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Roles of K, 1p channels in delayed cardioprotection and
intracellular Ca®>" in the rat heart as revealed by x-opioid
receptor stimulation with U50,488H
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1 The effect of preconditioning with U50,488 H (UP), a selective kappa-opioid receptor (k-OR)
agonist, on infarct size and intracellular Ca>* ([Ca>*];) in the heart subjected to ischaemic insults were
studied and evaluated. U50,488 H administered intravenously reduced the infarct size 18—48 h after
administration in isolated hearts subjected to regional ischaemia/reperfusion (I/R). The effect was
dose dependent. A peak effect was reached at 10mgkg~' U50,488 H and at 24 h after administration.
The effect of 10mg kg™ U50,488 H at 24 h after administration was abolished by nor-binaltorphimine
(nor-BNI), a selective x-OR antagonist, indicating the effect was xk-OR mediated.

2 The infarct reducing effect of U50,488 H was attenuated when a selective blocker of mitochondrial
(5-hydroxydecanoic acid, 5-HD) or sarcolemmal (HRM-1098) ATP-sensitive potassium channel
(Katp) Was coadministered with U50,488 H 24 h before ischaemia or when 5-HD was administered
just before ischaemia.

3 U50,488 H also attenuated the elevation in [Ca®*]; and reduction in electrically induced [Ca’*];
transient in cardiomyocytes subjected to ischaemic insults. The effects were reversed by blockade of
Katp channel, which abolished the protective effect of preconditioning with U50,488 H.

4 The results indicated that mitochondrial K,rp channel serves as both a trigger and a mediator,
while sarcolemmal K rp channel as a trigger only, of delayed cardioprotection of k-OR stimulation.
The effects of these channels may result from prevention/attenuation of [Ca®>*]; overload induced by
ischaemic insults.
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Introduction

Brief periods of ischaemia lead to a reduced severity of cardiac
injury following a subsequent or more sustained ischaemia, a
mechanism termed ischaemic preconditioning (IP). IP has two
phases — an early phase or first window of protection that lasts
for 1-3h after the IP and a delayed phase or second window
of protection that appears 12—24h after the IP and may last
for 24—72h. Previous studies have shown that pharmacologi-
cal preconditioning by stimulation of cardiac kappa-opioid
receptor (k-OR) with trans-(+)-3,4-dichloro- N-methyl-N-[2-
(1-pyrrolidinyl)cyclohexyl]-benzeneacetamide (U50,488H), a
selective xk-OR agonist, confers both immediate (Wang et al.,
2001a; Ho et al., 2002; Valtchanova-Matchouganska &
Ojewole, 2002) and delayed (Wu et al., 1999; Zhou et al.,
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2001; Wang et al., 2001b) cardioprotection. Both protein
kinase C (PKC)-epsilon (Wang et al., 2001b) and stress-
inducible heat shock protein 70 (Zhou et al., 2001) play
important roles in delayed cardioprotection of preconditioning
with x-OR stimulation with U50,488 H. The roles of ATP-
sensitive potassium (K tp) channels, another component likely
involved in IP, are however not well known. There are two
types of Karp channels, namely mitochondrial K,pp chanel
(mitoK otp) and sarcolemmal K,rp channel (sarcKsrp). The
role of mitoK o1p channel has been well established to play an
important role in various types of preconditioning, whereas
that of sarcK rp channel is controversial (Oldenburg et al.,
2002).

