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SUMMARY. The effect of protein kinase C (C-kinase) on the
Ca2+-activated K+ channel (Kc,-channel) was studied in cultured
smooth muscle cells from porcine coronary artery by the
patch-clamp technique. In cell-attached patches, bath application
of phorbol 12-myristate 13-acetate (PMA, 1 uM), a C-kinase
activator, significantly decreased the open probability of the
activated Kcja-channel in the presence of the calcium ionophore
A23187 (20 uM), which increases intracellular Ca2+. This decrease
in the open probability was reversed by subsequent application
of staurosporine (1 nM), a C-kinase inhibitor. Application of
I-oleoyl-2-acetylglycerol (OAG, 30 puM) or 1,2-dioctanoylglycerol
(DG8; 30 uM), activators of C-kinase, also inhibited Kc,-channel
activation by A23187, and these inhibitions were also reversed by
staurosporine. PMA (1 pM) also inhibited Kca-channel activation
by dibutylyl cyclic AMP (db-cAMP, 2 mM) or caffeine (30 mM). In
inside-out patches, bath application of the C-kinase fraction from
rat brain in the presence of ATP (I mM) and PMA (1 uM)
markedly inhibited the Kcja-channel. These results indicate that
activation of C-kinase inhibits the Kca-channel and may cause
membrane depolarization and vascular contraction. o 1593 acadenic press, Inc.

Activation of protein kinase C (C-kinase) causes contraction of
vascular smooth muscle (1-5). This contraction is supposed to be
partially dependent on Ca2+ influx from the extracellular fluid,
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because C-kinase activators increase the intracellular CaZ+
concentration (2,4,5), but the mechanism of Ca2?+ influx induced by
C-kinase is not clear.

C-Kinase is supposed to affect ion channels in the cell
membrane and recently it was shown to inhibit the ATP-sensitive
K+ channel (KaTp-channel) in cells of the rat cortical collecting duct
(6). The membrane potential is mainly controlled by K+ channels.
The opening of K+ channels causes membrane hyperpolarization
and smooth muscle relaxation (7). In vascular smooth muscle cells,
the large conductance Ca2+-activated K+ channel (Kc,-channel) and
the KaTp-channel are particularly important in control of vascular
tone (8). The Kcg,-channel is activated by depolarization and
increase in intracellular Ca2+, and counteracts contraction of
smooth muscle. The Kcga-channel in vascular smooth muscle is also
reported to be modulated by cAMP-dependent protein kinase
(9,10). However, modulation of the Kca-channel by C-kinase has
not yet been shown. In this paper, we report the inhibitory effect
of C-kinase on the Kcy,-channel in porcine coronary artery smooth
muscle cells.

MATERIALS AND METHODS

Cell culture. Smooth muscle cells were obtained from
porcine coronary artery as described (11). Coronary arteries were
excised from fresh porcine heart, and cut into small pieces after
removing the endothelial tissue. These pieces were then placed on
glass coverslips in tissue culture dishes filled with medium
[Medium 199 (Nissui Chemicals, Hiroshima, Japan) supplemented
with 10 % fetal bovine serum (GIBCO, Grand Island, NY), 100
pg/ml of streptomycin and 100 pug/mi of penicillin]. The smooth
muscle cells that migrated out of the tissue blocks were used for
experiments after their culture for 6 to 10 days. No proteolytic
enzyme was used for isolation of single cells.

Electrical measurements. Experiments were conducted on
cell-attached membrane patches as described by Hamill et al. (12).
Single channel currents were recorded with a patch clamp
amplifier (Nihon Kohden). Currents were low-pass filtered at
3 kHz. Heat-polished glass patch electrodes with a tip resistance of
5 to 7 megaohms were used. The seal resistance between the
pipette tip and the cell membrane was 10 to 20 gigaohms. The
patch pipette solution contained (in mM): NaCl 140, KCI 2.7, MgCl,
1, Na-[3-{N-morpholino}-propanesulfonic acid (MOPS)] 10, glucose
5, and free Ca2+ 0.001. The bath solution contained (in mM):
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K-aspartate 100, KCl 40, K-MOPS 10, and an appropriate amount of
free Ca2+*. All experiments were performed at 34-37°C.

Data analysis. Open probability (Po) measured from
current amplitude histogram was calculated from the following
equation

Po = 1/ 3 (n - Pn)
n=0

where N is the number of channels in the patch. Results are
expressed as means + S.E.M.s.

Purification of protein kinase C. C-Kinase from rat brain
was partially purified as described by Kitano et al. (13). Briefly, a
homogenate of brain was centrifuged at 100,000 x g at 4 °C. The
supernatant was then subjected to DEAE-cellulose ion exchanger
liquid chromatography, and the fraction containing C-kinase was
eluted with Tris-HCI buffer (pH 7.5) containing 90 mM NaCl. The
activity of C-kinase was determined with an enzyme assay Kkit
(Amersham, Tokyo, Japan).

Drugs. PMA, OAG and calcium ionophore A23187 were
obtained from Sigma (St. Louis, MO). Staurosporine and DGS
were from Funakoshi (Tokyo, Japan). PMA, OAG, and DGS
were dissolved in ethanol, and staurosporine and A23187
in dimethylsulfoxide for addition to the bath. The final
concentrations of organic solvents were less than 1 %, which had
no effect on the opening of the Kca-channel.

RESULTS

In cell-attached patches of smooth muscle cells from porcine
coronary artery, the Kcu-channel had a conductance of 150 pS
between -20 and +40 mV with 2.7 mM K+ on the pipette solution.
We tested the effects of C-kinase activators on the Kcga-channel
activated by several activators such as calcium ionophore A23187,
caffeine and dibutylyl cAMP (db-cAMP), because the open
probability of this channel was very low in the control state (less
than 0.001).

