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Abstract

ICI-182,780 is known to be a selective inhibitor of the intracellular estrogen receptors. The effect of ICI-182,780 on ion currents was
studied in cultured endothelial cells of human coronary artery. In whole-cell current recordings, ICI-182,780 reversibly decreased the
amplitude of K™ outward currents. The decrease in outward current caused by ICI-182,780 could be counteracted by further application of
magnolol or nordihydroguaiaretic acid, yet not by 17-estradiol. Under current-clamp condition, ICI-182,780 (3 uM) depolarized the
membrane potentials of the cells, and magnolol (10 uM) or nordihydroguaiaretic acid (10 uM) reversed ICI-182,780-induced depolar-
ization. In inside-out patches, ICI-182,780 added to the bath did not alter single-channel conductance of large-conductance Ca*-activated
K* channels (BKc, channels), but decreased their open probability. ICI-182,780 reduced channel activity in a concentration-dependent
manner with an 1csg value of 3 pM. After BKc, channel activity was suppressed by 2-methoxyestradiol (3 uM), subsequent application of
ICI-182,780 (3 uM) did not further reduce the channel activity. The application of ICI-182,780 shifted the activation curve of BKc,
channels to positive potentials. Its decrease in the open probability primarily involved a reduction in channel open duration. ICI-182,780
also suppressed the proliferation of these endothelial cells with an 1csq value of 2 pM. However, in coronary smooth muscle cells, a bell-
shaped concentration—response curve for the ICI-182,780 effect on BK(, channel activity was observed. This study provides evidence that
ICI-182,780 can inhibit BK, channels in vascular endothelial cells in a mechanism unlikely to be linked to its anti-estrogen activity. The
inhibitory effects on these channels may partly contribute to the underlying mechanisms by which ICI-182,780 affects endothelial function.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

ICI-182,780 is known to be a specific antagonist of
estrogen receptors [1-3]. ICI-182,780 could block the inhi-
bitory effect of estrogen on the migration of adventitial
fibroblasts [4]. ICI-182,780 has been reported to inhibit an

* Corresponding author. Tel.: +886-6-2353535x5334;
fax: +886-6-2353660.

E-mail address: snwu@mail.ncku.edu.tw (S.-N. Wu).

Abbreviations: BKc, channel, large-conductance Ca*-activated K+
channel; DCEBIO, 5,6-dichloro-1-ethyl-1,3-dihydro-2H-benzimidazol-2-
one; HCAEC, human coronary artery endothelial cells; HCASMC, human
coronary artery smooth muscle cells; /i, K outward current; -V, current—
voltage; NDGA, nordihydroguaiaretic acid.

0006-2952/$ — see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0006-2952(03)00584-7

increase in the activity of endothelial nitric oxide synthase
caused by 17p-estradiol [5,6]. It could block the neuropro-
tective effect of 17B-estradiol against glutamate-induced
neurotoxicity [7,8]. The decrease in intracellular Ca*t
induced by estradiol was also reversed by ICI-182,780 in
coronary arterial smooth muscle cells [9]. In addition,
evidence is growing that this compound may exert a variety
of actions in a manner independent of the binding to
intracellular estrogen receptors. These effects include the
stimulation of the expression of quinone reductase [10] and
the inhibition of cell viability in human umbilical vascular
endothelial cells [11]. ICI-182,780 has also been found to
suppress Ca*" current and stimulate the activity of BKc,
channels in vascular smooth muscle cells [12,13].
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The BK¢, channels, that are products of a nearly ubi-
quitous, alternatively spliced gene (Slo) [14], differ from
most of other K* channels in that their activation is under
dual control, i.e. switched on either by membrane depo-
larization or by an increase in intracellular Ca®". These
channels present in smooth muscle cells comprise two
noncovalently linked subunits, i.e. a pore-forming o-sub-
unit and a regulatory B-subunit that forms a regulatory site
sensitive to intracellular Ca>" [15]. Previous studies have
also demonstrated that the major type of BK¢, channels in
vascular endothelial cells and in the brain did not contain
the B-subunit [16-18].

The activity of BK, channels expressed in endothelial
cells plays a role in modulating some of the endothelial
functions in coronary circulation [19]. The increased
activity of these channels may facilitate Ca®" influx by
hyperpolarizing the cell and thus increasing the electro-
chemical driving force for Ca*" influx [20]. The activity of
these channels may control K* efflux and affect the K™
concentration in myo-endothelial gap junctions [21,22].
The enhanced activity of BK, channels could facilitate the
release of nitric oxide from endothelial cells that have been
stimulated by application of shear stress on cell membrane.
Membrane hyperpolarization of endothelial cells caused
by activation of their BK¢, channels can also readily be
transmitted from endothelial cells to smooth muscle cells
[23]. More interestingly, there appears to be impairment in
the expression pattern of Ca?'-activated K* channels in
regenerated epithelium after balloon catheter injury [24].
However, none of the studies have thus far demonstrated
the underlying mechanism of action of ICI-182,780 on
these channels in endothelial cells.