Intracellular Ca?* ([Ca®*],) overload is well known to be an
immediate cause that precipitates cardiac injury (Ylitalo et al.,
2000). Ischaemia increases [Ca®*]; while IP attenuates the
elevation in [Ca®*]; (Ylitalo ef al., 2000), suggesting that IP
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may confer cardioprotection by attenuating the [Ca>*]; over-
load. It has been shown that opening of the mitoK tp channel
depolarizes the intramitochondrial membrane, leading to a
transient swelling and an increased production of ATP
(Halestrap, 1994). ATP is essential to support the ATP-
dependent ionic pumps that include the Ca®>* pumps. Opening
of the K Arp channel with pinacidil, a nonselective opener of the
channel, has been shown to prevent the [Ca®>*], overload
induced by severe metabolic stress (Jovanovic & Jovanovic,
2001). It has also been shown that activation of PKC
prevented the [Ca®*]; overload and conferred cardioprotection
against hypoxic insults, and blockade of the mitoK stp channel
attenuated the effects of activating of PKC (Light et al., 2001).
SarcK,rp channel may also prevent [Ca®>*]; overload by
shortening the action potential duration, which reduces the
Ca’* entry (Gross & Fryer, 1999). It is expected that the
opening of Krp channels, which triggers or mediates delayed
cardioprotection of preconditioning, also attenuates the
[Ca*]; overload induced by ischaemic insults. Furthermore,
blockade of the channels, which attenuates/abolishes the
delayed cardioprotection, also attenuates/abolishes the attend-
ing action of opening of the channels or preconditioning on
[Ca?*]; overload induced by ischaemic insults.

The present study attempted to define the roles of Karp
channels in delayed cardioprotection of preconditioning with
U50,488 H (UP) in order to provide more evidence on the roles
of these channels, particularly the sarcK ,p channel. Secondly,
we determined the roles of these channels in [Ca®*]; homeo-
stasis altered by ischaemic insults. We studied delayed
cardioprotection, because its mechanism is less well under-
stood and it may be of greater clinical importance in view of
longer duration of protection. We administered intravenously
U50,488 H to rats, which provides pharmacological precondi-
tioning. After 24h, a duration required for maximum
protection as determined in previous (Wu et al., 1999) and
present studies, we determined myocardial infarct in the heart
upon sublethal ischaemia/reperfusion (I/R) and alterations in
[Ca?*]; and electrically induced [Ca®*]; transient in isolated
ventricular myocytes upon metabolic inhibition and anoxia
(MI/A), which are the consequences of ischaemia. Results
showed that UP conferred delayed cardioprotection in vivo.
The mitoK srp channel acts as a trigger and a mediator, while
sarcK tp channel as a trigger in delayed cardioprotection
against ischaemic insults. The cardioprotective actions of these
channels were accompanied by attenuation of [Ca®*]; overload
in the heart.

Methods
Animals

Male Sprague—Dawley rats weighing 250—300 g supplied by
The Laboratory Animal Unit, The University of Hong Kong,
were used. All animal experiments were approved by the
Committee on the Use of Live Animals in Teaching and
Research of the University of Hong Kong.

Pharmacological preconditioning with U50,488H (UP)

U50,488H dissolved in saline solution was given intravenously
to the rat. At different time intervals (12—72h) after

administration of the drug, the rat was killed and the heart
was removed for studies on cardioprotection and [Ca’™];
homeostasis.

Langendorff-perfused isolated rat heart preparation

The isolated perfused heart preparation was described
previously (Wang et al., 2001a). Briefly, the heart was removed
immediately after the rat was killed. It was mounted to the
Langendorff apparatus and perfused retrogradely under a
constant pressure of 100 cmH,0O with a Krebs—Ringer solution
containing (in mM) 115 NaCl, 5 KCl, 1.2 MgSO,, 1.2 KH,PO,,
1.25 CaCl,, 25 NaHCOs;, and 11 glucose. The solution was
aerated with 95% O,—-5% CO, at pH 7.4. The temperature of
the perfusion solution was maintained at 36°C. Total coronary
arterial flow (CF) was measured by timed collection of the
coronary venous effluent in a graduated cylinder. A 2-0 silk
suture was passed around the left main coronary artery close
to its origin with a taper needle, and the ends were passed
through a small vinyl tube to form a snare. The coronary
artery was occluded by pulling the snare, which produced
myocardial ischaemia. Ischaemia was confirmed by regional
cyanosis and a substantial fall in CF. Reperfusion was
achieved by releasing the snare. In the first 15 min of perfusion,
the heart was allowed to stabilize, and any heart exhibiting
arrhythmia during this period was discarded.

