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The K¢, channel as a trigger for the cardioprotection induced by
kappa-opioid receptor stimulation — its relationship with protein

kinase C

'Chun-Mei Cao, '"Mai Chen & *'Tak-Ming Wong

"Department of Physiology, The University of Hong Kong, Hong Kong SAR, China

1 We first determined whether the cardioprotection resulting from kappa opioid receptor (k-OR)
stimulation was blocked by the K¢, channel inhibitor, paxilline (Pax), administered before or during
ischaemic insults in vitro.

2 In isolated rat hearts, 30 min of ischaemia and 120min of reperfusion induced infarction and
increased lactate dehydrogenase (LDH) release. In isolated ventricular myocytes subjected to S min of
metabolic inhibition and anoxia followed by 10 min of reperfusion, the percentage of live cells and the
amplitude of the electrically induced intracellular Ca*>* ([Ca®>*];) transient decreased, while diastolic
[Ca?*]; increased. Pretreatment with 10 uM US50,488H, a x-OR agonist, attenuated the undesirable
effects of ischaemic insults in both preparations. The beneficial effects of x-OR stimulation, that were
abolished by 5 uM nor-BNI, a k-OR antagonist, were also abolished by 1 uM Pax administered before
ischaemic insults or 20 uM atractyloside, an opener of the mitochondrial permeability transition pore.
3 Activation of protein kinase C (PKC) with 0.1 uM phorbol 12-myristate 13-acetate decreased the
infarct size and LDH release in isolated rat hearts subjected to ischaemia/reperfusion, and these effects
were abolished by blockade of PKC with its inhibitors, 10 uM GF109203X or 5 uM chelerythrine, and
more importantly by 1 uM Pax. On the other hand, the cardioprotective effects of opening the K¢,
channel with 10 uM NS1619 were not altered by either PKC inhibitor.

4 In conclusion, the high-conductance K¢, channel triggers cardioprotection induced by x-OR
stimulation that involves inhibition of MPTP opening. The K¢, channel is located downstream of

PKC.
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Introduction

Ischaemic preconditioning (IPC) is a phenomenon in which
transient nonlethal periods of ischaemia increase the resistance
to a subsequent and more prolonged ischaemic insult (Murry
et al., 1986). It has been demonstrated that Gi protein-coupled
receptors mediate the cardioprotection of IPC (Liu et al., 1991;
Schultz et al., 1998). The kappa opioid receptor (k-OR) is one
of the receptors that mediate the cardioprotection of IPC
(Wang et al., 2001a) and the action of its stimulation is
mediated via a pertussis toxin-sensitive G-protein (Sheng et al.,
1997). We have shown that preconditioning with a x-OR
agonist, U50,488H (U50) (Wang et al., 2001a), reduces
the injury induced by myocardial ischaemia and reperfusion,
and this effect is abolished by blockade of x-OR with its
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antagonist, nor-BNI, indicating cardioprotection by x-OR
stimulation. Recently, we have shown that the administration
of paxilline (Pax), an inhibitor of the high-conductance Ca*" -
activated potassium (Kc,) channel located mainly in the
mitochondrial membrane (Xu et al., 2002), before, but not
during, ischaemia, abolishes the cardioprotection of IPC (Cao
et al., 2005), indicating that the K¢, channel acts as a trigger
of IPC, defined as the mechanism that puts the heart into
a preconditioned state and occurs before index ischaemia
(Krieg et al., 2003). We therefore hypothesize that the high-
conductance K¢, channel also triggers the cardioprotection by
k-OR stimulation.

Protein kinase C (PKC) triggers the cardioprotection of IPC
(Speechly-Dick et al., 1994) or by k-OR stimulation (Wang
et al., 2001b). A recent study has shown that the cardioprotec-
tion resulting from PKC activation involves the mitochondrial
permeability transition pore (referred to below as ‘the pore’);
inhibition of its opening triggers the cardioprotection of IPC
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(Hausenloy et al., 2002) and it is located downstream of PKC
(Baines et al., 1997). Interestingly, the pore is also located
downstream of the K¢, channel (Cao et al., 2005). If the
cardioprotection of k-OR stimulation involves the K¢, channel
as a trigger as we hypothesized, the K¢, channel and PKC
might act sequentially. The relationship between PKC and the
K, channel is, however, not known.