Therefore, the main objective of this study was to address
the question of whether ICI-182,780 could affect K cur-
rents in human coronary artery endothelial cells (HCAEC),
and to examine the effect of ICI-182,780 on the activity of
BKc, channels expressed in these cells. In addition, its
effect on cell proliferation was studied and compared.
HCAEC are known to be ideal candidates for the studies
of endothelial cell metabolism and other functional vaso-
dilators (e.g. K* ions, nitric oxide, epoxyeicosatrienoic
acids, or endothelium-dependent hyperpolarizing factor)
[21,22,25]. The results presented here indicate that the
inhibition by ICI-182,780 of endothelial BK, channels
may partially, if not entirely, contribute to its effect on the
cellular function in these cells.

2. Materials and methods
2.1. Cell preparation

HCAEC and human coronary artery smooth muscle
cells (HCASMC), originally obtained from normal human

coronary arteries, were obtained from Cell Applications,
Inc. HCAEC and HCASMC were, respectively, maintained

in growth medium for endothelial cells and smooth muscle
cells, and equilibrated in a humidified atmosphere of 5%
CO,/95% air at 37°. Cells were subcultured weekly after
detachment by using culture medium containing 1% tryp-
sin. The experiments were performed using cells obtained
passages 2 and 4.

2.2. Measurement of cell proliferation

HCAEC (5 x 10* per mL) were cultured at 37° in a 96-
well microplate and treated with various concentrations of
ICI-182,780 (0.3-30 uM). The rate of cell growth was
calculated among day 0, day 1, and day 2 of culture. A
colorimetric method was used in quantifying cell densities
in microplates. The method is based on the reduction of a
tetrazolium salt (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate; WST) by mito-
chondrial dehydrogenase. Only viable cells convert the dye
to an orange formazan. At the end of the incubation period,
WST (10 pL) was added to each well and incubated for
2 hr. The optical density of each well was measured at 450
and 650 nm using an ELISA reader. Conversion of optical
density to cell density was done using a standard curve of
serial diluted cells at the time of assay [26].

2.3. Electrophysiological measurements

Immediately before each experiment, HCAEC or
HCASMC were dissociated and an aliquot of cell suspen-
sion was transferred to a recording chamber positioned on
the stage of an inverted microscope (Diaphot-200; Nikon).
Cells were bathed at room temperature (20-25°) in normal
Tyrode’s solution containing 1.8 mM CaCl,. Patch pipettes
were pulled from thin-walled borosilicate glass capillaries
(Kimax-51) using a vertical two-stage electrode puller
(PB-7, Narishige) and the tips were fire-polished with a
microforge (MF-83; Narishige). Patch pipette had a tip
resistance of 3—5 MQ when immersed in normal Tyrode’s
solution. Ton currents were recorded in the cell-attached,
inside-out, and whole-cell configurations of the patch-
clamp technique, using an RK-400 patch-clamp amplifier
(Bio-Logic) [27,28]. All potentials were corrected for
liquid junction potential, a value that would develop at
the tip of the pipette when the composition of the pipette
solution was different from that in the bath.

2.4. Data recording and analysis

The signals consisting of voltage and current tracings
were displayed with a storage oscilloscope (model HM507,
Hameg Instruments). Currents were low-passed filtered at
1 kHz. A Digidata 1322A interface (Axon Instruments) was
used for the analog-to-digital/digital-to-analog conversion.
To minimize electrical noise, this interface device was
connected to a Pentium III-based laptop computer (Slimnote
VX3, Lemel) through a universal serial bus port, and was
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then controlled with the aid of Clampex subroutine in the
pCLAMP 9.0 software (Axon Instruments). Ion currents
recorded during whole-cell experiments were stored without
leakage correction and analyzed using Clampfit subroutine
(Axon Instruments), the Origin 6.0 software (Microcal Soft-
ware, Inc.) or custom-made macros in Excel (Microsoft).

Single BKc, channel amplitudes were determined by
fitting Gaussian distributions to the amplitude histograms
of the closed and the open state, respectively. Channel
dwell times were determined by applying a standard half-
amplitude crossing protocol using the pCLAMP 9.0 soft-
ware (Axon Instruments). The activity of the channel in a
patch was expressed as NP,,, which can be estimated using
the following equation: NP, = (A; +2A; +3A3 + -+ -+
nA,) /(Ao +A1 +A; + Az +---+A,), where N is the
number of active channels in the patch, Ay is the area
under the curve of an all-points histogram corresponding to
the closed state, and A4, ..., A, represent the histogram
areas reflecting the levels of distinct open state for 1 to n
channels in the patch. The single-channel conductance was
calculated by linear regression using mean current ampli-
tudes measured at different voltages. Open lifetime dis-
tributions for the BKc, channel were fitted with
logarithmically scaled bin width [28].

The concentration—response relationship for ICI-
182,780-induced inhibition of BK, channels or cell pro-
liferation in HCAEC was determined by the Hill equation
using a nonlinear regression analysis. That is, percentage
inhibition: (Emax X [C]™)/(1C5h 4+ [C]™), where [C] is the
concentration of ICI-182,780; icso and ny, are the concen-
tration required for a 50% inhibition and the Hill coeffi-
cient, respectively; and E,x is the maximal inhibition of
BKc, channels or cell proliferation caused by ICI-182,780.