Measurement of ischaemic (risk) zone and infarct size

At the end of the experiment, 0.25% Evans blue was infused
into the heart to determine the myocardial risk zone. The heart
was weighed, frozen, and cut into 2-mm slices. Alter removal
of the right ventricle and the connective tissue, the slices were
incubated in 1% 2,3,5-triphenyltetrazolium chloride (TTC) in
pH 7.4 buffer for 15min at 37°C. The slices were immersed in
10% formalin overnight. The areas of infarct (TTC negative)
and risk zone (TTC stained) were determined by a computer-
ized planimetry technique (SigmaScan program 4). The
volumes of left ventricle, infarct size, and risk zone were
calculated by multiplying each area with slice thickness and
summing products. Infarct size was expressed as a percentage
of the area at risk (IS/AAR).

Isolation of rat ventricular myocytes and measurement of
[Ca’™ ], in the single ventricular myocyte

Myocytes were isolated from rat hearts with a collagenase
method described previously (Wu et al., 1999). After isolation,
they were allowed to stabilize for at least 30min before
experiments. A spectrofluorometric method with fura-2/AM
as the Ca?* indicator was used for measurement of [Ca®*];.
Loading of cells with fura-2/AM was performed as described
previously (Wu et al., 1999). Briefly, ventricular myocytes were
incubated with 4 uM fura-2/AM for 30min in a modified
Eagle’s medium solution containing 1.25mM CaCl,. Fluor-
escent signals obtained at 340 nm (F340) and 380 nm (F380)
excitation wavelengths were recorded and stored in a computer
for data processing and analysis. The F340/F380 ratio was
used to represent cytosolic [Ca®>*]; in the ventricular myocyte.
To measure the electrically induced [Ca®*]; transient, myocytes
were electrically stimulated at 0.2 Hz.
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Metabolic inhibition and anoxia

MI/A are two of the consequences of ischaemia. In our
previous study, we showed that MI/A causes myocardial injury
and preconditioning with mild MI/A confers cardioprotection
in a similar way as myocardial ischaemia (Ho et al., 2002). So
in the present study, we subjected ventricular myocytes to MI/
A as ischaemic insults. Before MI/A, ventricular myocytes
were superfused with Krebs solution for 100s followed by
perfusing for 10min with a glucose-free Krebs solution
containing 10mM 2-deoxy-D-glucose (2-DOG), an inhibitor
of glycolysis (Macianskiene ez al., 2001; Overend et al., 2001;
Sugiyama et al, 2001), and 10mM sodium dithionite
(Na,S,0,), an oxygen scavenger (McKenna et al., 1991; Otter
& Austin, 2000; Tateishi et al., 2001), known to cause MI/A.
Then the ventricular myocytes were resuperfused with normal
Krebs solution for 15 min-reperfusion (RE). During MI/A and
RE, the resting [Ca®*]; and electrically induced [Ca’®*];
transient were measured.

Drugs and chemicals

U50,488H, 2-DOG, fura-2/AM, modified Eagle’s medium,
type 1 collagenase, 5-hydroxydecanoic acid (5-HD), glibencla-
mide (Glib), TTC, and Evans blue dye were purchased from
Sigma (St Louis, U.S.A.), Na,S,0, and nor-binaltorphimine
(nor-BNI) were from Merck (Darmstadt, F.R., Germany) and
Tocris Cookson Ltd (Bristol, U.K.), respectively. HMR-1098
was a generous gift from Aventis Pharma Deutschland GmbH
(Frankfurt, Germany). All chemicals were dissolved in saline
or Krebs solution, except fura-2/AM, which was dissolved in
dimethyl sulphoxide, at a final concentration <0.1%, at which
no effect can be observed (Wu et al., 1999). The concentrations
of 2-DOG and sodium dithionite (Ho et al., 2002) and nor-
BNI (Lishmanov Yu et al., 1999) used were based on previous
studies. 5S-HD and HMR-1098 were used as selective inhibitors

of mito- and sarc-K,rp channels, respectively, according to
previous studies (Light et al., 2001; Patel er al., 2002:
Tonkovic-Capin et al., 2002).

Statistical analysis

Two types of data were evaluated. One was expressed as
mean+s.e.m. and two-tailed unpaired Student’s t-test was
used to determine the difference between two groups. Another
type was enumerative data for comparison for which y? test of
contingency was used. P<0.05 was considered statistically
significant.

