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Abstract—The effects of two K* channel openers, cromakalim and pinacidil, on voltage-dependent and
receptor-mediated catecholamine secretion and Ca®* mobilization in bovine adrenal chromaffin cells
were studied to determine the role of membrane K* channels in the regulation of a Ca’*-dependent
secretory process. Both cromakalim and pinacidil stimulated the efflux of *Rb (used to monitor K*
permeability) from preloaded cells. Cromakalim and pinacidil did not affect the catecholamine secretion
induced by excessive depolarization with S6mM K*, but inhibited that induced by moderate
depolarization with 31 mM K* in a concentration-dependent manner (1 gM-100 uM). The 31 mM K*-
induced *Ca?* influx and increase in intracellular free Ca®* concentration [Ca®*li were also inhibited
by these agents at similar concentrations to those for inhibition of catecholamine secretion. Cromakalim
and pinacidil inhibited catecholamine secretion, ¥Ca** influx and increase in [Ca®'}i induced by
stimulation of nicotinic acetylcholine (ACh) receptors with carbamylcholine. Furthermore, both
cromakalim and pinacidil inhibited the increase in [Ca**}i induced by carbamylcholine in the absence
of extracellular Ca®*, which is thought to be mediated by muscarinic ACh receptors. On the other
hand, they did not affect catecholamine secretion induced by Bay-K 8644, Ba?*, A23187, histamine or
bradykinin. These results indicate that the K* channel openers, cromakalim and pinacidil, selectively
inhibit catecholamine secretion induced by moderate depolarization or by nicotinic ACh receptor
stimulation by inhibiting Ca®* influx and increase in [Ca**]i. Furthermore, the results suggest that these
K* channel openers—sensitive membrane K* channels are involved in the regulation of catecholamine
secretion mainly indirectly through effects on the voltage-dependent membrane Ca®* channels.
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Membrane K* channels in various cells are known
to be responsible for controlling the membrane
potential and excitability of cells [1--3]. The activation
(opening) of these channels causes hyperpolarization,
and conversely, their inhibition (closing) causes
depolarization of the cell membrane. Electro-
physiological studies using voltage- and patch-clamp
techniques have shown the presence of many
different types of K* channels, which are sensitive
to neurotransmitters, hormones, toxins and drugs
[2-6].

Recently, a new class of drugs, named K* channel
openers, which have vasorelaxant, antihypertensive
and myocardial protective effects have been reported
[6]. These drugs have also been shown to affect the
nervous system and modify neurotransmission [7-9].

In the present study, we studied the effects of two
K* channel openers, cromakalim and pinacidil, on
voltage-dependent and receptor-mediated cat-
echolamine secretion and Ca?*-mobilization in
cultured bovine adrenal chromaffin cells, which are

1 Corresponding author. Tel. (0886) 31-3111 Ext. 2225;
FAX (0886) 33-0771.

+ Abbreviations: [Ca®*}i, intracellular free Ca®* con-
centration; THI, trihydroxyindole; ACh, acetylcholine;
BSS, balanced salt solution.

thought to be a model of catecholamine-containing
neurones [10-13]. This study provided evidence for
the role of membrane K* channels in regulation of
the Ca’* dependent secretory process and suggested
additional pharmacological effects of cromakalim
and pinacidil besides those on K* channels.

MATERIALS AND METHODS

Primary cell culture. Isolated bovine adrenal
chromaffin cells were prepared by sequential
digestion of adrenal medullary slices with collagenase
(0.5%) and were maintained as monolayers on 24-
well cluster plates (Costar, Cambridge, MA, U.S.A.)
at a density of 5 X 10° cells/well, or on 35 mm dishes
(Falcon) at a density of 2 X 10° cells/dish, for 3-4
days {14, 15]. Cultured chromaffin cells were washed
once with 1mL of BSSi (135mM NaCl, 5.6 mM
KCl, 1.2 mM MgSO,, 2.2 mM CaCl,, 10 mM glucose
and 20 mM HEPES/NaOH, pH 7.4) before use in
experiments.