The relationships between membrane potentials and rela-
tive open probability of BK¢, channels obtained before and
after the application of ICI-182,780 (10 uM) were fitted with
a Boltzmann function of the form: relative open probability:
np/{1 +exp[—(V — Vi ,2)/k]}, where np: the maximal
open probability, V: the membrane potential in mV, Vy,:
the voltage at which there is half-maximal activation, k: the
slope factor of the activation curve (i.e. the voltage depen-
dence of the activation process in mV per e-fold change).
Curve fitting to data presented here was performed with the
aid of the Origin 6.0 software (Microcal).

All values are reported as mean values == SEM. Stu-
dent’s paired or unpaired ¢ test was used for the statistical
analyses. To clarify the statistical differences among the
two or four treatment groups, analyses of variance with
Duncan’s multiple-range test for multiple comparisons
were also performed. Differences between values were
considered significant when P < 0.05.

2.5. Drugs and solutions

T0-[9[(4,4,5,5,5-Pentafluoropentyl)sulfinylJnonyl]-estra-
1,3,5(10)-triene-3,17p-diol (ICI-182,780; Faslodex™) and

5,6-dichloro-1-ethyl-1,3-dihydro-2H-benzimidazol-2-one
(DCEBIO) was obtained from Tocris. 17B-Estradiol was
obtained from Sigma Chemical and paxilline from Biomol
Research Laboratories, Inc. Nordihydroguaiaretic acid
(NDGA) was purchased from Sigma/RBI, and iberiotoxin
was from Alomone Labs. Magnolol was kindly provided by
Dr. Chien-Chich Chen (National Institute of Chinese Med-
icine, Taipei, Taiwan). Squamocin was a gift from Dr. Yang-
Chang Wu (Graduate Institute of Natural Products, Kaoh-
siung Medical University, Kaohsiung City, Taiwan). All
other chemicals were commercially available and of reagent
grade. The twice-distilled water that had been de-ionized
through a Millipore-Q system (Millipore) was used in all
experiments.

The composition of normal Tyrode’s solution was as
follows (in mM): NaCl 136.5, KCI 5.4, CaCl, 1.8, MgCl,
0.53, glucose 5.5, and HEPES-NaOH buffer 5 (pH 7.4). To
record K* currents or membrane potentials, the patch
pipette was filled with solution (in mM): KCI 140, MgCl,
1, Na,ATP 3, Na,GTP 0.1, EGTA 0.1, and HEPES-KOH
buffer 5 (pH 7.2). To measure Ca”" current, KCl inside the
pipette solution was replaced with equimolar CsCl, and pH
was adjusted to 7.2 with CsOH. For single-channel current
recordings, high-K™* bathing solution was composed of
(in mM): KC1 145, MgCl, 0.53, and HEPES—-KOH buffer 5
(pH 7.4), and pipette solution contained (in mM): KCl 145,
MgCl, 2, and HEPES-KOH buffer 5 (pH 7.2). The pipette
solution was filtered on the day of use with a 0.22-pm pore
size syringe filter (Millipore).

3. Results

3.1. Inhibitory effect of ICI-182,780 on K+ outward
current (Ix) in HCAEC

In the first series of experiments, the whole-cell config-
uration of the patch-clamp technique was performed to
investigate the effect of ICI-182,780 on ion currents in
these cells. Cells were bathed in normal Tyrode’s solution
that contained 1.8 mM CaCl,, and pipettes were filled with
a pipette solution containing 3 mM ATP and 0.1 mM
EGTA. As shown in Fig. 1, when the cell was held at
the level of —40 mV, the voltage pulses from —30 to
+60 mV in 10-mV increments elicited a family of outward
currents. The amplitudes of these outward currents were
increased with greater depolarization. Within 1 min of
exposing the cells to ICI-182,780, current amplitude was
reduced throughout the entire range of voltage-clamp steps
(Fig. 1). For example, with a depolarizing step from —40 to
+50 mV, ICI-182,780 (10 uM) significantly decreased the
amplitude to 102+ 13 pA from a control value of
158 £ 15 pA (N = 10). This inhibitory effect was readily
reversed on the washout of ICI-182,780. These results
suggest that ICI-182,780 has a depressant effect on Ik in
these cells.
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Fig. 1. Inhibitory effect of ICI-182,780 on K* outward current (I) in HCAEC. In these experiments, cells were bathed in normal Tyrode’s solution that
contained 1.8 mM CaCl,. (A) Superimposed current traces in control and during the exposure to ICI-182,780 (1 uM). The cells, bathed in normal Tyrode’s
solution containing 1.8 mM CaCl,, were depolarized from a holding potential of —40 mV to various potentials ranging from —30 to +60 mV in 10-mV
increments. The uppermost part indicates the voltage protocol. a: control; b: 1 uM ICI-182,780. (B) Averaged -V relations of /x measured at the end of
depolarizing pulses in control (@) and during exposure to 1 pM ICI-182,780 (O). Each point represents the mean = SEM (N = 6-8). (C) Effect of ICI-
182,780 (1 uM) on the amplitude of Ik in the absence and presence of 17B-estradiol (10 uM), NDGA (10 uM), and magnolol (10 uM). Currents, the
amplitudes of which were measured at the end of voltage pulses, were elicited by depolarizing pulses to +50 mV from a holding potential of —40 mV. Each
point represents the mean + SEM (N = 6-10). NDGA: nordihydroguaiaretic acid (10 puM). *Significantly different from control. **Significantly different

from ICI-182,780 alone group.