Therefore, the aim of this study was to determine: firstly,
the roles of the K¢, channel in cardioprotection by x-OR
stimulation, and, secondly, the relationship between the K,
channel and PKC. We used two in vitro preparations, namely,
the isolated perfused heart and isolated myocytes. In addition
to determining injury, viability, and diastolic intracellular
Ca’>* ([Ca?*];) and its transient, we also determined the
opening/inhibiting of the pore. We determined the effects
of xk-OR stimulation with either U50, or activation of PKC,
or closing of the pore on cardiac injury and [Ca’"]; in res-
ponse to ischaemic insults in both preparations. We also
determined whether activation of PKC would confer cardio-
protection following blockade of the K, channel and vice
versa in the isolated perfused heart. The results showed that
the high-conductance K, channel triggers cardioprotection by
k-OR stimulation, which involves the mitochondrial perme-
ability transition pore. PKC is located upstream of the Kc,
channel.

Methods
Isolated perfused heart preparation

Male Sprague-Dawley rats of 250-300g body weight were
anaesthetized with sodium pentobarbitone (60mgkg™', i.p.)
and given heparin (200 IU, i.v.). Hearts were excised rapidly
and placed in ice-cold Krebs—Henseleit (K—H) perfusion buffer
before being mounted on a Langendorff apparatus for
perfusion at 37°C with K-H buffer at a constant pressure
(100 cm H,0). The buffer, which had the following composi-
tion (mM): NaCl 118.0, KCl 4.7, CaCl, 1.25, KH,PO, 1.2,
MgSO, 1.2, NaHCO; 25.0, and glucose 11.0, was equilibrated
with 95% CO,/5% O,. In hearts subjected to regional
ischaemia, a silk suture was placed around the left coronary
artery to form a snare. The coronary artery was occluded by
pulling the snare to produce ischaemia. Reperfusion was
achieved by releasing the snare. The protocol of this study was
approved by the Committee on the Use of Experimental
Animals for Teaching and Research, The University of Hong
Kong.

Measurement of the area of risk

For determination of infarct size in hearts subjected to regional
ischaemia, the coronary artery was re-occluded at the end of
the reperfusion period and a solution with 2.5% Evans blue
was perfused to delineate the area of risk. Hearts were then
frozen and cut into slices, which were then incubated in a
sodium phosphate buffer containing 1% wv~' 2,3,5-triphenyl-
tetrazolium chloride for 15min to visualize the unstained
infarcted region. Infarct and risk zone areas were determined
by planimetry using Image/J software from NIH, and infarct
was expressed as a percentage of the risk zone.

Determination of myocardial injury by lactate
dehydrogenase (LDH) efflux

The effluent from the isolated perfused heart was collected at
Smin of reperfusion and LDH was spectrophotometrically
assayed using a kit purchased from Sigma-Aldrich. LDH
activity was expressed as U1~

Preparation of isolated ventricular myocytes

Single ventricular myocytes were prepared from the hearts
of male Sprague-Dawley rats by enzymatic dissociation.
Immediately after stunning and decapitation, the heart was
rapidly removed, rinsed in ice-cold Ca®*-free Tyrode’s
solution and perfused via a Langendorff apparatus with
100% oxygenated, nonrecirculating, Ca>*-free Tyrode’s solu-
tion. Then the perfusion solution was switched to a 100%
oxygenated, recirculating, low Ca*>* (50 uM) Tyrode’s solution
containing 0.03% collagenase and 1% bovine serum albumin
for 10min. The ventricles were cut, minced, and gently
triturated with a pipette in a low-Ca®>* Tyrode’s solution
containing bovine serum albumin at 37°C for 10 min. The cells
were filtered through a 200-um nylon mesh, resuspended in the
Tyrode’s solution in which the Ca®>* concentration was
gradually increased to 1.25mM in 40 min. Only rod-shaped
cells with clear cross-striations were used for experiments. For
ischaemic insults, myocytes were incubated for Smin in a
solution containing 10mM 2-deoxy-D-glucose and 10mMm
sodium dithionite (Na,S,0,), that induce metabolic inhibition
and anoxia (MI/A) (Wu et al., 1999; Ho et al., 2002), two
consequences of ischaemia. This was followed by perfusion
with normal K—H solution for 10-min reperfusion.

