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Protein Kinase C Activates ATP-sensitive Potassium Channels in

Rabbit Ventricular Myocytes
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Several signal transduction pathways have been implicated in ischemic preconditioning induced by
the activation of ATP-sensitive K* (Kare) channels. We examined whether protein kinase C (PKC)
modulated the activity of Ksrp channels by recording Kare channel currents in rabbit ventricular
myocytes using patch-clamp technique and found that phorbol 12,13-didecancate (PDD) enhanced
pinacidil-induced Karp channel activity in the cell-attached configuration; and this effect was prevented
by bisindolylmaleimide (BIM). Ks1p channel activity was not increased by 4 ¢-PDD. In excised inside-
out patches, PKC stimulated Karp channels in the presence of 1 mM ATP, and this effect was abolished
in the presence of BIM. Heat-inactivated PKC had no effect on channel activity. PKC-induced activation
of Karp channels was reversed by PP2A, and this effect was not detected in the presence of okadaic
acid. These results suggest that PKC activates Karp channels in rabbit ventricular myocytes.
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INTRODUCTION

Heart has the highest density of expression of ATP-
sensitive K* (Kare) channels (Davis et al, 1991). These
channels open when cytosolic ATP concentrations ([ATP];)
fall below a particular threshold, 800 #M. The activation
of Karp channels shortens the duration of action potentials,
thereby decreasing contractility and conserving energy
during ischemia (Faivre & Findlay, 1990; Venkatesh et al,
1991; Lebuffe et al, 2003; Otani et al, 2003).

Karp channels are also thought to play a role in the phe-
nomenon of ischemic preconditioning. In several species, a
short period of ischemic preconditioning protects the heart
by reducing the size of infarcts that result from prolonged
bouts of ischemia (Grover et al, 1992; Van Winkle et al,
1994; Walsh et al, 1994; Yao & Gross, 1994). The mech-
anism by which activation of Karp channels could provide
a ‘memory’ of ischemic preconditioning is still a matter of
debate (Parratt, 1994; Sanada & Kitakaze, 2004).

One possible basis for the prolonged protection following
ischemic preconditioning might be long-term modulation of
Kare channel activity by phosphorylation. Several signal
transduction pathways have been implicated in ischemic
preconditioning, including pathways that involve protein
kinase C (PKC) (Okawa et al, 2003; Uchiyama et al, 2003;
Wang et al, 2004). Moreover, there is evidence that the
actions of PKC involve activation of Karp channels (Moon
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et al, 2004). However, it is not known whether PKC can
activate single cardiac Karp channel in the presence of
physiological concentrations of ATP. Therefore, the purpose
of the study was to determine whether PKC modulated the
activity of Karp channels in rabbit ventricular myocytes.

METHODS
Cell isolation

Individual ventricular myocytes were isolated from rabbit
hearts by enzymatic dissociation according to the estab-
lished method (Han et al, 1993). Initially, each heart was
cannulated and was perfused retrogradely for 5 min with
Tyrode’s solution, while gently squeezing the heart to
remove all blood. The heart was then perfused with
nominally Ca’*-free Tyrode’s solutlon for 5 min, followed
by perfusion for 15~25 min with Ca®" -free Tyrode’s solu-
tion that contained 0.01% collagenase (5 mg/50 cc; Yakult,
Japan). Thereafter, the heart was perfused with Kraftbriihe
(KB) solution for 5 min. Finally, the cannula was removed,
the atria were discarded, and the ventricular walls and
septum were cut vertically into four to six pieces. Individual
cells were dissociated from these pieces of tissue by agi-
tating the tissue samples gently in a small beaker that
contained KB solution. Isolated ventricular cells were
stored in KB solution at 4°C and were used within 12 h.