3.2. Comparison of the effect of ICI-182,780 on the
amplitude of Iy in the absence and presence of
17p-estradiol, NDGA, or magnolol

We further examined whether the inhibitory effect of
ICI-182,780 on Ik can be altered by subsequent application
of 17B-estradiol, NDGA, or magnolol in HCAEC. NDGA
and magnolol were reported to enhance BKc, channel
activity in smooth muscle cells [29,30]. 17B-Estradiol
has been found to interact with the B-subunits of the BK¢,
channel to increase Ix [31,32]. When the cells were
depolarized from —40 to 450 mV, ICI-182,780 (3 uM)
or paxilline (1 uM) significantly suppressed the amplitude
of I; however, 17B-estradiol (10 uM) alone had no effect
on Ix. NDGA (10 pM) or magnolol (10 uM) significantly
reversed ICI-182,780-mediated inhibition of Ix; however,
17B-estradiol (10 M) had little or no effect on it in

HCAEC. These results are summarized and illustrated in
Fig. 1C.

3.3. Characterization of the effect of ICI-182,780 on
membrane potential in HCAEC

To determine whether ICI-182,780 affects the mem-
brane potential of coronary endothelial cells, the next
series of experiments was made under current-clamp con-
dition. Cells, bathed in normal Tyrode’s solution contain-
ing 1.8 mM CaCl,, had a resting membrane potential of
—44 £5mV (N = 15). When cells were exposed to ICI-
182,780 (3 uM), the membrane potential significantly
depolarized to —38 £ 5 mV (N = 6). In continued pre-
sence of ICI-182,780, the application of magnolol (10 pM)
or NDGA (10 uM) could hyperpolarize the cells. For
example, resting potential was hyperpolarized back to
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Fig. 2. Effect of magnolol and nordihydroguaiaretic acid on ICI-182,
780-induced change in membrane potential in HCAEC. The cells were
bathed in normal Tyrode’s solution containing 1.8 mM CaCl,. The patch
pipettes were filled with K" -containing solution. (A) Changes in resting
membrane potential measured under current-clamp condition. Horizontal
bars shown in each panel denote the application of ICI-182,780 (3 uM),
magnolol (Mag; 10 pM), or nordihydroguaiaretic acid (NDGA; 10 uM).
(B) Bar graph showing effect of magnolol (Mag; 10 uM) and nordihy-
droguaiaretic acid (NDGA; 10 pM) on membrane potential in these
cells. Each point represents the mean + SEM (N = 5-9). *Significantly
different from control group. “*Significantly different from ICI-182,780
alone group.

—42 £ 5 mV (N =5) in the presence of ICI-182,780 plus
magnolol (10 uM). The typical effect of ICI-182,780 with
and without subsequent application of magnolol or NDGA
on membrane potential in coronary endothelial cells is
illustrated in Fig. 2. Thus, the effect of ICI-182,780 on
changes in membrane potential could be closely associated
with the closing of a K™ conductance.

3.4. Inhibitory effect of ICI-182,780 on BKc, channels
in HCAEC

To elucidate the effect of ICI-182,780 on ion currents,
its effects on the activity of single BKc, channel were
further investigated in these cells. The single-channel
recordings with inside-out configuration were performed
in symmetrical K* (145 mM) concentration. The bath
solution contained 1 M Ca®" and the potential was held
at +60mV. As shown in Fig. 3, in symmetrical K*
concentrations (145 mM), the activity of BKc, channels
can be readily observed in excised patches. The channel
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Fig. 3. Effect of ICI-182,780 on the activity of BK¢, channels in HCAEC.
The experiments were conducted with symmetrical K* concentration
(145 mM). Under inside-out configuration, the holding potential was set at
+60 mV and the bath solution contained 1 uM Ca®*. (A) The activity of
BKc, channels recorded before and during exposure to 10 uM ICI-
182,780. The lower part in trace A shows current traces obtained in an
expanded time scale corresponding to those labeled a, b, and ¢ in graph B
and in the upper part of trace A. Upward deflections shown in this and the
following figures indicate the opening events of the channel. (B) The time
course of change in open probability (1-s bin width) of unitary outward
currents before and during the application of ICI-182,780 (10 uM) to
intracellular surface of the channel in an excised patch. Horizontal bar
shown in trace A and graph B indicates the time and duration of ICI-
182,780 application into the bath.