Results

Heart rate and coronary flow in the isolated perfused rat
heart

Coronary artery occlusion resulted in a marked reduction in
CF in all of experimental groups. The CF tended to return
towards the baseline levels after reperfusion in all groups.
There were no significant differences in the heart rate and CF
between treatment groups and control group at Smin after
regional ischaemia and 120 min after reperfusion (Table 1).

Dose- and time-dependent changes in infarct size after
preconditioning with U50,488H (UP) in the isolated
perfused heart subjected to I/R

Myocardial ischaemia for 30min and reperfusion for 2h
induced myocardial infarct as expected. A significant reduc-
tion in infarct size appeared when U50,488H was administered
at the range of 3—15mgkg~"' 24 h before I/R (Figure 1). There
was no significant reduction in infarct size when U50,488H
was administered at 0.5 or 1mgkg™'. A peak effect was

Table 1 Heart rate and coronary flow in the isolated perfused rat heart
Baseline Ischaemia Reperfusion

Treatment N HR CF HR CF HR CF
CON 8 241406 13.14+0.9 217+10 5940.6 211411 8.1+1.1
UP 9 232410 11.6+1.6 215408 52+1.7 209+07 7.840.9
BNI+ UP 6 237+13 12.6+1.4 212+11 6.7+1.1 207+10 10.2+2.1
BNI 6 229409 11.8+1.1 208 +07 4.8+0.8 210+08 9.8+0.7
HMR + UP 9 239407 13.240.8 211409 7.2+1.5 209+12 11.2+0.6
5-HD + UP 8 247412 143+1.0 220+ 10 7.8+1.2 212407 12.8+1.1
UP+HMR 9 251408 14.1+0.6 228408 6.9+0.7 200+ 05 13.24+0.5
UP+5-HD 6 226+ 16 10.7+1.2 210+12 49+0.9 211409 8.7+1.6
UP + Glib 8 235406 12.5+0.6 218+ 10 7.1+£1.0 222409 8.3+0.8
S5-HD(before) 6 242409 11.6+0.8 230+ 14 4.9+0.6 232405 10.1+1.6
HMR (end) 6 238+ 11 12.1+0.9 224+13 64+1.3 221406 9.7+0.9
5-HD(end) 6 245+ 10 145+1.0 219+10 7.0+0.4 213+ 12 124+1.8
Glib(end) 6 233+09 13.2+1.1 212+10 7.7+1.2 223+11 9.8+1.2

The experimental protocol was described in Figures 1-5. Baseline, at 10 min of perfusion; Ischaemia, 5min after regional ischaemia;
Reperfusion, 120 min after reperfusion; CON: administration of saline 24 h before I/R; UP: administration of U50,488 H (10mgkg ') 24 h
before I/R; BNI+ UP: administration of nor-BNI (10mgkg™") 10 min before U50,488 H (10mgkg™") administration; BNI: nor-BNI
(10mgkg ") was given intravenously 10 min before administration of saline 24 h before I/R; HMR + UP or 5-HD + UP: administration of
U50,488H (10mgkg™') together with HMR-1098 (6mgkg™") or 5-HD (10mgkg™") 24h before I/R; UP+HMR, UP+5-HD or
UP + Glib: perfusion with HMR-1098 (30 uM), 5-HD (100 uM) or Glib (10 uM) alone 20 min before I/R at 24 h after administration of
U50,488 H (10mgkg™"); HMR (before) or 5-HD (before): administration of HMR-1098 (6 mgkg™") or 5-HD (10 mgkg™") with saline 24 h
before I/R; HMR (end), 5-HD (end) or Glib (end): perfusion with HMR-1098 (30 uM), 5-HD (100 uM ) or Glib (10 uM) alone for 20 min
before I/R at 24 h after intravenous administration of saline. HR, heart rate in beats per min; CF, coronary flow in mlmin~'. Values are

means+s.e.m.; n is the number of hearts.
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Figure 1 Infarct reducing effect of UP. Saline (CON group) or 0.5,

1, 3,5, 10 and 15mgkg" U50,488 H were given intravenously 24 h
before the removal of the heart from the rat. The isolated heart was
perfused and then subjected to I/R. n=8 in the CON group and
n=6-8 in treatment groups. Values are expressed as mean+s.e.m.
**P<0.01 vs CON.

reached at 10mgkg~' and the ECs, was 3.9 mgkg ™! (calculated
by the Graphpad Prism Software).