ABBREVIATIONS: PKC, protein kinase C; Karp channel, ATP
sensitive potassium channel; PDD, phorbol 12,13-didecanoate;
BIM, bisindolylmaleimide; PP2A, protein phosphatase; DPCPX,
8-cyclopentyl-1,3-dipropylxanthine; OA, okadaic acid.
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Langendorff columns were kept at 37°C during all steps.
Electrophysiology

Single-channel currents were measured in the cell-
attached, inside-out, and outside-out configurations (Hamill
et al, 1981). Channel activity was measured using a patch-
clamp amplifier (EPC-7; List, Darmstadt, Germany; Axo-
patch-1D, Axon Instruments, Foster City, CA). Patch
pipettes (5~10 MQ resistance) were pulled from borosili-
cate glass capillaries (Clark Electrochemical, Pangbourne,
England) using a vertical puller (PP-83; Narishige, Japan).
The tips of the pipettes were coated with Sylgard and
fire-polished. Membrane currents were digitized at a sam-
pling rate of 48 kHz and were stored on digital audio tapes
using a digital recorder (DTR-1200; Biologic, Grenoble,
France). To analyze single-channel activity, data were
transferred to a computer (80486 DX2-66; IBM, USA) with
pCLAMP ver. 6.0 software (Axon Instruments, Burlingame,
CA, USA) through an analogue-to-digital converter (Digi-
data-1200; Axon Instruments).

Data analysis

The threshold for the open state was set at half the
single-channel amplitude (Colquhoun et al, 1983). A histo-
gram of open times was plotted using data from continuous
recordings of at least 60 s. The open probability (Po) was
calculated using the formula:

N
Po = (St9)/(TaN)

where t; is the time spent at current levels corresponding
toj =0, 1, 2, ... N channels in the open state, Tq is the
duration of the recording, and N is the number of channels
active in the patch. The number of channels in a patch was
estimated by dividing the maximum current observed
during an extended recording period in the absence of ATP
by the mean unitary current amplitude. Po was calculated
from 30-s data records.

Rundown of Karp channels

The activity of Kare channels in rabbit ventricular
myocyte membrane patches excised into ATP-free solution
decreases slowly with time; this phenomenon is known as
‘rundown’. In the present study, upon excision, patches
were exposed continuously to ATP (0.1 or 1.0 mM), except
for a brief exposure to ATP-free solution at the beginning
and end of experiments to estimate the number of channels
in a patch (see above) and the degree of rundown. Data
from patches that exhibited >50% rundown were dis-
carded. In experiments designed to test the effects of PKC
on Karp channel activity, patches were exposed continu-
ously to 1 mM ATP unless stated otherwise. This concentra-
tion of ATP was used to approximate a near-physiological
concentration of ATP, while simultaneously producing a Po
that would allow single-channel events to be observed.

Solutions and drugs

Normal Tyrode’s solution contained (in mM): 143.0 NaCl,
5.4 KCl, 1.8 CaCly, 0.5 MgCl,, 5.5 glucose, and 5.0 N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES).
pH was adjusted to 7.4 with NaOH. The outside of the cell
membrane was exposed to a solution that contained (in
mM): 140 KCl, 2 CaCl;, 1 MgCls, 10 glucose, and 10 HE-
PES. pH was adjusted to 7.4 with KOH. The inside of the
cell membrane was exposed to a solution that contained (in
mM): 127 KC], 13 KOH, 1 MgCls, 5 ethylene glycol-bis( 8-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 10
glucose, and 10 HEPES. pH was adjusted to 7.4 with KOH.
The modified KB solution had the following composition (in
mM): 25 KCI, 10 KH:PO,4, 16 KOH, 80 glutamic acid, 10
taurine, 14 oxalic acid, and 10 HEPES. pH was adjusted
to 7.4 with KOH.

Adenosine (20 M), ATP (0.1 or 1.0 mM), glibenclamide
(50 uM), guanosine 5-triphosphate (GTP; 100 «M), bisin-
dolylmaleimide (BIM, 30 nM) and guanosine 5’-O-(3-thio-
triphosphate) (GTP yS; 50 xM) were added to either ex-
tracellular or intracellular solutions according to the
experimental protocols described in the text. After addition
of drugs to the test solution, the pH was readjusted to 7.4
with KOH. Pertussis toxin (1~5 pg/ml), cholera toxin (10
#g/ml), albumin (3 mg/ml), and 8-cyclopentyl-1,3-dipro-
pylxanthine (DPCPX; Research Biochemicals, Natick, MA,
USA) were dissolved in KB solution in which myocytes were
incubated for more than 7 h. Unless stated otherwise, re-
agents were obtained from Sigma (St. Louis, MO, USA),
pinacidil was obtained from Research Biochemicals, oka-
daic acid (OA) was from RBI (Natick, USA), and protein
phosphatase 2A (PP2A) was from UBI (Lake Placid, NY,
USA). Experiments were performed at room temperature
25+2°C).