activity was increased at Ca’" concentration in bath
medium was increased. An increase in channel activity
could also be obtained in cell-attached patches when cells
were exposed to ionomycin (10 pM) or squamocin
(10 pM). These two agents are known to be Ca*" iono-
phores [26,33]. When ICI-182,780 (10 uM) was applied to
the intracellular surface of detached patches, the probabil-
ity of channel openings was significantly decreased
(Fig. 3). The open probability of the channel at +60 mV
obtained in the absence of ICI-182,780 was found to
be 0.076 £0.012 (N = 7). The addition of ICI-182,780
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Fig. 4. Concentration—response curve for ICI-182,780-induced inhibition
of BK¢, channel activity (A) and effects of various inhibitors and openers
of K* channels on the activity of this channel (B) in HCAEC. Each
detached patch was held at 60 mV. Bath medium contained 1 pM Ca*".
In graph A, the probability of channel openings obtained after application
of ICI-182,780 into the bath was compared with the control value, i.e. in
the absence of ICI-182,780 (mean + SEM; N = 6-9 for each point). The
smooth line is the fit of the data with a Hill function. The values for 1cs,
maximally inhibited percentage of BK¢, channel activity, and the Hill
coefficient were 3 uM, 99%, and 1.1, respectively. In graph B, the effect
of ICI-182,780 (10 uM) on BKc, channel activity in the absence and
presence of magnolol, NDGA, and DCEBIO is shown. Each point
represents the mean = SEM (N = 5-9). Pax: paxilline (1 uM); Mag:
magnolol (10 uM); NDGA: nordihydroguaiaretic acid (10 pM); DCE-
BIO: 5,6-dichloro-1-ethyl-1,3-dihydro-2H-benzimidazol-2-one (10 uM).
*Significantly different from control group. **Significantly different from
ICI-182,780 alone group.

(10 uM)  significantly decreased the activity to
0.004 £0.001 (N = 7). When ICI-182,780 was washed
out, the channel activity returned to the control level.
However, the amplitude of single BK¢, channel current
remained unaltered in the presence of ICI-182,780. The
relationship between the channel activity and the concen-
tration of ICI-182,780 was constructed and plotted
(Fig. 4A). After the curve was fitted to Hill equation,
the half-maximal concentration (i.e. I1Csy) required for
the inhibitory effect of ICI-182,780 on BKc, channel
activity was calculated to be 3 pM. ICI-182,780 at a
concentration of 30 uM almost completely suppressed
the activity of BK, channels. Thus, the results showed
that ICI-182,780 (0.3-30 pM) applied to the cytosolic face
of the channel could reduce the activity of BK¢, channels
in a concentration-dependent manner without a change in
single-channel amplitude.

3.5. Effect of magnolol, NDGA, and DCEBIO on
ICI-182,780-induced inhibition of BKc, channel activity

The response to other known regulators of BK¢, chan-
nels was also examined in HCAEC. Application of paxil-
line (1 uM) to the intracellular surface of inside-out patch
resulted in a considerable decrease in the channel activity
(Fig. 4B). The BK(, channel activity observed in these
cells was thus sensitive to inhibition by ICI-182,780 and
paxilline. In addition, a subsequent application of magno-
lol (10 uM), NDGA (10 uM), or DCEBIO (10 uM) was
found to reverse the channel activity suppressed by ICI-
182,780 (3 uM) significantly. Magnolol and NDGA have
been reported to enhance the activity of BK¢, channels in
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Fig. 5. Inhibitory effect of ICI-182,780, 2-methoxyestradiol, and paxilline
on the activity of BKc, channels recorded from inside-out patches of
HCAEC. Potential was held at +60 mV and the compound tested was
applied to the bath containing 1.0 uM Ca®". (A) Original current traces
recorded in control, or in the presence of 3 pM 2-methoxyestradiol (2-
ME), 3 uM 2-methoxyestradiol plus 3 uM ICI-182,780, or 3 uM 2-
methoxyestradiol plus 1 uM paxilline (Pax). Arrowheads indicate the zero
current level. (B) Bar graph showing the effect of 2-methoxyestradol, 2-
methoxyestradiol plus ICI-182,780 (3 pM), ICI-182,780 (3 uM) plus
paxilline, and 2-methoxyestradiol plus paxilline on the activity of BKc,
channels. 2-ME: 2-methoxyestradiol (3 uM); Pax: paxilline (1 uM). In the
experiments with 2-methoxyestradiol plus each compound (e.g. ICI-
182,780 and paxilline), each compound was applied after the addition of
2-methoxyestradiol. In those with ICI-182,780 plus paxilline, paxilline
was subsequently applied in continued presence of ICI-182,780. Each
point represents the mean+ SEM (N = 5-8). *Significantly different
from control group. **Significantly different from ICI-182,780 alone
group. 'Significantly different from 2-methoxyestradiol alone group.
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smooth muscle cells [29,30], whereas DCEBIO is an
opener of intermediate-conductance Ca®'-activated K"
channels [34].