Figure 1 shows the effects of the C-kinase activators PMA,
OAG and DGS8 on the Kcy-channel in the presence of A23187 in the
bath at a patch membrane potential of +20 mV from the resting
potential (pipette potential = -20 mV). Application of A23187
(20 uM) to the bathing solution, increased the open probability to
0.242+0.029 (n=10, P<0.01). Bath application of PMA (1 uM)
significantly inhibited the activity of the Kca,-channel activated
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Fig, 1, Inhibitory effects of PMA, OAG and DG8 on the
K ca-channel activated by A23187 in cell-attached membrane
patches and reversal of the inhibitions by staurosporine. The
pipette holding potential was -20 mV (the patch membrane
potential was +20 mV from the resting potential). A23187 and
staurosporine were added to the bath at 20 puM and 1 nM,
respectively. The solution in the pipette contained 140 mM
NaClL,2.7 mM KCI, I mM MgClz, 10 mM K-MOPS, 5 mM glucose,
and 1 uM of free Ca2+. The bath solution contained 100 mM
K-aspartate, 40 mM KCI, 10 mM K-MOPS and 2 mM CaClz. The
concentrations of PMA, OAG and DG8 added to the bath were
1 uM, 30 uM and 30 pM, respectively.

by A23187, decreasing the open probability to less than 0.001
(n=4, P<0.05). This inhibition was reversed by subsequent
application of staurosporine (1 nM), with increase in the open
probability to 0.168+0.055 (P<0.05). The transmembrane
permeable DGs had similar effects to PMA, the open probabilities
of the Kcga-channel treated with OAG (n=3, P<0.05) and DGS8
(n=3, P<0.05) being less than 0.001. These DG-induced decreases
of Kca-channel activity were also reversed by 1 nM staurosporine
to open probabilities of 0.118%0.052 (OAG) and 0.115£0.056 (DGS8).
These results indicate that C-kinase inhibits the Kcg,-channel after
its activation by an increased concentration of intracellular free
Ca2+.

In rat aortic smooth muscle cells, db-cAMP is reported to
activate A-kinase resulting in activation of the Kcg-channel (9).
The Kcg-channel was also activated by db-cAMP (2 mM) in our
preparation and the activation was inhibited by PMA (1 uM),
which decreased the open probability from 0.197 to less than
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Fig, 2. Inhibitory effect of C-kinase on the Kcga-channel in the
presence of ATP and PMA in inside-out membrane patches and
reversal of the inhibition by staurosporine. The holding potential
was 0 mV. The pipette solution was as for Fig. 1. The bath solution
was also as for Fig. 1 but with 1 uM free CaZ+. ATP, PMA, and
C-kinase fractions were added to the bath at 1 mM, 1 uM and
I units/ml, respectively.

0.001. PMA also inhibited the Kc,-channel activated by caffeine,
which increases the intracellular CaZ+ level by causing Ca2+
mobilization from intracellular stores (data not shown).

Finally, we investigated the direct effect of C-kinase on the
Kca-channel using excised inside-out patches. The Kca-channel
activated by 106 M CaZ+ was inhibited by application of the
C-kinase fraction (1 units/ml) from rat brain to the bath (cytosolic
side) in the presence of 1 mM ATP and 1 uM PMA at a membrane
potential of 0 mV (Fig. 2); the open probability of the Kca-channel
was decreased from 0.339+0.015 to 0.005x0.002 (n=4, P<0.001).
The C-kinase fraction alone did not inhibit the Kg,-channel in the
absence of ATP and PMA (data not shown), which are required
to activate phosphorylation by C-kinase. The inhibition of the
Kca-channel by C-kinase was reversed by subsequent application
of staurosporine (1 nM), with increase in the open probability to
0.236+0.149.

DISCUSSION

Activation of C-kinase causes increase in the intracellular
Ca2+ concentration and smooth muscle contraction (1-5). Recently,
the ATP-sensitive K+ channel was reported to be inhibited
by C-kinase (6). However, it has not been shown whether
C-kinase modulates the Kca-channel, which counteracts the
vasoconstriction and is activated by increase of intracellular Ca2+
and depolarization. This study is the first report showing that
C-kinase inhibits the Kca-channel.
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We found that in cell-attached patches, C-kinase activators
(PMA, OAG and DGS8) inhibited the Kcy-channel activated by
increase in the cytosolic free Ca2* by A23187 (Fig. 1). We also
confirmed the inhibition of the Kca-channel by activated C-kinase
in inside-out patches using a C-kinase fraction from rat brain in
the presence of ATP and PMA (Fig. 2). These inhibitory effects
were reversed by staurosporine. These results indicate that
activated C-kinase inhibits the Kcj,-channel directly, probably via
phosphorylation of the channel protein. The Kca-channel activated
by db-cAMP or caffeine was also inhibited by PMA. Thus C-kinase
inhibits the Kca-channel activated by either Ca2+ or A-kinase.

The present results indicate that activation of C-kinase
inhibits the Kcj,-channel, and may cause concurrent Ca2+ influx
through the voltage-dependent Ca?+ channel by membrane
depolarization, because inhibitors of the Kcj,-channel are reported
to contract smooth muscles of aorta and vein (14,15). This
inhibition of the Kcy-channel may be involved in the mechanism
of C-kinase-induced vasoconstriction. We are now studying the
inhibition of Kcy-channel and associated activation of C-kinase by
vascular contractile agonists such as endothelin and angiotensin II

Here we report inhibition of the Kcga-channel by C-kinase.
Recently, we demonstrated activation of this channel by A-kinase
(10). These observations indicate that the Kcga-channel s
phosphorylated at different sites by A- and C-kinase, and so
may have a dual action in regulating contraction of vascular
smooth muscle.
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