Measurement of ®Rb* efflux. The cells (2 X
106 cells) were incubated in 2 mL of BSS containing
8RbCI (1.0 uCi/mL) at 37° for 60 min to load ¥Rb*
into the cells. Then, the medium was discarded, and
the cells were washed three times with 1 mL of ice-
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cold BSS. After washout of the extracellular 3Rb™,
the cells were incubated at 37° for various periods
in 1ml of BSS with or without drugs. After
incubation, the medium was withdrawn and the cells
were lysed by adding 1 mL of 1% Triton-X100. The
radioactivity in the medium and the cell lysate was
determined by Cerenkov counting.

Secretion of catecholamines. The cells (5%
107 ceils) were pre-incubated at 37° for 10 min in
250 uL. of BSS with or without drugs, and then
catecholamine secretion was induced by various
secretagogues in the absence or presence of drugs.
High-K* solutions (14-56 mM KCl) had the same
composition as BSS except that NaCl was replaced
by an equimolar amount of KCl. After stimulation
with secretagogues for 10 to 40 min, the medium
was withdrawn, and the cells were lysed by adding
250 ul. of 10% acetic acid, followed by freeze-
thawing. Catecholamine in the medium and the cell
lysate was assayed fluorometrically by the THI
method. The amount of catecholamine secreted from
the cells was expressed as a percentage of the total
cellular catecholamine.

Measurement of Ca** influx. The cells (5X
10° cells) were pre-incubated at 37° for 10min in
250 L. of BSS with or without drugs, and then
stimulated with high K* or carbamyicholine in BSS
containing 3.0 uCi ¥*CaCl, for 10 min. The medium
was then discarded and the cells were washed four
times with 1mL of icecold Ca’*-free BSS.
Intracellular ¥Ca® was extracted with 200 gL of 1%
Triton X-100 and measured in a liquid scintillation
counter.

Measurement of [Ca**)i. To estimate the change
in [Ca®*)i, we used a fluorescence microscope
{Optiphoto; Nikon), a photon counter {S45A;
NF; Hiroshima, Japan) and a filter (Nihon
Shinkuukoungaku; Osaka, Japan). For this exper-

iment, the cells were maintained on a cover gIass
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for 3-4 days, and preloaded with the Ca®* indicator
fura-2 [16] by incubation with 5uM fura-2 AM at
37° for 20 min in BSS. The cells were then placed
in a bath (volume: 0.5mL) on the stage of the
fluorescence microscope and BSS was superfused
continuously over the cells at a rate of 0.8 mL/min.
The fluorescent Ca®* indicator dye was alternately
excited at 340 nm and 380 nm with filtered hght and
the ratio of the two excitation fiuorescent signais
was calibrated to estimate [Ca®*]i as described
previously [16]. Experiments were done on single
celis.

Materials. *RbCl amd “CaCl, were purchased
from Amersham Corp. (Tokyo, Japan). The
following reagents were used: cromakalim (Beecham
Lab., London, U.K.), pinacidil (Shionogi Phar-
maceutical Co. Japan), A23187 (Boechringer-
Mannheim, Germany), carbamylcholine (Sigma
Chemical Co., St Louis, MO, U.8.A.), histamine,
bradykinin, fura-2 AM, nifedipine (Wako, Japan}.
Other chemicals used were commercial products of
reagent grade.

Statistical methods. All experiments were per-
formed in triplicate and each measurement was
repeated at least three times. Data are shown as
means + SD of 3-4 experiments. Statistical analysis
was carried out by Student’s r-fest.

RESULTS

Effects of cromakalim and pinacidil on ®Rb efflux
from preloaded cells

8%Rb was used as a monitor to assess membrane
K* permeability [17,18]. As shown in Fig. 1(a),
cromakalim (100 uM) and pinacidil {100 M) stimu-
lated BRb efflux from the cells to similar extents,
the efflux being rapid in the first 5 min. During the
first 5 min, both cromakalim and pinacidil increased

85Rb efflux to about 10% from a basal level of about
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Fig. 1. (a) Time courses of ¥Rb efflux stimulated by cromakalim and pinacidil. Cells preloaded with
¥Rb were incubated for various periods in the absence (A) or presence of cromakalim (100 uM, @)
or pinacidil (100 uM, Q) as described in Materials and Methods. The results are shown as percentage
efflux of the total ®Rb initially present in the cells. Points and bars are means = SD for 3-4 experiments.
{b) Concentration-response curves of cromakalim and pmacré;i for the stimulation of ¥Rb effiux. Cells
pre!oadcd with ¥Rb were incubated for 10 min with various concentrations of cromakalim (@) or
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from the data. Points and bars are means % SD for 3-4 experiments.