3.6. Effect of 2-methoxyestradiol on BK ¢, channels in
HCAEC

2-Methoxyestradiol was previously reported to suppress
BK(, channels in human umbilical vascular endothelial
cells [35]. We also testified whether the effects of ICI-
182,780 and 2-methoxyestradiol on BK¢, channels are
additive. Interestingly, as shown in Fig. 5, 2-methoxyes-
tradiol (3 pM) significantly decreased the probability of
channel openings; however, a subsequent application of
ICI-182,780 (3 pM) did not reduce channel activity further.
2-Methoxyestradiol (3 uM) significantly decreased the
open probability from a control value of 0.11 £+ 0.009
to 0.046 £0.007 (N=7). There was no significant
difference in the channel activity between the presence
of 2-methoxyestradiol alone and 2-methoxyestradiol plus
ICI-182,780 (0.046 £ 0.007 [N =7] vs. 0.046 £ 0.006
[N = 6]). In contrast, the addition of paxilline (1 uM)
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was able to decrease the open probability further in con-
tinued presence of ICI-182,780 or 2-methoxyestradiol.
Taken together, the results indicate that inhibitory effects
of 2-methoxyestradiol and ICI-182,780 on single BKc,
channel are not additive in HCAEC.

3.7. Lack of effect of ICI-182,780 on single-channel
conductance of BKc, channels

In the next series of experiments, the effect of ICI-
182,780 on BK ¢, channels at different membrane potentials
was studied. In inside-out configuration, cells were bathed
in symmetrical K* concentrations (145 mM) and bath
solution contained 1 puM Ca”". Figure 6 illustrates cur-
rent—voltage (I-V) relations of BK(, channels obtained in
the absence and presence of ICI-182,780 (10 uM). The
single BK¢, channel conductance calculated from a linear
I-V relationship in control was 208 + 13 pS (N = 10) with
a reversal potential of 0 £2 mV (N = 10). The value of
single-channel conductance for these channels was found to
be similar to that described previously [35,36]; however, it
did not significantly differ from that (207 &= 13 pS, N =9)
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Fig. 6. Effect of ICI-182,780 on /-V relation of BK¢, channels in HCAEC. The experiments in excised membrane patches were conducted in symmetrical K*
concentration. Bath medium contained 1 pM Ca®*. (A) The activity of BK¢, channels before (left) and after (right) bath application of 10 uM ICI-182,780.
Single BKc, channel currents were recorded at different membrane potentials denoted by the left side of each current trace. Upward deflections are the opening
events of the channel. (B) Averaged -V relations of BK, channels obtained in the absence (filled circles) and presence (open circles) of ICI-182,780 (10 pM).
Each point represents the mean = SEM (N = 5-8). Notably, single-channel conductance obtained in the absence and presence of ICI-182,780 is nearly identical.
(C) The relationship between relative open probability of the channel and membrane potential in the absence (@) and presence (O) of ICI-182,780 (10 pM).
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measured in the presence of ICI-182,780 (10 uM). These
results indicate that ICI-182,780 causes no change in single-
channel conductance, although it significantly reduces the
probability of channel openings in HCAEC.

3.8. Effect of ICI-182,780 on the activation curve
of BK¢, channels

Figure 6C shows the activation curve of BK¢, channels
in the absence and presence of ICI-182,780 (10 uM). The
plot of relative open probability of BKc, channels as a
function of membrane potential was constructed and fitted
with a Boltzmann function as described in Section 2. In
control, np = 0.99 +0.04, V, ), =42.2 £ 2.1 mV, and k =
9.44+0.7mV (N =6). In the presence of ICI-182,780
(10 uM), np = 0.56 +0.03, V) =54.84+2.3 mV, and
k=9.6+1.1mV (N =6). Thus, the presence of ICI-
182,780 (10 uM) caused a decrease in the maximal open
probability of BKc, channels. In addition, the activation
was shifted along the voltage axis to more positive poten-
tials after ICI-182,780 was applied. However, no signifi-
cant change on the slope (i.e. k value) of the activation
curve was detected in the presence of ICI-182,780. Taken
together, these results indicate that ICI-182,780 is capable
of suppressing the activity of BK¢, channels in a voltage-
dependent fashion in HCAEC.

3.9. Effect of ICI-182,780 on kinetic behavior of BKc,
channels in HCAEC

The effect of ICI-182,780 on mean open time of BKc,
channels was examined and analyzed during recordings
from patches showing only single-channel openings. As
shown in Fig. 7, in control cells (i.e. in the absence of ICI-
182,780), the open-time histogram of BKc, channels at
460 mV can be fitted by a two-exponential curve with a
mean open time of 2.5 = 0.4 ms and 8.5 = 1.4 ms (N = 6).
The presence of ICI-182,780 (3 uM) decreased the lifetime
of the open state to 1.8 £ 0.3 ms (N = 6). Thus, the data
clearly demonstrate that the inhibitory effect of ICI-
182,780 on BK(, channel activity in HCAEC is primarily
due to a decrease in open time, because of lack of change in
single-channel conductance.