Intracellular calcium recording

[Ca>*]; and its transient were determined by a spectro-
fluorometric method using the sensitive dye fura-2 as Ca’>*
indicator. After stabilization, isolated myocytes were incu-
bated with 1 uM fura-2/AM at room temperature for 30 min.
Then, the loaded cells were washed three times with fresh
K-H buffer solution containing 1% BSA. Fluorescence was
measured on an Olympus inverted microscope equipped with a
fluorometer system (TILL, Germany). A small aliquot of fura-
2-loaded cells was placed on the glass bottom of a chamber
and then perfused with K—H buffer solution with a gas phase
of 95% 0,/5% CO, at room temperature. The Ca’"-
dependent signal of fura-2 was obtained by illuminating at
340 and 380 nm and recording the emitted light at 510 nm. The
[Ca?*]; transient was induced by supra-threshold stimuli at
0.2Hz delivered through two platinum field-stimulation
electrodes in the bathing fluid.

Cell viability

Trypan blue exclusion was used as an index of the viability of
the myocytes (Zhou et al., 1996; Hiebert & Ping, 1997). After
cells were incubated with 0.4% trypan blue dye for 3 min, they
were counted in a haemocytometer chamber under a light
microscope. Dead cells are not able to exclude trypan blue and
thus appear blue. The cell morphology was determined
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by microscopic examination (Zhou et al., 1996). Only rod-
shaped (length/width ratio, >3:1) cells were used for data
collection.

Experimental protocol

Two preparations were used: the isolated perfused heart and
isolated ventricular myocytes.

Isolated perfused heart After an initial stabilization for
20min, all hearts were subjected to 30min of regional
ischaemia and 120 min of reperfusion. For pretreatment with
U50, hearts were treated for two periods of 5Smin each of US0
(10 uM) with 5 min of intervening reperfusion before ischaemia
(Chen et al., 2003; Cao et al., 2004). To activate PKC, phorbol
12-myristate 13-acetate (PMA, 0.1 uM), an activator of PKC,
was administered for 10min (Wang et al., 2001a). To activate
the K¢, channel, 10 uM NS1619 was perfused for 10 min,
15 min before ischaemia. At 5 min after administration of U50
or PMA, the heart was subjected to ischaemic insult for 30 min
followed by 2 h reperfusion. Blockade of k-OR or PKC or the
K. channel was achieved by administration of the selective
blocker nor-BNI (5 uM) or the inhibitors GF109203X (GF,
10 uM), chelerythrine (Che, 5uM), or Pax (1 uM) for 30 min
before the ischaemic insult. The pore opener, atractyloside
(Atr, 20 uM), and inhibitor, cyclosporine A (CsA, 0.2 uM), was
administered for 25 min, from the final 10 min of ischaemia to
15min into reperfusion (Hausenloy et al., 2002). LDH was
measured at Smin into reperfusion, when its release reaches
the peak level (Chen et al., 2003; Cao et al., 2004). Infarct size
was determined at the end of reperfusion.

Isolated ventricular myocytes Isolated ventricular myo-
cytes were allowed to equilibrate for Smin with continuous
perfusion of K—H solution. In the metabolic inhibition and
MI/AR group, after stabilization, myocytes were perfused
with K—H solutions for 25min and then for 5min with MI/A
solution containing 10mM 2-deoxy-D-glucose and 10mMm
sodium dithionite, that produced anoxia and metabolic
inhibition (Wu et al., 1999; Ho et al., 2002), followed by
perfusion with normal K—H solution for 10-min reperfusion.
In the groups pretreated with U50, myocytes were perfused
with two periods of 5min each with U50 (10 uM) with a 5-min
intervening reperfusion before MI/A. The pore opener, Atr
(20 uM), the inhibitor of the K¢, channel, Pax (1 uM), and the
k-OR antagonist, nor-BNI (5uM), were administered for
25min before MI/A (Wu et al., 1999; Xu et al., 2002).
Determination of diastolic [Ca®*];, its transient and cell
viabilities were performed at the end of 10-min reperfusion.

