrations of mibefradil have cell-
toxic effects, which is consistent with the non-specific effects
on membrane permeability and Ca®*-loading described
above. From the concentration-response relationship con-
structed from the pooled data, we estimated a concentration
for half-maximal inhibition of cell proliferation of approx-

Control

Mib

Control Mib

Figure 5 Mibefradil had only little effect on the store-depletion induced Ca®" entry. (a) and (b) CPAE cells were pre-incubated with 1 um
thapsigargin (same effects were obtained with incubation with 10 um BHQ) to induce depletion of intracellular Ca>"-stores (Oike et al.,

1994a, b). During changing of the perfusion from 1.5 mM Ca?* (normal Krebs solution) to a nominally Ca’>"-free bath solution, [Ca

2
i

dropped to concentrations less than 20 nm. Re-application of 10 mm [Ca®*]. induced an overshooting Ca’ " -transient followed by a slow decay.
These signals represent Ca®"-entry after store depletion. The change of [Ca® "], is shown in (a). Application of mibefradil (Mib, 10 um) during
the delayed phase of decay induced a small decrease in [Ca>"];, indicating an inhibitory effect of the store-operated Ca>"-entry. The reduction
was quantified as 100.[1 —(CamaxTCa,]]i“)/Can]il,]. Pooled data from this analysis are given in the text. (c) Mibefradil (10 um) also induced a

small decrease in the rate of [Ca’

Ji elevation following re-application of external Ca®". The rate was measured from linear fits of the onset of

[Ca™]; elevation which should be a valid estimation of the maximal value of dCa/dt (data from the same cell). (d) The maximal rate of Ca®*-
entry (in nM s~') was decreased in the presence of 10 um mibefradil (results from seven cells); P<0.05.
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imatley 2 uM (Figure 6b). This value fits very well with that
for inhibition of I¢,, and supports the view that this
channel might be involved in the control of proliferation of
endothelial cells (Voets et al., 1995).

Number of cells

100 —

50 -

% inhibition

1 10 100
Mib (um)

Figure 6 Mibefradil inhibited proliferation of CPAE cells. (a) Cells
were seeded (three wells per day and per condition) as described in
Methods in the absence (M, control) and the presence of (@) 1, (A)
10 and (W) 100 um mibefradil (Mib). Inhibition of proliferation was
significant at all concentrations. At 100 uM no living cells were
present, at 10 um adhesive cells could still be counted indicating a
true anti-proliferative effect. Plotted are means and s.e.mean (vertical
lines) at each day after seeding. (b) Inhibitory effects were pooled
from day 2 to 7. Data were fitted by the Hill equation [3]. Dotted line
represents the fit for a constant ny=1. Parameters of the fits are:
Ki=19+0.01 um, ny=1.5+0.01, and K;=2.140.5 um for constant
ny= 1.
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Discussion
Macrovascular CPAE cells are characterized electro-

physiologically by three ionic currents: an inwardly rectifying
K™ current, a volume-sensitive CI~ current and a non-selective
cation current which determine the resting membrane potential
under control conditions (Voets et al., 1996b). During stimu-
lation, at least two other currents are activated: a Ca>"-de-
pendent C1~ current and a current that is responsible for Ca®" -
entry after store depletion (Oike et al., 1994b; Nilius et al.,
1997a). These currents might be essential for normal en-
dothelial cell function and are therefore used in this study to
evaluate the effects of the novel Ca®"-antagonist mibefradil.