Solution exchange system

In most experiments, the DAD-12 superfusion system
was used to switch bath solutions. This system is designed
to simplify the application of various concentrations of
drugs and solutions to cells, and takes advantage of what
many refer to as the ‘sewer-pipe effect’. If the cell remains
within the stream of the solution when the outlet is pointed
at the cell to be studied, the cell is essentially immersed
completely in the solution that is applied. The DAD-12
enables the user to rapidly stop and start the flow and to
change up to 12 parameters of the flow.

Statistics

Data are presented as means+SEM. Student’s unpaired
t-test was used to calculate statistical significance (p<
0.05).

RESULTS

Effects of PKC on pinacidil-induced single-channel
activity

Fig. 1 illustrates the effects of phorbol 12,13-didecanoate
(PDD) on pinacidil-induced single-channel currents re-
corded from Karp channels in isolated rabbit ventricular
myocytes in the cell-attached configuration. Administration
of pinacidil to the bath solution activated single-channel
currents (Fig. 1A), and this effect was enhanced by the
application of 0.1 uM PDD (Fig. 1B) to the bath. The addi-
tion of glibenclamide (10 xM) reversed the effects of PDD
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Fig. 1. Effects of phorbol 12,13-didecancate (PDD) on pinacidil-
induced activity of single Karp channels in isolated rabbit ventri-
cular myocytes. Single-channel current traces and corresponding
histograms obtained from recordings in the cell-attached configura-
tion are shown during (A) control conditions (50 «M pinacidil), (B)
activation by 0.1 xM PDD in the presence of 50 yM pinacidil, and
(C) exposure to 10 ©M glibenclamide in the presence of 0.1 sM PDD
and 50 #M pinacidil. The membrane potential was held at —80 mV.
Single-channel currents are downward deflections in the trace.
Zero-current levels are indicated by broken lines. Data in the
histograms were obtained from 45-s current recordings.

on the pinacidil-induced opening of Katp channels (Fig. 1C).

To examine how PKC would affect the PDD-induced
enhancement of pinacidil-induced Karp channel activation,
we performed the experiments illustrated in Fig. 2. We first
evaluated the effects of the highly selective PKC inhibitor,
bisindolylmaleimide (BIM), on the actions of PDD. BIM (30
nM) was applied extracellularly to pinacidil-activated Karp
channels prior to and during the addition of 0.1 uM PDD.
BIM had no effect on pinacidil-induced Karp channel
activation, but prevented the enhancement of channel ac-
tivation by pinacidil (Fig. 2B).

To verify that PKC was essential for the PDD-induced
enhancement of pinacidil-induced Karp channel activation,
we examined the effects of 4 ¢-PDD, an inactive congener
of PDD, on the actions of PDD. As shown in Fig. 2C and
D, 1 uM 4 ¢-PDD failed to alter the effects of PDD on
pinacidil-induced Karp channel activation.