Chemicals

Collagenase (type I), bovine serum albumin, nor-BNI, PMA,
U50, Che, GF, NS1619, 2-deoxy-D-glucose, sodium dithionite,
Atr, CsA, Pax, 2,3,5-triphenyl-tetrazolium chloride, and fura-
2-acetoxymethyl ester were purchased from Sigma-Aldrich
(St Louis, U.S.A.).

Nor-BNI (Portoghese et al., 1994), a selective antagonist of
k-ORs, was used to block the effect of k-OR stimulation at
S uM (Schoffelmeer et al., 1997, Wang et al., 2001a). Pax (1 uM)
and NS1619 (10 uM), which have been shown to inhibit and
open the K¢, channel, respectively (Olesen et al., 1994;

Gribkoff et al., 1996; Xu et al., 2002; Shintani et al., 2004;
Cao et al., 2005; Sato et al., 2005), were used to block and
activate the K¢, channel, at doses used in a previous study (Xu
et al., 2002; Cao et al., 2005). PMA (0.1 um) and Che or GF
(10 um), PKC activator and inhibitors, respectively, were used
at the doses used by Liang (1997) and Ahmet et al. (2000). Atr
(20 uM) is a pore opener, and the dose used was based on
previous studies (Hausenloy et al., 2002).

Statistical analysis

Values presented here are means +standard errors of means.
Statistical comparisons were performed by one-way analysis of
variance and the Newman—Keuls test. Differences of P<0.05
were regarded as significant.

Results

Effects of U50 on myocardial injury induced by ischaemia
and reperfusion — blockade of the K¢, channel with Pax

There were no significant differences between control and
treatment groups in risk zone size (data not shown).
Myocardial ischaemia for 30 min followed by reperfusion for
120 min induced an infarct of 43.1+7.7%. The infarct size was
significantly reduced when 10 uM U50 was administered for
two cycles of 5min each, interspersed with 5min of drug-free
perfusion before ischaemia (Figure la). Pretreatment of the
heart with 10 um U50 also significantly reduced the release of
LDH (Figure 1b).

The effects of U50 on infarction and LDH release were
blocked by a selective k-OR blocker, 5 uM nor-BNI (Figure 1),
and by a K¢, channel inhibitor, 1 uM Pax, administered before
(PaxT), but not during, ischaemia (PaxM) (Figure 1). Nor-
BNI or Pax alone had no effect.

Effect of U50 on viability of ventricular myocytes
subjected to MI/A — blockade of K¢, channel with Pax

The percentage of rod-shaped unstained cells 10 min after start
of reperfusion was significantly decreased in ventricular
myocytes subjected to MI/A compared with that in control
(Figure 2). In cells pretreated with U50, the percentage of
viable cells after MI/A was significantly greater than that in
untreated cells. This effect was significantly attenuated in the
presence of 5 uM nor-BNI, or 1 uM Pax (Figure 2). Nor-BNI or
Pax alone had no effect.

Effect of U50 on intracellular calcium in isolated
ventricular myocytes subjected to M1/A — blockade of K¢,
channel with Pax

The amplitude of the electrically stimulated [Ca®*]; transient
was markedly reduced at the end of reperfusion, while the
diastolic Ca>* level was elevated (Figure 3b). Pretreatment
with 10 uM U50 attenuated the effects of MI/A and reper-
fusion on the [Ca®"]; transient and diastolic Ca®*". The
attenuating effects of U50 were blocked by 5uM nor-BNI
(Figure 3) or 1uM Pax (Figure 3). Neither nor-BNI nor Pax
given alone had any effect on intracellular calcium.
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Figure 1 Effects of U50 in the presence of nor-BNI, 5 uM or Pax on
myocardial infarct (a) or LDH release (b) in the isolated perfused rat
heart subjected to ischaemia for 30 min and reperfusion for 120 min.
Experimental protocol is shown in the upper panel. Hearts were
pretreated with 10uM US0 interspersed with Smin drug-free
perfusion. nor-BNI (5uM) was administered for 30min before
ischaemia. Pax (1 uM) was either administered for 30 min before
ischaemia (PaxT) or throughout the ischaemia and 15 min after start
of reperfusion (PaxM). Data are expressed as individual values and
mean+s.e.m.; n= 10 in each group. **P <0.01 vs the IR group.
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Effects of U50 on hearts subjected to ischaemic insult —
opening of the mitochondrial permeability transition pore

End- and postischaemic treatment of the heart with 20 uM Atr
blocked the beneficial effects of 10 uM U50 on infarct size
(Figure 4a) and LDH release (Figure 4b). Similarly, 20 um Atr
administered for 25min before MI/A also abolished the
beneficial effects of U50 on cell viability, the [Ca?™]; transient
and diastolic Ca*>* (Figure 5). Atr (20 uM) alone had no effect
in agreement with previous findings (Xu et al., 2001;
Hausenloy et al., 2002; Cao et al., 2005).