K* channel openers and catecholamine secretion

(@)

124

CA secretion
(% of total )

High-K* (mM)

1753

(b)

[->]
(=]
i

CA secretion
(% of control )
[-2]
(=]
i

40
20
0-r T T ¥ 1
0.1 1.0 10 100
Drugs (uM)

Fig. 2. (a) Effects of cromakalim, pinacidil and nifedipine on catecholamine secretion induced by
various concentrations of KCl. Cells were stimulated with various concentration of KCl for 10 min in
the absence (O) or presence of cromakalim {100 uM, @), pinacidil (100 gM, O) or nifedipine (100 M,
W) as described in Materials and Methods. Catecholamine (CA) secretion is shown as a percentage of
the total cellular CA. Points and bars are means = SD for 3-4 experiments. (b) Concentration—response
curves of cromakalim, pinacidil and nifedipine for inhibition of catecholamine secretion induced by
31 mM K*. Cells were stimulated with 31 mM K* for 10 min in the absence or presence of various
concentrations of cromakalim (@), pinacidil (0) or nifedipine (M) as described in Materials and
Methods. Catecholamine (CA) secretion induced by 31 mM K* was 6.2 = 0.8% of the total cellular
CA content and was expressed as 100%. Points and bars show 31 mM K*-induced CA secretion in the
presence of various concentrations of drugs as means % SD for 3-4 experiments.

5% of the total cellular Rb. Figure 1(b) shows the
concentration-dependent curves of the effects of
cromakalim and pinacidil on ¥Rb efflux from the
cells in 10 min. Both cromakalim and pinacidil had
stimulatory effects at concentrations of 1 uM or more
and at 100 uM, caused an increase of about 7% in
%Rb efflux.

Effects of cromakalim and pinacidil on catecholamine
secretion induced by depolarization by high con-
centrations of K+

Figure 2(a) shows the effects of cromakalim
(100 uM) and pinacidil (100 uM) on catecholamine
secretion induced by stimulation with various
concentrations of K*. Both cromakalim and pinacidil
significantly inhibited catecholamine secretion
induced by stimulation with 31 mM K*, but not that
induced by stimulation with 56 mM K*. The effect
of nifedipine, a Ca?* channel blocker, was also
studied for comparison. Nifedipine (100 uM)
inhibited catecholamine secretion induced by 31 mM
K* and also by 56 mM K", and its inhibitory effect
was greater than those of the K* channel openers.
Figure 2(b) shows the concentration-dependent
curves of cromakalim, pinacidil and nifedipine for
inhibition of catecholamine secretion induced by
stimulation with 31 mM K*. Inhibitory effects of
both cromakalim and pinacidil were observed at
concentrations of 1 uM or more and at 100 uM, they
caused approximately 30-40% inhibition. The
inhibitory effects of both drugs were less than that
of nifedipine.

Effects of cromakalim and pinacidil on *Ca* influx
and increase in [Ca**|i induced by stimulation with
31mM K+

To assess the inhibitory effects of the two K*

channel openers on catecholamine secretion induced
by stimulation with 31 mM K*, we examined their
effects on #°Ca’* influx and increase in [Ca®*}i
induced by 31 mM K*, which are essential for the
initiation of catecholamine secretion. As shown in
Fig. 3(a), ¥*Ca®* influx induced by 31 mM K* was
inhibited by both cromakalim and pinacidil in a
concentration-dependent manner. The concen-
tration—inhibition curve was similar to that for
inhibition of catecholamine secretion. The inhibitory
effects of these K* channel openers on ¥*Ca?* influx
were also less than that of nifedipine. Figure 3(b)
shows the effects of two K* channel openers on
31 mM K*-induced increase in [Ca’*)i, measured
using the Ca** indicator fura-2. When individual
chromaffin cells were stimulated with 31 mM K*,
[Ca?*]i rapidly increased and then slowly decreased
during Smin. Both cromakalim and pinacidil
slightly increased [Ca®*]i, but inhibited the increase
in [Ca?*i induced by 31 mM K*,