PKC activates Karp channels in the presence of ATP

To investigate the direct actions of PKC on Karp channels,
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Fig. 2. Effect of PDD on pinacidil-induced opening of Karp channels
in the presence of bisindolylmaleimide (BIM), a highly selective
inhibitor of protein kinase C (PKC). (A) Single-channel current
trace (cell-attached configuration) obtained from an isolated ventri-
cular myocyte held at —40 mV. Pinacidil (50 # M) caused an increase
in channel activity. Extracellular application of PDD (0.1 M) in
the presence of BIM (30 nM) was ineffective. Data were sampled
at 400 Hz and filtered at 1 kHz. The broken line indicates the
zero-current level. (B) Change in channel activity in response to
PDD in the presence of BIM. The histogram shows the pooled Po
data for the following conditions: pinacidil alone; pinacidil+BIM;
and additional application of PDD. (C) Single-channel current trace
(cell-attached configuration at —40 mV) illustrating that pinacidil
enhanced Kare channel activity. Extracellular application of 4«
-PDD (1 M) was ineffective in the presence of pinacidil. Data were
sampled at 400 Hz and filtered at 1 kHz. The broken line indicates
the zero-current level. (D) Change in channel activity in response
to 4 @-PDD. The histogram shows the pooled Po data for the
following conditions: pinacidil alone and additional application of
4 ¢-PDD.
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Fig. 3. Effects of PKC on Karr channel activity in the presence
of ATP. Single-channel current traces and corresponding histo-
grams for recordings obtained from excised inside-out patches (A)
in control conditions (ATP-free bath solution), (B) in the presence
of 1 mM ATP, (C) in the presence of 1 mM ATP and 20 nM PKC,
and (D) after washout of PKC. The membrane potential was held
at —80 mV. Single-channel currents are downward deflections in
the trace. Zero-current levels are indicated by broken lines. Data
in the histograms were obtained from 45-s current recordings.

we tested the effect of PKC on the activity of single Kare
channels in the presence of 1 mM ATP using excised
inside-out patches. Fig. 3 shows that, after excision of the
patch (Fig. 3A), 1 mM ATP inhibited spontaneous Karp
channel opening (Po reduced from 0.380 to 0.016; Fig. 3B).
In the continuous presence of ATP, exposure of the intra-
cellular surface of the excised membrane to 20 nM PKC
caused an enhancement of Katp channel activity (Po=0.120;
Fig. 3C). After washout of PKC, channel activity returned
to the control level (P0o=0.035; Fig. 3D). Such an enhan-
cement of channel activity by PKC in the presence of ATP
was observed in 11 replications of the aforementioned
experiment.

In the presence of the highly selective PKC inhibitor,

BIM (30 nM), PKC (20 nM) had no effect on Karp channel
activity. However, upon washout of BIM, PKC caused an
increase in channel activity. Subsequent washout of PKC
caused channel activity to return to the control level (Fig.
4).

The application of heat-inactivated PKC had no effect on
Karp channel activity. Fig. 5A shows a representative result
obtained, when the intracellular surface of an inside-out
patch was exposed to 1 mM ATP. In the continuous pre-
sence of ATP (P0o=0.072), application of 20 nM heat- inacti-
vated PKC to the intracellular surface failed to enhance
channel activity (Po=0.070). The same result was observed
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Fig. 4. Effect of BIM on Kare channel activity stimulated by PKC
in the presence of ATP. (A) Current recording from an inside-out
patch recorded at —40 mV. PKC (20 nM) had no effect on the Kare
channel activity. Subsequent removal of PKC caused channel
activity to return to near-control levels. Data were sampled at 400
Hz and filtered at 1 kHz. Broken line indicates the zero-current
level. (B) Changes in channel activity in response to PKC in the
presence of BIM. Histogram showing the pooled Po data for the
following conditions: PKC+BIM; PKC; repeat control (1 mM ATP)
after washout of PKC. All experiments were performed in the
presence of 1 mM ATP. *Significantly different (p<0.05) vs. the
control value (in the presence of BIM).

in four separate experiments (Fig. 5B).

PKC-induced activation of Kirp channels is reversed
by protein phosphatase

The data presented in Figs. 1 ~5 demonstrated that PKC
activated single Karp channels in the presence of 1 mM
ATP. This suggested that the phosphorylation of Kare
channels by PKC was essential for the activation of these
channels. To investigate whether PKC-mediated phos-
phorylation of Karp channels might be found in the PKC-
induced activation of these channels, we investigated the
effects of OA (Fig. 6), which (used at a low concentration
of 5 nM) blocks the activity of PP2A in excised inside-out
patches. In 6/6 patches tested, application of PKC in the
presence of ATP caused a significant increase of Kare
channel activity. After washing out PKC, OA was applied
to the patches, and Kare channel activity was found to be
maintained significantly above the control level (p<0.05).
Upon removal of OA, Kate channel activity returned to the
control level. These effects of OA are illustrated in Fig. 6B.