Administration of 0.2 uM CsA reduced the infarct size and
LDH release in the isolated perfused rat heart subjected to
ischaemia/reperfusion (Figure 4), and attenuated the effects
induced by MI/AR in isolated myocytes (Figure 5). These are
in agreement with previous findings (Cao et al., 2005).

trypan blue exclusion of rat ventricular myocytes subjected to
MI/AR. Experimental protocol is shown in the upper panel. Cells
were pretreated with 10 uM US0 interspersed with Smin drug-free
perfusion. nor-BNI (5 uM) or 1 uM Pax was administered for 30 min
before MI/A. Data are expressed as mean+s.e.m.; n=10 in each
group. **P<0.01 compared with the control group; **P<0.01
compared with the MI/AR group.
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Figure 3 Effects of U50 in the presence of nor-BNI (5 uM) or Pax
on the amplitude of the electrically induced intracellular [Ca®*];
transient (a) and diastolic [Ca®>*]; (b) of rat ventricular myocytes
subjected to MI/AR. Experimental protocol is shown in the upper
panel of Figure 2. Cells were pretreated with 10 gM US50 interspersed
with 5min drug-free perfusion. nor-BNI (5uM) or 1 uM Pax was
administered for 30min before MI/A. Data are expressed as
mean+s.e.m.; n=10 in each group. **P<0.01 compared with the
control group; P <0.01 compared with the MI/AR group.
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Figure 4 Effects of CsA or US50 in the presence of Atr on
myocardial infarct (a) and LDH release (b) in the isolated perfused
rat heart subjected to 30 min of ischaemia and 120 min reperfusion.
Experimental protocol is shown in the upper panel. CsA (0.2 uM) or
20 uM Atr was administered from the last Smin of ischaemia to
15 min into reperfusion. Data are expressed as individual values and
meants.e.m.; n=10 in each group. **P<0.01 compared with IR
group.

Effects of PKC activation on myocardial injury induced
by ischaemia and reperfusion — blockade of the K,
channel with Pax

Pretreatment with 0.1uM PMA before ischaemic insult
significantly reduced the infarct size and LDH release
compared with the IR group. This is in agreement with
our previous finding that PKC-¢ is a trigger of IPC (Wang
et al., 2001b). The effects of PKC activation on infarction and
LDH release were blocked by blockade of PKC with 10 uMm GF
or 5uM Che. More interestingly, the effects were abolished
when Pax was administered for 30min before ischaemia
(Figure 6).

Activation of K¢, channel with 10uM NS1619 also
reduced infarct size and LDH release, in agreement with our
previous observation (Cao et al., 2004). The effects were not
altered by blockade of PKC with either 10 uM GF or 5 uM Che
(Figure 7).

GF or Che given alone prior to the ischaemic period had no
effect on infarct size and LDH release (Figure 6).
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Figure 5 Effects of CsA or U50 in the presence of Atr on trypan
blue exclusion (a) and intracellular calcium (b, c) of rat ventricular
myocytes subjected to MI/AR. Experimental protocol is shown in
the upper panel. Cells were pretreated with 10 uM US50 interspersed
with 5min drug-free perfusion. CsA (0.2uM) or 20 uM Atr was
administered 30 min before MI/A. Data are expressed as mean+
s.e.m.; n=10 in each group. **P<0.01 compared with the control
group; #P<0.01 compared with the MI/AR group.