Until now, the effects of mibefradil on endothelial cells have
not been studied. It has been shown that this novel Ca®"-
antagonist induces, in addition to its direct myocardial effects,
a variety of vascular responses, such as antihypertensive and
antivasospastic effects, it interacts with endothelium-derived
NO-effects, suppresses vascular consequences of hypertension
without interfering with the renin-angiotensin system and has a
potent antiproliferative effect on smooth muscle cells (Schmitt
et al., 1995; Veniant et al., 1995; Kung et al., 1995; Roux et al.,
1996; Bernink et al., 1996). At least some of these effects of
mibefradil may be mediated via a modulation of endothelial
cell function. Interestingly, mibefradil affects the atrial blood
pressure by a mechanism that can be reversed by NO-synthase
inhibitors (Gray et al., 1993). This improvement of endothelial
cell function could be related to a positive feedback via a
driving force induced by the hyperoplarization of the mem-
brane potential. We were therefore interested in a possible
modulation of the functionally most important channels in
macrovascular endothelial cells by mibefradil.

Summary of findings

Mibefradil has been described as a Ca®*-channel blocker with
an approximately ten fold higher sensitivity to T-type Ca**
channels than to other, cloned, L-, N-, R, P and Q-type
channels (Bezprozvanny & Tsien, 1995). We show here for the
first time that mibefradil is a potent inhibitor of endothelial
Cl~ channels which are activated by changes in cell volume
and those which are activated by an increase in [Ca®*]. We
have shown recently that /¢, is partially activated in resting
endothelial cells (Voets et al., 1996b), and that its inhibition
induces hyperpolarization. Similar effects could now be ob-
served in the presence of mibefradil. In contrast, K™ inwardly
rectifying channels are rather insensitive to mibefradil. This
relative insensitivity is important for the hyperpolarizing ef-
fects after CI~ channel inhibition. Store-depletion operated
Ca’®"-entry was also only weakly, but significantly inhibited by
mibefradil. Mibefradil was also efficient in inhibiting pro-
liferation of the CPAE cells.

Possible functional impact

Cl~ channels have been described in a variety of endothelial
cells and have triggered a number of speculations about their
functional role: (1) a role in pH regulation (Groschner &
Kukovetz, 1992), (2) an obvious role in the control of mem-
brane potential (Voets et al., 1996b) and as shown here, (3)
modulation of agonist-induced or store-depletion dependent
intracellular [Ca®"]; signals, including the regulation of Ca®"-
influx by controlling the membrane potential (Groschner et al.,
1994; Hosoki & Iijima, 1994; Yumoto et al., 1995), (4) they
may provide a transport pathway for amino acids (Strange &
Jackson, 1995), and interestingly (5) they may play a role in
cell proliferation (Voets et al., 1995; 1996c¢; Nilius et al., 1996;
1997a, b). We show here that mibefradil indeed efficiently
blocked proliferation of the endothelial cells used. Half-max-
imal inhibition occurred in the same concentration range as the
block of the C1~ currents. This might further support the hy-
pothesis that /¢, could play a regulatory role in endothelial
cell proliferation. Functionally, the modulatory role of CI~
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channels in electrogenesis of the resting potential of endothelial
cells and in their proliferation might be of interest because in
other cell systems (smooth muscle cell proliferation after vas-
cular injury, Schmitt et al., 1995) a similar effect has been
described. We propose that these antiproliferative effects can
be attributed to an inhibition of Cl~ channels rather than a
modulation of T-type Ca®" channels. Block of CI~ channels
could also be of functional importance for other signalling
systems. During cell activation (increased shear stress, volume
and cell shape changes, agonist application) which is usually
accompanied by a rise in [Ca®*];, both volume-sensitive and
Ca’"-activated Cl~ currents are activated and may regulate
the inwardly driving force for Ca®"-entry via store-operated
Ca®" channels (Hosoki & lijima, 1994; Yumoto et al., 1995).
Store-operated Ca’*-influx mediating a long-lasting plateau-
like elevation of [Ca*"]; after stimulation by agonists might be
essential for a variety of endothelial cell functions (e.g. pro-
duction and release of vasoactive transmitters, such as nitric
oxide, prostacyclin, endothelins; for a review see Nilius &
Casteels, 1996). Inhibition of C1~ channels (/¢ c, and/or ¢y o)
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