We also examined whether intracellular application of
PP2A in the presence of PKC would lead to the inhibition
of PKC-induced activation of Karp channels. Fig. 7A illus-
trates the effects of applying PP2A (1 U/ml) to the intra-
cellular membrane surface of an inside-out patch in the
presence of 20 nM PKC. The increase of Karp channel
activity due to PKC was reversed by the application of
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Fig. 5. Effect of heat-inactivated PKC on Karp channel activity in
the presence of ATP. (A) Current recording from an inside-out patch
at —40mV. Heat-inactivated PKC (20 nM) had no effect on the
activity of the Karp channel in the presence of 1 mM ATP. Data
were sampled at 400 Hz and filtered at 1 kHz. The broken line
indicates the zero-current level. (B) Changes in channel activity in
response to heat-inactivated PKC in the inside-out configuration.
Histogram showing the pooled Po data for the following conditions:
ATP alone; heat-inactivated PKC+ ATP; repeat ATP alone after
washout of heat-inactivated PKC.

PP2A. Data from four patches are summarized in Fig. 7B.
The inhibition of the stimulatory effects of PKC on Karp
channels by PP2A was blocked by 5 nM OA (Fig. 8).

DISCUSSION

We showed that PDD, an ester that activates PKC, could
enhance the activity of single Karp channels in rabbit
ventricular myocytes. This effect was mediated by the
activation of PKC, because a structural analogue of PDD,
4 ¢-PDD, that does not stimulate PKC activityfailed to
affect Karp channel activity and BIM, an inhibitor of PKC,
inhibited the activation of channels induced by PKC. These
results indicate that PKC-induced phosphorylation can
activate Karp channels. Light et al. (1995) suggested that,
at physiological (millimolar) concentrations of ATP, PKC-
mediated phosphorylation of Karp channels should increase
channel activity. Our data support this prediction, because
PKC activated single Karp channels in the presence of
millimolar concentrations of ATP.

Hu et al. (1996) demonstrated that PKC can activate Karp
channels in intact cells (Hu et al, 1996). However, the same
authors reported that the PKC activator PDD did not
activate Katp channels at ATP concentrations >1 mM. It
is possible that the two- to four-fold increase in Karp
channel activity expected in the presence of millimolar
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Fig. 6. Effect of okadaic acid (OA), a potent inhibitor of protein
phosphatase 2A (PP2A), on the spontaneous reversal of PKC-
induced activation of Karp channels. (A) Current recording from an
inside-out patch at —40 mV. Addition of 1 mM ATP to the internal
side of the patch reduced Karr channel activity. Enhanced Karp
channel activity persisted upon removal of PKC and exposure to
5 nM OA. Removal of OA caused Karp channel activity to return
to control levels. Data from six patches treated as described above
were sampled at 400 Hz and filtered at 1 kHz. (B) Histogram
showing the pooled Po data for the following conditions: control (1
mM ATP); PKC; OA; and repeat control after washout of OA. All
experiments were performed in the presence of 1 mM ATP.
*Significantly different (p<0.05) vs. the control value (in presence
of 1 mM ATP).

concentrations of ATP may not have been detected in their
whole-cell recordings because the expected change in the
magnitude of the whole-cell current (~100 pA) is similar
to the standard error of their data. Therefore, the data of
(Hu et al, 1996) are not necessarily in conflict with our data.
In another study (Liu et al, 1991), demonstrated at the
whole-cell level that PKC can activate Karp channels, The
results of both of the aforementioned studies concur with
our conclusion that PKC can activate Karp channels.