Effects of cromakalim and pinacidil on catecholamine
secretion induced by carbamylcholine

Figure 4(a) shows the effects of cromakalim
(100 uM) and pinacidil (100 uM) on catecholamine
secretion induced by various concentrations of
carbamylcholine. Bothdrugsinhibited catecholamine
secretion induced by carbamylcholine. Their inhibi-
tory effects were not overcome by increasing
the concentration of carbamylcholine. Nifedipine
(100 uM) also strongly inhibited catecholamine
secretion induced by various concentrations of
carbamylcholine. Figure 4(b) shows the con-
centration-response curves for the inhibitory effects
of both cromakalim and pinacidil on catecholamine
secretion induced by carbamylcholine (100 uM).
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Fig. 3. (a) Concentration-response curves of cromakalim, pinacidil and nifedipine for inhibition of
4Ca?* influx induced by 31 mM K*. Cells were stimulated for 10 min with 31 mM K* containing “CaCl,
in the absence or presence of various concentrations of cromakalim (@), pinacidil (O) or nifedipine
(M) as described in Materials and Methods. “Ca?* influx induced by 31 mM K* was 0.61 = 0.4 nmoles/
well and was expressed as 100%. Points and bars show 31 mM K*-induced **Ca?* influx in the presence
of various concentrations of drugs as means = SD for 3-4 experiments. (b) Inhibitory effects of
cromakalim and pinacidil on the increase in [Ca®*]i induced by 31 mM K*. Cells, which were maintained
on cover glasses and preloaded with the Ca?* indicator fura-2, were stimulated with 31 mM K* in the
absence (O) or presence of cromakalim (100 uM, @) or pinacidil (100 4M, O) as described in Materials
and Methods. Drugs and 31 mM K* were applied as shown by the horizontal bars. Measurements of
[Ca?*]i were done on single cells.
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Fig. 4. (a) Effects of cromakalim, pinacidil and nifedipine on catecholamine secretion induced by
various concentrations of carbamyicholine. Cells were stimulated with various concentrations of
carbamylcholine for 10 min in the absence (O) or presence of cromakalim (100 uM, @), pinacidil
(100 uM, O) or nifedipine (100 4M, B) as described in Materials and Methods. Catecholamine (CA)
secretion is shown as a percentage of the total CA in the cells. Points and bars are means + SD for 3-
4 experiments. (b) Concentration-response curves of cromakalim, pinacidil and nifedipine for the
inhibition of catecholamine secretion induced by carbamylcholine. Cells were stimulated with
carbamylcholine (100 uM) in the absence or presence of various concentrations of cromakalim (@),
pinacidil (O) or nifedipine (M) as described in Materials and Methods. Catecholamine (CA) secretion
induced by carbamylcholine (100 uM) was 6.8 + 0.8% of the total cellular CA content and was expressed
as 100%. Points and bars show carbamylcholine-induced CA secretion in the presence of various
concentrations of drugs as means + SD for 3-4 experiments.

Both compounds were inhibitory at concentrations  Effects of cromakalim and pinacidil on “Ca?* influx
of 1M or more and caused 30-40% inhibition at and increase in [Ca**|i induced by carbamylcholine
100 uM. The inhibitory effects of these K* channel In bovine adrenal chromaffin cells, stimulation of
openers were less than that of nifedipine. nicotinic ACh receptors, but not muscarinic
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Fig. 5. (a) Concentration-response curves of cromakalim, pinacidil and nifedipine for the inhibition of
4Ca?* influx induced by carbamylcholine. Cells were stimulated for 10 min with carbamylcholine in
BSS containing **CaCl, in the absence or presence of various concentrations of cromakalim (@),
pinacidil (O0) or nifedipine (M) as described in Materials and Methods. *Ca?* influx induced by
carbamylcholine (100 uM) was 0.78 = 0.6 nmoles/well and was expressed as 100%. Points and bars
show carbamylcholine-induced “Ca’* influx in the presence of various concentrations of drugs as
means * SD for 3-4 experiments. (b) Inhibitory effects of cromakalim and pinacidil on increase in
[Ca?*]i induced by carbamylcholine. Cells, which were maintained on cover glasses and preloaded with
the Ca?* indicator fura-2, were stimulated with carbamylcholine (100 uM) in the absence (O) or presence
of cromakalim (100 uM, @) or pinacidil (100 uM, O) as described in Materials and Methods. Drugs
and carbamylcholine (CCh) were applied as shown by the horizontal bars. Measurements of [{Ca?*}i