As shown in Figure 2, significant reductions occurred at 18,
24 and 48 h after administration of 10mgkg™"' U50,488H with
the greatest reduction at 24h. There was no significant
reduction in infarct size 12 or 72h after administration of
U50,488H. The observation is in agreement with our previous
finding in an isolated ventricular myocytes preparation (Wu
et al., 1999).

The effect of 10mgkg™' U50,488H was completely abol-
ished when the selective x-OR antagonist nor-BNI at
10mgkg™! was administered 10min prior to administration
of U50,488H, which took place 24h before I/R (Figure 3),
indicating that the effect of U50,488H was x-OR mediated.

Effects of blockade of K rp channels on UP-induced
delayed cardioprotection

The roles of sarcKrp and mitoK orp channels in the delayed
cardioprotection of U50,488 H were determined by the use of
the selective blockers of sarcKarp and mitoKarp channels,
HMR-1098 and 5-HD, respectively. To determine whether a
channel was a trigger of protection, the blocker of the channel
was coadministered with saline or U50,488H (10 mgkg™') 24h
before I/R. HMR-1098 at 6mgkg~' (approximately 281-—
312 uM in plasma) and 5-HD at 10mgkg~' (approximately
1.10-1.22mM in plasma) significantly attenuated the UP-
induced reduction in infarct size (Figure 4). In another series of
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Figure 2 Time course study of infarct reducing effect of UP.
U50,488 H (10 mgkg™") was given intravenously, and the heart was
removed, perfused and subjected to I/R 12, 18, 24, 48 or 72 h later,
n=_8 in the CON group and n = 5-8 in treatment groups. Values are
expressed as mean+s.e.m. **P<0.01 vs CON.

experiment, isolated hearts were removed at 24h after
administration of saline or U50,488H (10mgkg™"), 30 uM
HMR-1098 or 100uM 5-HD was administered for 20 min
before ischaemia. 5-HD, but not HMR-1098, significantly
attenuated the reduction in infarct size induced by UP
(Figure 5). In view of a recent finding that 5-HD may also
interfere directly with the mitochondrial respiratory chain
(Hanley et al., 2002), we determined the effect of 10 uM Glib, a
nonselective K 1p channel blocker and found that like 5-HD,
Glib 20 min before ischaemia also significantly attenuated the
reduction in infarct size induced by UP (35.1+1.9%), which
was comparable to that of the group treated with 5-HD
(36.7+2.5%). The finding indicates that the effects of 5-HD
and Glib were due to blockade of the mitoKrp channel. In
both series of experiments, 5-HD, HMR-1098 or Glib alone
had no effect. These results indicate that mitoK otp channel act
as both trigger and end effector, while sarcKp channel as
trigger only, in delayed cardioprotection of UP.

Effects of blockade of K rp channels on alterations in
[Ca’™ ]; induced by MI|A in isolated ventricular
myocytes

To determine the roles of Karp channels in [Ca’*]; home-
ostasis in the heart subjected to ischaemic insults, we measured

2

the resting [Ca®>*]; and electrically induced [Ca®*]; transient in

British Journal of Pharmacology vol 140 (4)
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Figure 3 Infarct reducing effect of UP in the presence or absence of
nor-BNI in the isolated perfused heart of rats. nor-BNI (10 mgkg™")
was given intravenously 10min before administration of saline or
U50,488 H (10mgkg™"). After 24 h, the heart was removed, perfused
and then subjected to I/R. n=8 in the CON group and n=26 in
treatment groups. Values are expressed as mean+s.e.m. **P<0.01
vs CON, " P<0.01 vs UP.

isolated ventricular myocytes at the end of MI/A. The former
indicates the resting [Ca®>™]; level, while the latter the release
of Ca?* during excitation—contraction (E—C) coupling
(Janczewski & Lakatta, 1993). As shown in Figure 6, upon
MI/A there was an elevation in [Ca®*]; and the elevation was
significantly attenuated with UP, an effect abolished in the
presence of nor-BNI. The effect of UP was also abolished by
HMR-1098 or 5-HD administered together with U50,488 H
24h before MI/A. On the other hand only 5-HD, but not
HMR-1098, was able to abolish the effect of UP when
administered just before MI/A.