In the present study, OA (56 nM) prevented the spontane-
ous reversal of PKC-induced activation of Karp channels,
and application of exogenous PP2A in the presence of PKC
reversed the PKC-induced activation of Kare channels.
These observations suggest that endogenous membrane-
associated PP2A is responsible for the reversal of PKC-
induced activation of Karp channels. This concurs with our
previous findings and implies that, in the presence of
physiological concentrations of ATP, the activity of ven-
tricular Karp channels is modulated by phosphorylation and
dephosphorylation by PKC and PP2A, respectively. This
process of phosphorylation and dephosphorylation could
dynamically regulate the activity of Ksrp channels in the
myocardium, which might be a mechanism by which Karp
channel activity reversibly controls cellular excitability in
the heart.

It has been reported that PKC can either inhibit or
activate Kare channels in insulin-secreting cell lines,
depending on the time course of experiments (Dunne et al,
1994). It has also been demonstrated that PKC activates
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Fig. 7. Effect of exogenous PP2A on Kare channel activity stimu-
lated by PKC. (A) Current recording from an inside-out patch at
—40 mV. In the presence of 1 mM ATP, PKC (20 nM) caused an
increase in channel activity. In the same patch, PP2A (1 U/ml)
reversed the stimulatory effects of PKC on Karp channel activity.
Data were sampled at 400 Hz and filtered at 1 kHz. The broken
line indicates the zero-current level. (B) Histogram showing the
pooled Po data for the following conditions: ATP alone; ATP+ PKC;
and additional application of PP2A in the presence of ATP +PKC.
*Significantly different (p < 0.05) vs. the control value (before appli-
cation of PP2A).

Karp channels in insulin-secreting cell lines via the
stimulation of G-protein-coupled somatostatin receptors
(Ribalet & Eddlestone, 1995). In follicle-enclosed oocytes
(Honore & Lazdunski, 1991), smooth muscle (Bonev &
Nelson, 1993), and kidney (Wang & Giebisch, 1991),
activation of PKC by acetylcholine (Honore & Lazdunski,
1991; Bonev & Nelson, 1993) or bradykinin (Wang &
Giebisch, 1991) leads to an inhibition of Karp channel
activity. The results of the present study demonstrated that
PKC can activate ventricular Karp channels at near-
physiological concentrations of ATP. Therefore, it would
appear that the effects of PKC on Kare channel funection
are tissue-specific and depend on the signaling pathway(s)
to which PKC is linked.

Previous studies have associated activation of Kare chan-
nels (Parratt, 1994; Parratt & Kane, 1994) and activation
of PKC (Liu et al, 1994; Ytrehus et al, 1994; Speechly-Dick,
1995) with the process of ischemic preconditioning. More
specifically, several investigators suggested that Karp chan-
nels may be a link in the signaling pathway through which
activation of PKC triggers ischemic preconditioning (Jen-
kins et al, 1995; Van Winkle et al, 1995), including human
heart (Speechly-Dick et al, 1995). Most studies on this issue
have been performed at the whole-heart level. Our results
indicate that PKC can directly activate single cardiac Karp
channels. Therefore, our findings are consistent with the
hypothesis that PKC-catalyzed phosphorylation of Karp

A
i PP2A
20 nM PKC 20MOA —
1 mMATP
20 sec l 3pA
B

Channel activity (P,)

PP2A

Fig. 8. Effect of exogenous PP2A on Karp channel activity stimu-
lated by PKC in the presence of OA. (A) Current recording from
an inside-out patch at —40 mV. In the presence of 1 mM ATP,
PKC (20 nM) caused an increase in channel activity. In the
presence of ATP, PKC, and 5 nM OA, the enhanced Karp channel
activity persisted. Note that subsequent application of PP2A had
no effect on the activity of Karp channels when OA was present.
Data were sampled at 400 Hz and filtered at 1 kHz. The broken
line indicates the zero-current level. (B) Changes in channel activity
in response to PP2A in the presence of OA. Histogram showing
the pooled Po data for the following conditions: ATP alone; ATP +
PKC; ATP+PKC+0A; and additional application of PP2A in the
presence of ATP+PKC+OA.

channels (or an associated membrane protein) leads to
ischemic preconditioning.

In conclusion, Katp channels may be regulated by several
intracellular signaling pathways that act via PKC-depen-
dent phosphorylation to provide a link to one or more of
the signaling pathways that trigger ischemic precondi-
tioning.
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