were done on single cells.

ACh receptors causes catecholamine secretion by
increasing Ca?* influx mainly through voltage-
dependent Ca?* channels [19]. Therefore, the effects
of the K* channel openers on Ca®* influx and
increase in [Ca®*]i induced by carbamylcholine were
examined. As shown in Fig. 5(a), both croma-
kalim and pinacidil inhibited *Ca’** influx induced
by carbamylcholine in a concentration-dependent
manner, the concentration—inhibition curves being
similar to those for inhibition of catecholamine
secretion. Inhibitory effect of nifedipine on “Ca?*
influx was also more than those of K* channel
openers. Figure 5(b) shows the effect of the K*
channel openers (100 uM) on increase in [Ca®**]i
induced by stimulation with carbamylcholine.
Carbamylcholine increased [Ca®*]i rapidly and
transiently, and this increase was significantly
inhibited by both cromakalim (100 uM) and pinacidil
(100 uM).

On the other hand, as shown in Fig. 6, both K*
channel openers (100 uM) also inhibited the increase
in [Ca?*]i induced by carbamylcholine in the absence
of extracellular Ca?*, which is thought to be mediated
by muscarinic ACh receptors. The inhibitory effect
of cromakalim was more than that of pinacidil.
Although in bovine adrenal chromaffin cells,
stimulation of muscarinic ACh receptors is not
responsible for the secretion of catecholamine, it is
interesting that cromakalim and pinacidil have
inhibitory effects on Ca®* mobilization from
intracellular pools in response to muscarinic ACh
receptor stimulation.

Effects of cromakalim and pinacidil on catecholamine
secretion induced by Bay-K 8644, Ba’* and A23187

The effects of cromakalim and pinacidil on

Time (min)

Fig. 6. Effects of cromakalim and pinacidil on increase in
[Ca’*]i caused by carbamylcholine in the absence of
extracellular Ca?*. Cells, which were maintained on cover
glasses and preloaded with the Ca®* indicator fura-2, were
stimulated with carbamylcholine (100 uM) in Ca®*-free BSS
in the absence (O) or presence of cromakalim (100 uM,
®) or pinacidil (100 uM, O) as described in Materials
and Methods. Drugs and carbamylcholine (CCh) were ap-
plied as shown by the horizontal bars. Measurements of
[Ca?*}i were done on single cells.

catecholamine secretion induced by Bay-K 8644, an
opener of L-type voltage-dependent Ca?* channels
[20], and also that induced by Ba?*, which is known
to penetrate into the cells through voltage-dependent
Ca®* channels and stimulate catecholamine secretion
[21,22], were examined. As shown in Table 1,
neither cromakalim nor pinacidil affected cate-
cholamine secretion induced by these secretagogues.
Furthermore, these drugs did not affect cate-
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Table 1. Effects of cromakalim and pinacidil on catecholamine secretion induced by various
secretagogues

CA secretion CA secretion

Cromakalim (% of total) Pinacidil (% of total)
Bay-K 8644 (-) 84x08 -) 8.3=x07
(+) 99+1.1 (+) 9.3+0.6
Ba?* (-) 33.5+26 (-) 32.5%£3.6
(+) 306 1.0 (+) 31226
A 23187 -) 8.7+0.8 (-) 85+1.2
(+) 9.5+ 1.4 +) 8.9+1.3

Cells were stimulated with Bay-K 8644 (100 uM), Ba®* (500 uM) or A23187 (10 uM) for
30 min in the absence or presence of K* channel openers (100 uM) as described in Materials
and Methods. Catecholamine (CA) secretion is shown as a percentage of the total cellular
CA content.