3.10. Effect of ICI-182,780 on the proliferation of
HCAEC

Previous studies have shown the ability of ICI-182,780
to suppress the growth of pituitary tumor cells [37]. The
effect of ICI-182,780 on cell growth in these cells was also
examined. Interestingly, when ICI-182,780 was added to
the culture medium of proliferating endothelial cells, the
rate of cell growth was significantly reduced (Fig. 8). The
IC50 value for the inhibition of cell proliferation was about
2 uM. At a concentration of 30 pM, ICI-182,780 almost
completely suppressed cell growth. The concentration of
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Fig. 7. Effect of ICI-182,780 on mean open time of BKc, channels in
HCAEC. Under symmetrical K™ condition, the cells were held at +60 mV
in inside-out configuration. Open-time histogram in control (upper part)
was fitted by a two-exponential function with a mean open time of 2.4 and
8.5 ms. The open-time histogram obtained after application of ICI-182,780
(10 uM) to the bath (lower part) was fitted by a single-exponential function
with a mean open time of 1.8 ms. Data were obtained from a measurement
of 366 channel openings with a total recording time of 1 min in the control,
whereas data obtained during the exposure to 10 pM ICI-182,780 were
measured from 298 channel openings with a total recording time of 2 min.
The abscissa and ordinate show the logarithm of the open time (ms) and
the square root of the number of events (n'/?), respectively. The dashed
lines shown in each lifetime distribution are placed at the value of the time
constant in open state.
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Fig. 8. Concentration-dependent inhibition of cell proliferation by
ICI-182,780 in HCAEC. Smooth line represents best fit to the Hill equation.
The values of ics5p, maximally inhibited percentage of cell proliferation and
Hill coefficient were 2 uM, 99%, and 1.1, respectively. Each point represents
the mean 4+ SEM of four experiments.
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ICI-182,780 for effective inhibition of BKc, channels,
which ranged between 0.3 and 30 uM, was comparable
to that used to inhibit cell proliferation in these endothelial
cells. However, the maximal inhibitory effect of ICI-
182,780 on BK(, channel activity and cell growth did
not significantly differ. Thus, these results can be interpreted
to mean that growth inhibition of these cells caused by ICI-
182,780 is proportional to its blockade of the BK, channel.

3.11. Effect of ICI-182,780 on the activity of BKc,
channels in HCASMC

BKc, channels, that were functionally expressed in
smooth muscle cells, was recently reported to be stimu-
lated by ICI-182,780 [13]. In a final series of experiments,

we investigated whether ICI-182,780 has any effect on
BKc, channels in HCASMC. As illustrated in Fig. 9, after
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Fig. 9. Effect of ICI-182,780 on BKc, channel activity in cultured smooth
muscle cells of human coronary artery (HCASMC). In these experiments,
inside-out configuration was performed with symmetrical K* concentra-
tion (145 mM), and bath medium contained 0.1 pM Ca®*. The holding
potential was set at +60 mV. The different concentrations of ICI-182,780
were applied to the bath. (A) Original current traces obtained in control,
and during exposure to 1, 3, and 10 uM ICI-182,780. Arrowheads indicate
the zero current level. (B) Concentration—response curve for BK¢, channel
activity measured at +60 mV. The relationship between channel openings
and the concentrations of ICI-182,780 is illustrated. Each point represents
the mean = SEM (N = 6-9).

ICI-182,780 at concentrations below 3 uM was applied into
the cytosolic face of the channel, the open probability was
significantly increased without a change in single-channel
amplitude. For example, the addition of ICI-182-780
(3 uM) enhanced the channel activity from 0.11 £ 0.03
to 0.34 £0.04 (N = 7). However, ICI-182,780 at higher
concentrations resulted in a decrease in channel openings.
Figure 9B shows the relationship of BK, channel activity
and the concentration of ICI-182,780. Unlike that in human
coronary endothelial cells, the BK¢, channel in coronary
smooth muscle was subject to stimulation by ICI-182,780 at
concentrations below 3 uM.

4. Discussion

The results presented here show that (a) in HCAEC, ICI-
182,780 can reduce the amplitude of Ix; (b) ICI-182,780
decreased the activity of BK¢, channels without modifying
the single-channel conductance; (c) ICI-182,780 suppressed
the channel activity in a voltage-dependent manner; (d) the
ICI-182,780-induced decrease in the probability of channel
openings is primarily caused by a decrease in the number of
long-lived openings; and (e) ICI-182-780 produced an
inhibitory effect on cell proliferation in HCAEC. The
inhibitory action on single BK¢, channel may cause mem-
brane depolarization, thus affecting functional activity of
endothelial cells, if this action occurring in native endothe-
lial cells is the same as that shown in this study.