Representative tracings on the electrically induced [Ca*™];
transient in ventricular myocytes subjected to different
treatments were shown in Figure 7. Table 2 summarizes the
group results. In the vehicle-preconditioned (VP) group
subjected to MI/A, only six out of 40 cells exhibit visible
electrically induced [Ca®*]; transients at the end of MI/A. In
the UP group, 40 out of 49 cells showed visible transients,
which was significantly different from the VP group. The effect
of UP was abolished in the presence of nor-BNI or with
coadministration of HMR-1098 or 5-HD, which is similar to
the resting [Ca®*]; responses. Also similar to the resting [Ca>™*];
responses, 5-HD, but not HMR-1098, was able to abolish the
effect of UP when administered before MI/A. The amplitude
of the transients was similar in all groups (data not shown).
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T 1schacimi
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Figure 4 Infarct reducing effect of UP with blockade of Kurp
channels during preconditioning. HMR-1098 (6 mgkg™") or 5-HD
(10mgkg™") was given intravenously simultaneously with saline or
U50,488 H (10mgkg™"). After 24 h, the heart was removed, perfused
and then subjected to I/R. =7 in CON and UP groups. Values are
expressed as mean+s.em. **P<0.01 vs CON, “P<0.05 vs UP,
#P<0.01 vs UP.

Discussion

In the present study, we have shown that the mitoKrp
channel acts as both a trigger and a mediator, while sarcK 5p
channel acts as a trigger of delayed cardioprotection of UP.
The most novel finding is that the abolition of the delayed
cardioprotection of UP by blockade of these two channels
were accompanied by attenuation of the [Ca®*]; overload in
response to ischaemic insults. The findings indicate that both
Karp channels contribute to delayed cardioprotection of
preconditioning and [Ca®*]; homeostasis. They also suggest
that the cardioprotective actions of these channels may be
mediated via attenuation of [Ca®"]; overload.

In previous studies, it was shown that activation of the k-OR
with U50,488 H, a selective k,-OR agonist, confers immediate
cardioprotection both in vivo (Valtchanova-Matchouganska &
Ojewole, 2002) and in vitro (Wang et al., 2001a; Ho et al.,
2002). In contrast, preconditioning with bremazocine, an
universal x-OR agonist, acting preferentially to x,-OR
(Aitchison et al., 2000), or a x-OR agonist with weak
u-agonist action, pentozocine (Coles Jr et al., 2003), further
increased the infarct size induced by I/R in the rat and swine,
respectively, and the effect was attenuated by nor-BNI.
We have also shown previously that k-OR activation with
U50,488 H confers delayed cardioprotection in vitro (Wu et al.,

British Journal of Pharmacology vol 140 (4)
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1999; Zhou et al., 2001; Wang et al., 2001b). In the present
study, we administered U50,488 H intravenously to the rat and
found that after 24 h the infarct size in isolated perfused hearts
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m
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M
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Figure 5 Infarct size reducing effect of UP with blockade of Krp
channels before ischaemia. Saline or U50,488 H (10mgkg™') was
given intravenously, 24 h later the heart was removed, perfused with
Krebs—Ringer solution containing HMR-1098 (30 uMm), 5-HD
(100 uMm) or Glib (10 um) for 20 min before ischaemia. =9 in the
CON group and n=7 in the UP group. Values are expressed as
mean+s.e.m. **P<0.01 vs CON, *P<0.05 vs UP.