Values are means *+ SD for 3-4 experiments.

Table 2. Effects of cromakalim and pinacidil on catecholamine secretion induced by
histamine or bradykinin

CA secretion CA secretion

Cromakalim (% of total) Pinacidil (% of total)
Histamine (=) 82+14 (=) 83+0.8
(+) 7.5+1.3 (+) 8.0+1.4
Bradykinin (-) 2.4+0.8 (-) 28+1.2
(+) 32+04 (+) 2.6+07

Cells were stimulated with histamine (100 uM) or bradykinin (20 uM) for 40 min in the
absence or presence of K* channel openers (100 uM) as described in Materials and Methods.
Catecholamine (CA) secretion is shown as a percentage of the total cellular CA content.

Values are means *= SD for 3-4 experiments.

cholamine secretion induced by the Ca?* ionophore
A23187.

Effects of cromakalim and pinacidil on catecholamine
secretion induced by histamine and bradykinin

Histamine [23] and bradykinin [24] are reported
to stimulate catecholamine secretion from cultured
bovine adrenal chromaffin cells by increasing Ca®*
influx largely through voltage-independent pathway
and that the time courses and magnitudes of their
effects are quite different from those of the effects
of high K* or carbamylcholine. Therefore, the
effects of cromakalim and pinacidil on catecholamine
secretions induced by histamine and bradykinin were
studied. As shown in Table 2, neither K* channel
openers affected the catecholamine secretions
induced by histamine and bradykinin.

DISCUSSION

The purposes of this study were to examine the
effects of the K* channel openers cromakalim
and pinacidil on voltage-dependent and receptor-
mediated catecholamine secretion and Ca®* mobil-
ization in cultured bovine adrenal chromaffin cells,
and to determine how much membrane K* channels
are involved in the regulation of the Ca**-dependent
secretory process. Since cultured bovine adrenal

chromaffin cells are thought to be a neuronal model
[10-13], the results obtained here provide indications
of a role for membrane K* channels in regulation
of neurotransmitter release in the nervous system,
and also of additional pharmacological effects of
cromakalim and pinacidil apart from those on K*
channels.

In an experiment using ¥Rb as a monitor of K*
permeability [17, 18], we found that the K* channel
openers cromakalim (1 uM-100 uM) and pinacidil
(1 uM-100 uM) stimulated ¥Rb efflux from the
preloaded cultured bovine adrenal chromaffin cells
to similar extents. This finding indicates that these
K* channel openers affected membrane K* channels,
resulting in an increase in K* efflux from these
cells. Electrophysiological studies using patch-clamp
techniques, have shown that many different kind of
K* channels are present in various cells [1-3]. In
adrenal chromaffin cells, voltage- and CaZ*-
dependent K* channels have been studied [25-28].
It has been demonstrated in other cells that the sites
of action of K* channel openers are ATP-sensitive
K* channels, which are inhibited by the antidiabetic
drug glibenclamide [3, 29]. However, in the cultured
bovine adrenal chromaffin cells used here, it was
uncertain which type of K* channels were affected
by cromakalim and pinacidil, since glibenclamide
did not have a clear inhibitory effect on cromakalim-
or pinacidil-stimulated #Rb efflux (data not shown).
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Cromakalim and pinacidil did not affect cat-
echolamine secretion induced by excessive depo-
larization with 56 mM K7*, but inhibited the
catecholamine secretion induced by moderate
depolarization with 31 mM K* in a concentration-
dependent manner (1 uM-100 uM). These drugs also
inhibited “*Ca?* influx and increase in {Ca*]i induced
by 31 mM K* and the concentration-response curve
was similar to that for inhibition of catecholamine
secretion. These inhibitory effects of the K* channel
openers were less than those of the Ca?* channel
blocker nifedipine, which inhibited catecholamine
secretion and “Ca’* influx induced by both 56 mM
K* and 31 mM K*. The findings that cromakalim
and ?inacidil inhibited catecholamine secretion and
#$Ca** influx induced by moderate depolarization,
but not that induced by excessive depolarization,
suggests that in contrast to Ca?* channel blockers
[30}, which have direct actions on voltage-dependent
Ca** channels, those K* channel openers inhibit the
voltage-dependent Ca?* channels indirectly through
opening of K* channels.