Discussion and conclusions

The first important observation of the present study was that
the cardioprotective effects conferred by x-OR stimulation
with U50 were abolished when a K, channel blocker, Pax,
was administered before preconditioning, but not during
ischaemic insult in the isolated perfused heart. This observa-
tion indicates that the K¢, channel triggers the cardioprotec-
tion of x-OR stimulation as it does of IPC (Cao et al., 2005).
Furthermore, we observed that the beneficial effects of k-OR
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Figure 6 Effects of PMA on myocardial infarct (a) and LDH
release (b) in isolated perfused rat heart subjected to 30min
ischaemia and 120 min reperfusion. Experimental protocol is shown
in the upper panel. PMA (0.1 uM) was administered for 10 min
before 15 min of ischaemia. Che (5 uM) and 10 uM GF and 1 uM Pax
were administered for 30 min before ischaemia. Data are expressed
as individual values and mean+s.em.; n=10 in each group.
**P<0.01 compared with the IR group.

stimulation on viability and alterations of [Ca%*]; in isolated
ventricular myocytes subsequently subjected to MI/A were
also abolished by Pax. This observation not only confirms
the role of the K¢, channel in x-OR-stimulated cardiopro-
tection, but also suggests that the K¢, channel may mediate
cardioprotection by attenuating Ca®* overload.

Another important observation is that an opener of the
mitochondrial permeability transition pore reversed the
beneficial effects of x-OR stimulation. This is also the first
evidence that xk-OR cardioprotection involves inhibition of
pore opening, well known to play an important role in the
cardioprotection of IPC (Hausenloy et al., 2002).

The most interesting observation of the present study is that
the cardioprotective effect of PKC activation was abolished by
blockade of the K¢, channel, while the cardioprotective effect
of opening the K¢, channel was not altered by blockade of
PKC. This is the first ever demonstration that PKC is located
upstream of the K¢, channel.

In the present study, we observed that inhibition of pore
opening by x-OR stimulation or by the inhibitor of the pore,
that conferred cardioprotection, also attenuated the [Ca®*];
overload, particularly during reperfusion, a period when severe
cardiac infarction and arrhythmia occur (Piper et al., 2003). In
addition, pore opening abolished the cardioprotective effect of

Figure 7 Effects of NS1619 on myocardial infarct (a) and LDH
release (b) in isolated perfused rat hearts subjected to 30min
ischaemia and 120 min reperfusion. Experimental protocol is shown
in the upper panel. NS1619 (10 uM) was administered 15 min before
ischaemia for 10 min. Che (5 uM) and 10 uM GF and 1 uM Pax were
administered for 30min before ischaemia. Data are expressed as
individual values and mean +s.e.m.; n= 10 in each group. **P <0.01
compared with the IR group.

k-OR stimulation on [Ca’"]; overload. These observations
support the notion that [Ca?*]; overload leads to mitochon-
drial Ca®>* accumulation, which leads to pore opening and
cardiac injury/death (Weiss et al., 2003).

In addition, we observed that inhibition of pore opening by
k-OR stimulation or CsA restored the electrically induced
[Ca?*); transient that was reduced by ischaemic insult and
reperfusion, while opening the pore abolished the beneficial
effect of x-OR. Since the electrically induced [Ca®*]; transient
represents influx of Ca?* through the L-type Ca?* channel
and release of Ca’* from the sarcoplasmic reticulum during
excitation—contraction coupling (Bers, 2000), and is directly
correlated to contraction (Yu et al., 1998), these observations
indicate that inhibition of pore opening restores cardiac
contractility by restoring Ca®>* homeostasis that was impaired
by ischaemia/reperfusion (Weiss et al., 2003).

Previous work showed that PKC is upstream of the pore
(Baines et al., 2003). In support of this finding, we showed that
the cardioprotective effects of PKC activation were blocked by
opening the pore, while the effects of inhibiting pore opening
were not affected by inhibiting PKC (data not shown). So,
after k-OR activation, the signal transduction pathway is
PKC-K, channel-pore.
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Electrophysiological studies using the patch-clamp techni-
que showed that NS1619 is an opener (Olesen et al., 1994; Xu
et al., 2002), while Pax is an inhibitor (Gribkoff et al., 1996), of
the K¢, channels. Their selectivity for Kc,, but not Krp, was
supported by the fact that the effects of NS1619 are not
affected by the mitochondrial channel blocker 5-HD
(O’Rourke, 2004; Cao et al., 2005; Sato et al., 2005) and that
Pax fails to inhibit the effects of diazoxide, a Ksrp channel
opener (Cao et al., 2005; Sato et al., 2005). However,
precautions should be taken that these two agents may have
nonselective actions.
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