The 1c50 value for ICI-182,780-induced inhibition of
BKc, channels in HCAEC was 3 pM. This value appears to
be higher than the concentration (e.g. 1 pM) that was used
to induce an inhibition of estrogen receptors [38,39].
However, its inhibition of BKc, channels in HCAEC
was found to exhibit voltage dependence. In addition,
the ICI-182,780 concentration found to suppress the
growth of HCAEC was found to be close to the 1cs value
for inhibition of BK(, channels in the same type of cells
and in estrogen receptor negative cancer cells [40]. Thus,
there seems to be a link between the effects of ICI-182,780
on endothelial cells and its inhibitory effect on BKc,
channel activity. Indeed, it has been reported that there
is a high variability in the plasma concentrations of ICI-
182,780 between individual patients [41].

The single-channel conductance of the BKc, channel
measured with the use of 145 mM K™ on both sides of the
membrane in HCAEC was 208 4 13 pS (N = 10). This
value is similar to those of typical BK(, channels previously
described in vascular endothelial cells [35], but much
greater than that of small-conductance Ca®"-activated K"
channels [26]. The channel activity presented here is sensi-
tive to stimulation by membrane depolarization and/or
intracellular Ca®", and can be blocked by iberiotoxin or
paxilline [42]. More importantly, we provide evidence that
the ICI-182,780-mediated reduction in outward currents in
these cells is not due to a decrease in unitary amplitude of
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the channel, because there was no significant difference in
single-channel conductance of BK¢, channels between the
presence and absence of ICI-182,780. Kinetic analysis
showed that ICI-182,780 could interact with the channel
primarily by reducing the mean open time of BK¢, chan-
nels. Furthermore, the experimental results showing that the
inhibitory effect of ICI-182,780 and 2-methoxyestradiol on
the BKc, channel is not additive, suggest that 2-methox-
yestradiol and ICI-182,780, which are structurally related,
may interact with the same binding site in the channel.

In our study, the ability of ICI-182,780 to produce a shift
of 13 mV to a positive potential in the activation curve of
BKc, channels expressed in HCAEC, indicates that this
compound can suppress channel activity in a voltage-depen-
dent manner. Therefore, its interaction with the BK¢, chan-
nel would rely not only on the concentration of ICI-182,780
used, but also on the pre-existing level of resting potential. In
addition, the sensitivity of cell proliferation to ICI-182,780
was found to be comparable to that of BKc, channels in
HCAEC. However, neither magnolol nor NDGA could
reverse the inhibitory effect of ICI-182,780 on cell growth
(data not shown). Unlike ICI-182,780, iberiotoxin (200 nM)
alone had little or no effect on the growth of HCAEC.
Previous studies have demonstrated that oscillating activity
of BK(, channels appeared to be important for the migration
of transformed epithelial cells or glioma cells [43,44].
Unlike 17B-estradiol, ICI-182,780 is potent in exerting
anti-angiogenetic activity in vascular endothelial cells
[11]. Thus, further studies are required to determine to what
extent the ICI-182,780-mediated modulation of BK, chan-
nels is associated with its inhibitory effects on the growth of
tumor vessels in vivo. Indeed, it has been previously reported
that the enhanced activity of BKc, channels could alter the
proliferation of astrocytoma or glioma [45,46].

The stimulatory effect of BK¢, channels observed in
HCASMC is consistent with previous studies showing the
ability of ICI-182,780 to enhance the open probability of
BK(, channels in smooth muscle cells [13]. The mechan-
ism of the stimulatory action is presently unclear. It is
likely, however, that ICI-182,780 molecule binds either to
the B-subunits of the channel, or to the tail domain of the a-
subunits, because the S9-S10 tail region in the o-subunits
was recently noted to alter the B1-subunit-induced increase
in apparent Ca*" sensitivity of the BK¢, channel [47]. On
the other hand, the ability of ICI-182,780 to reduce the
probability of BK, channels to open in HCAEC appears to
result primarily from the interaction with the o-subunits,
because endothelial BK¢, channels were reported to have
little expression of B-subunits [17,18]. However, whether
such an effect occurs in other types of cells remains to be
determined, because of multiple splice variants of the o-
subunits in the channel [48].

Another noteworthy finding in this study was that in
HCASMC, ICI-182,780 exerted a concentration-related
dual effect (i.e. stimulatory and inhibitory) on BK¢, channel
activity. It seems that this effect resembles previous obser-

vations showing a dual effect of NS1608, an opener of BK¢,
channels, on the activity of this channel present in smooth
muscle cells [49]. Whether the effects of ICI-182,780
represent two separate domains of drug interaction on the
BKc, channel or two different affinity states of the same site
remains to be clarified. In addition, because vascular
endothelial cells have not been found to express the [3-
subunits of the channel [18], it remains to be determined
whether the BK¢, channel where no B-subunits were co-
expressed is readily subject to inhibition by ICI-182,780.

This study indicates the direct effect of ICI-182,780 on
the BK¢, channel present in HCAEC and HCASMC. Such
an effect may influence the functional activities of these
cells, despite the ability of this drug to bind to intracellular
estrogen receptors. Furthermore, ICI-182,780 and other
structurally related compounds seem to be intriguing
pharmacological tools used to characterize the properties
of BK, channels. Elucidation of the structure of the
binding site for ICI-182,780 or other structurally related
compounds may provide a structural basis for the pharma-
cological modulation of BK¢, channels.
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