Furthermore, both cromakalim and pinacidil
inhibited catecholamine secretion, *Ca?* influx and
increase in [Ca?*]i induced by stimulation of ACh
receptors with carbamylcholine. These inhibitory
effects of the drugs were not overcome by increasing
the concentration of carbamylcholine, suggesting
that the cromakalim and pinacidil did not compete
with carbamylcholine at the ACh receptors. In
bovine adrenal chromaffin cells, stimulation of
nicotinic, but not muscarinic ACh receptors is known
to cause catecholamine secretion by increasing Ca®*
influx largely through voltage-dependent Ca?*
channels [11,12]. Therefore, it seems that K*
channel openers inhibit catecholamine secretion
induced by carbamylcholine by inhibiting Ca®* influx
through voltage-dependent Ca?* channels activated
by nicotinic ACh receptors with carbamylcholine.

We also found that cromakalim and pinacidil
inhibited the increase in [Ca®*]i induced by
carbamylcholine in the absence of extracellular Ca?*.
This indicates that the K* channel openers have an
inhibitory effect on the release of Ca?* from
intracellular pools induced by stimulation of
muscarinic ACh receptors, which is not responsible
for the secretion of catecholamine. In adrenal
chromaffin cells, stimulation of muscarinic ACh
receptors is also proposed to cause activation of
phosphoinositide metabolism (the so-called PI
response), resulting in the formation of inositol
1,4,5-triphosphate, which induces the mobilization
of Ca?* from intracellular pools [31, 32]. However,
at present, it is uncertain whether the inhibitory
effect of K* channel openers on Ca** movement
from intracellular pools is due to their direct effect
on the PI response or an indirect effect as a result
of the membrane hyperpolarization induced by
opening of K* channels. Anyway, it is of interest
that cromakalim and pinacidil inhibit not only influx
of Ca** through voltage-dependent Ca?* channel,
but also mobilization of Ca?* from intracellular pools
induced by ACh receptors stimulation.

Cromakalim and pinacidil did not affect the
secretion of catecholamine from the cells induced
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by Bay-K 8644 [20] or Ba?* [21, 22], suggesting that
they did not inhibit influx of Ca?* induced by an
opener of L-type voltage-sensitive Ca?* channels
such as Bay-K 8644, or influx of Ba?*, which is
thought to pass through voltage-sensitive Ca?*
channels and stimulate catecholamine secretion.
Cromakalim and pinacidil also did not affect
catecholamine secretion induced by the Ca’*
ionophore A23187, indicating that they themselves
or the opening of membrane K* channels (hyp-
erpolarization of the cells) did not interfere with the
intracetlular Ca?* dependent secretory mechanism.

Furthermore, cromakalim and pinacidil did not
affect the catecholamine secretion induced by
histamine or bradykinin, both of which are reported
to stimulate the secretion by increasing Ca>* entry
mainly through voltage-independent membrane
channels [23,24]. These results indicated that the
K* channel openers did not affect Ca’* influx
through the voltage-independent pathway and
therefore, that their inhibitory effect was restricted
to Ca’* influx through voltage-dependent channels
activated by mild depolarization or nicotinic ACh
receptor stimulation.

In conclusion, the present study using cultured
bovine adrenal chromaffin cells demonstrated that
the K* channel openers, cromakalim and pinacidil,
increase the permeability of membrane K* channels,
resulting in inhibition of Ca** influx through voltage-
dependent membrane channels induced by moderate
depolarization or nicotinic ACh receptor stimulation
and thus inhibition of catecholamine secretion.
Furthermore, results showed that cromakalim and
pinacidil also inhibited Ca** mobilization from
intracellular pools induced by muscarinic ACh
receptor stimulation. These effects may contribute,
in part, to the hypotensive effects of these K*
channel openers, through inhibition of catecholamine
secretion from adrenal medullary chromaffin cells
and consequent reduction of the catecholamine level
in the circulation.
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