>
Figure 6 Effect of UP on resting [Ca®*]; in ventricular myocytes
subjected to MI/A in the presence or absence of nor-BNI or with
blockade of Karp channel blockers. Ventricular myocytes were
isolated 24 h after intravenous administration of U50,488 H to the
rat and loaded with fura/2-AM. The isolation of cells and loading of
dye took about 3 h. The ventricular myocytes were superfused with
Krebs solution for 100s followed by glucose-free Krebs solution
containing 10mM 2-DOG and 10mM Na,S,0, for 10 min (MI/A).
Then they were re-superfused with normal Krebs solution for 15 min
reperfusion (RE). During the MI/A and RE, the resting [Ca®>™]; or
electrically induced [Ca®*]; transient were determined. Groups
consist of (a) intravenous administration of saline about 27 h before
MI/A (VP); (b) intravenous administration of US50,488 H
(10mgkg™") in the presence or absence of nor-BNI (10mgkg™")
about 27h before MI/A (UP or UP + BNI group); (c) intravenous
administration of HMR-1098 (6mgkg™") or 5-HD (10mgkg™)
together with U50,488 H (10mgkg~") at about 27h before MI/A
(HMR + UP or 5-HD + UP group); (d) intravenous administration
of U50,488 H (10mgkg™") about 27 h before MI/A and superfusion
with HMR-1098 (10 uM) or 5-HD (100 uM) of ventricular myocytes
20 min before MI/A(UP +HMR or UP + 5-HD group). Values are
expressed as mean+s.e.m. n=6—7 rats in each group. If more than
one myocyte was determined, values from all myocytes obtained
from one rat were averaged and the mean was used as a single entity.
*P<0.05 vs VP, #P<0.05 vs UP.

was significantly reduced upon regional I/R. In another study
in our lab, we also found that the infarct size in the intact heart
of anaesthetized rat was also significantly reduced upon
regional I/R (Chen & Wong, unpublished results). The
observation demonstrates delayed cardioprotection of k-OR
stimulation in vivo. Interestingly, the width of the window of
delayed cardioprotection was 18—48h in the present study,
which is similar to 16—48 h reported in the previous study (Wu
et al., 1999). In the previous study U50,488 H was directly
administered to the myocyte, while in the present study the
k-OR agonist was given intravenously. The observation
therefore suggests that activation of the cardiac k-OR may
be the crucial event of cardioprotection.

It has been well established that 6-OR stimulation confers
delayed cardioprotection (Fryer et al., 1999; Shinmura et al.,
2002). The effect was attenuated when 5-HD, but not HMR-
1098, was administered before ischaemia (Patel et al., 2002),
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Figure 7 Representative tracings showing effects of UP on
electrically induced [Ca®*]; transient in the absence or presence of
nor-BNI (a) or with blockade of Katp channel blockers (b). The
experimental protocol was the same as in Figure 6. Left panel:
recording of electrically induced [Ca*>*]; during MI/A and RE. Right
panel: recording of electrically induced [Ca®"]; at the end of MI/A.

Table 2 Effect of UP on electrically induced [Ca®*];

transient
n (with) n (without)

VP 6 34

UP 40 Clia
BNI+UP 2 18##
HMR + UP 3 224#
5-HD + UP 3 20%#
UP+HMR 20 S**
UP+5-HD 4 21##

Group results of UP on electrically induced [Ca®*]; transient
in ventricular myocytes subjected to MI/A. The experimental
protocol was described in Figure 6. n is the number of
myocytes. The myocytes in this experiment were obtained
from 7-10 rats in each group. Each myocyte was treated as a
single entity as myocytes from the same rat responded
differently. With: cells with electrically induced calcium
transient at the end of MI/A. Without: cells without
electrically induced calcium transient at the end of MI/A.
#*P<0.01 vs VP, #P< 0.01 vs UP.

indicating that the mitoKsrp channel, but not sarcKrp
channel, acts as an effector/mediator. It was also found that
the delayed cardioprotection was affected by coadministration
of HMR-1098, but not 5-HD, with the J-OR agonist,
indicating that the sarcK,rp, but not mito Krp channel, is a
trigger. The findings are not in agreement with our findings
that both mito- and sarcK,rp channels are triggers, while

mitoKrp channel is also an effector/mediator of delayed
cardioprotection of x-OR stimulation. The observation
indicates that the signalling mechanisms responsible for
cardioprotection of activation of two types of opioid receptors
are not the same.

It has also been shown that after administration of 5-HD at
the time of ischaemic insult, the delayed cardioprotection of
preconditioning was attenuated/abolished (Hoag et al., 1997;
Fryer et al., 1999; Carroll & Yellon, 2000), indicating that the
channel serves as a mediator. However, it was also shown that
administration of 5-HD attenuated/abolished the effect of
preconditioning when administered either before ischaemia or
during preconditioning with ischaemia (Takashi ez al., 1999),
indicating that the channel acts as a mediator as well as a
trigger. In the present study, we found that similar to the
observation of Takashi et al. (1999), administration of 5-HD
before ischaemic insults or during preconditioning abolished
the delayed cardioprotection of UP. It is of interest to note
that in three previous studies the mitoK op channel was shown
to act as a mediator, while in a previous (Takashi et al., 1999)
and the present studies the channel was shown to act as both a
mediator and a trigger. Similarly, the channel has been shown
to act as a mediator (Gross & Auchampach, 1992; Yao et al.,
2001) or a trigger (Baines et al., 1999; Fryer et al., 2000; Pain
et al., 2000; Wang et al., 2001d) or as both mediator and
trigger (Liang, 1997; 1998; Wang et al., 2001c) in immediate
cardioprotection of preconditioning. It seems that the role of
the channel may be different in different types of precondi-
tioning. On the other hand, it is well established that
preconditioning with one insult may induce protection against
other insults, a crosstolerance phenomenon, suggesting that
preconditioning with different insults may activate a common
signalling pathway. Further study is needed to clarify this.

The role of the SarcKsrp channel in delayed cardioprotec-
tion is not as well studied as that of the mitoKrp channel.
With the use of selective channel blocker, it was shown that the
sarcK ,tp channel acts as a mediator (isoflurane; Tonkovic-
Capin et al., 2002) and as a trigger (6-OR agonist; Patel et al.,
2002). In the present study, we showed that administration of
HMR-1098 before preconditioning, but not before lethal
ischaemia, abolished the cardioprotection of UP, indicating
that the channel acts as a trigger, but not a mediator.

In the present study, we showed that UP attenuated the
elevation in [Ca®’"]; and prevented the reduction in the
electrically induced [Ca®*]; transient upon ischaemic insults
and blockade of the mitoK stp channel with its blocker, 5-HD,
before ischaemia or during preconditioning, reversed the effect
of UP. The result agrees with a previous finding that opening
of the mitoKarp channel attenuated the [Ca’*]; overload
induced by severe metabolic stress (Light et al., 2001).
Similarly, blockade of the SarcK ,tp channel with its blocker,
HMR-1098, during preconditioning, which confers delayed
cardioprotection, also prevented/abolished the changes in
[Ca’*]; and electrically induced [Ca’*]; transient. Since
electrically induced [Ca®"]; transient results from the influx
of Ca?* and release of Ca®* from sarcoplasmic reticulum (SR)
upon electrical stimulation, the change in the transient suggests
a reduction in influx of Ca®>* via the L-type Ca*>" channel or a
reduction in release of Ca?* from SR or both. So the change in
the [Ca®*]; transient indicates changes in Ca®>* handling in the
sarcolemma and SR, which may lead to alterations in [Ca*];.
Further study is needed to delineate the alterations in Ca®™

British Journal of Pharmacology vol 140 (4)



M. Chen et al

KATP channels and preconditioning with U50,488H 757

handling responsible for changes in [Ca®>*]; and the roles of
channels in Ca>* homeostasis in response to ischaemic insults.

We tried to compare the concentrations of the K,rp channel
blockers in the in vivo and in vitro preparations. According to
Xu et al. (2002), the blood volume of the rat is 7.4% and the
plasma volume is 52.6—58.5% of the blood volume. For a rat
of 300 g, the plasma volume is approximately 11.7—13 ml. So
when 5-HD at 10mgkg~' is administered intravenously, the
concentration is approximately 1.10—1.22 mMm, while 6 mg kg™
of HMR-1098 is 281312 uM. The concentrations are approxi-
mately 10 times those administered in vitro (100 and 30 uM for
5-HD and HMR-1098, respectively). It is difficult to compare
the concentrations of these two blockers in in vivo and in vitro
preparations because in the former, the heart is perfused by
blood, while in the latter the heart is perfused with Krebs—
Ringer solution. Since drugs are biologically active only in free
form, information on binding of the two blockers to plasma
proteins is needed in order to compare the effective concentra-
tions in vivo and in vitro. Unfortunately, there is no report on
the binding of these two blockers to plasma proteins in the rat.

In conclusion, the present study has demonstrated that
administration of U50,488 H to the rat attenuated the infarct
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