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Abstract

A role for Kq and Ca2q channel blockers in cardiac contractile dysfunction and myocardial ionic imbalance was examined in isolated
q Ž . Ž .rat hearts with 35-min ischemia and 60-min reperfusion. The K channel blockers glibenclamide 1–30 mM and sematilide 1–30 mM ,

2q Ž . Ž . q Ž .Ca channel blockers diltiazem 0.1–3 mM and nicardipine 0.03–1 mM and fast Na channel blocker tetrodotoxin 0.01–0.3 mM
were delivered for the last 3-min pre-ischemia. Ischemia-induced increase in Naq content was attenuated by diltiazem and tetrodotoxin at
all concentrations employed and by nicardipine at 0.3 mM, whereas the ischemia-induced loss of Kq was suppressed partially by
glibenclamide and sematilide and almost completely by the two drugs in combination. Left ventricular developed pressure of untreated
hearts did not recover upon reperfusion, which was associated with increases in myocardial Naq and Ca2q contents and decreases in Kq

and Mg2q contents. Glibenclamide and sematilide neither enhanced the post-ischemic recovery of left ventricular developed pressure nor
affected cation changes during reperfusion. Diltiazem enhanced the recovery of left ventricular developed pressure and attenuated
imbalance of the myocardial Naq during ischemia and of all myocardial cations examined during reperfusion. The effects of nicardipine
on these parameters were small. Tetrodotoxin enhanced the recovery of left ventricular developed pressure and reversed the imbalance of
all myocardial cations examined during reperfusion in a concentration-dependent manner. The results suggest that blockade of
transmembrane flux of Kq during ischemia plays a minor role in the improvement of post-ischemic contractile recovery, rather blockade
of transmembrane flux of Naq attenuates the ischemia and reperfusion injury. q 1999 Elsevier Science B.V. All rights reserved.

Keywords: Ca2q channel; Ca2q overload; Contractile dysfunction; Diltiazem; Ischemia; Kq channel; Reperfusion; Naq channel; Naq overload;
Tetrodotoxin

1. Introduction

Ischemia and reperfusion induce metabolic and func-
tional impairments of the heart mostly depending upon the
severity and period of ischemia. Several possible mecha-
nisms underlying ischemia and reperfusion-induced im-
pairments have been proposed including disturbance in

Ž .ionic homeostasis Tani and Neely, 1989 , a failure in
Ž .energy production Shen and Jennings, 1972 , no reflow in
Ž .the reperfused heart Kloner et al., 1974 and disruption of

cell membrane andror subcellular organelles due to free
Ž .radical attack Zweier et al., 1987 . Some investigators

have emphasized that ionic disturbance in cardiac cells
such as sodium overload, potassium loss and calcium
overload is one of the most critical alterations responsible

) Corresponding author. Tel.: q81-426-76-4583; Fax: q81-426-76-
5560; E-mail: takeos@ps.toyaku.ac.jp

Žfor ischemia and reperfusion injury Nayler et al., 1988;
Tani and Neely, 1989; Meng et al., 1991; Vandenberg et

.al., 1993 . Upon ischemia, the heart is gradually loaded
with sodium partly through NaqrHq exchange, which is
activated to reduce ischemia-caused increase in intra-

q Ž .cellular H concentration Poole-Wilson, 1978 . Intracel-
lular free Ca2q concentration was increased during is-

Žchemia when determined by the NMR study Steenbergen
.et al., 1987; Koretsune and Marban, 1990 . However,

cellular calcium levels, when determined by the atomic
absorption method or radio-labeled Ca2q method, remain
relatively unchanged during a considerably long period of

Žischemia, particularly in perfused rat hearts Tani and
.Neely, 1989; Meng and Pierce, 1991; Takeo et al., 1995 .

When hearts are reperfused after ischemia, sodium over-
load is enhanced by NaqrHq exchange during the early

Ž .phase of reperfusion Vandenberg et al., 1993 , and subse-
quent calcium overload in the cell occurs through
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q 2q Ž .Na rCa exchange Tani and Neely, 1989 . Recently, a
substantial body of evidence has suggested a major in-
volvement of sodium influx during ischemia via the Naq

Žchannel in ischemia and reperfusion injury Ver Donck et
al., 1993; Haigney et al., 1994; Silverman and Stern, 1994;

.Takeo et al., 1995; Ju et al., 1996 . For example, Ju et al.
Ž .1996 have demonstrated electrophysiologically that hy-
poxia increases the open probability of inactivation-re-
sistant Naq channels and that this channel was blocked by
tetrodotoxin.

An abnormal loss of myocardial Kq has been shown to
Žoccur during ischemia and reperfusion Hill and Gettes,

.1979, Hirche et al., 1980 . The elevated loss of potassium
from myocardial cells results in a shortening of the action

Ž .potential plateau phase Carmeliet, 1978; Cole et al., 1991 ,
which is considered to play a role in the ischemia and

Žreperfusion injury Weiss and Shine, 1981, 1982; Coronel
. qet al., 1988 . In contrast, opening of ATP-sensitive K

Ž .channels K channels plays an important role in atten-ATP
Žuation of ischemia and reperfusion injury Cole et al.,
.1991; Challiner-Rogers and McPharson, 1994 . Thus, the

exact role for the loss of Kq in ischemicrreperfused hearts
should be further clarified.

The above consequences of ionic movement, particu-
larly myocardial cation disturbance during ischemia andror
an early period of reperfusion, may trigger irreversible
cardiac dysfunction and eventually lead to cardiac cell

Ž .death Pierce and Czubryt, 1995 . Thus, blockade of trans-
membrane flux of Naq, Kq and Ca2q by pharmacological
agents may explore a role of individual cation flux in
ischemia and reperfusion injury. In the present study, we
attempted to inhibit transmembrane flux of Naq, Kq and
Ca2q by well-established ion channel blockers during is-
chemia and reperfusion and to determine contribution of
the blocking action to recovery of cardiac function during
reperfusion. Potassium channel blockade was carried out
by selective or relatively selective ion channel blockers, a

Ž .K channel blocker glibenclamide Sturgess et al., 1985 ,ATP

and an inward and delayed rectifier current blocker se-
Ž .matilide Lumma, 1989; Argentieri et al., 1991 . Calcium

channel blockade was achieved with voltage-gated Ca2q

Žchannel blockers diltiazem and nicardipine Kuga et al.,
. q1990 . A selective fast Na channel blocker tetrodotoxin

Ž .Kao, 1972 was also tested in ischemicrreperfused hearts
for the purpose of support to our previous hypothesis that
Naq channel blockade plays an important role in the
protection of myocardium from ischemia and reperfusion

Ž .injury Takeo et al., 1995 .

2. Materials and methods

2.1. Animals

Male Wistar rats, weighing 230–280 g, were used in
the present study. The experimental protocol was designed

according to the Guide for the Care and Use of Laboratory
Animals as promulgated by the National Research Council
Ž .National Academy Press, Washington D.C., 1996 and
approved by the University Committee of Animal Care
and Welfare.

2.2. Perfusion of heart

Perfusion of the heart was carried out by the method
Ž .described previously Takeo et al., 1995 . Briefly, rats

were anesthetized with diethylether and the heart was
excised. Isolated hearts were placed in a glass organ bath
of the Langendorff apparatus and perfused at 378C with a
constant flow rate of 9.0 mlrmin with Krebs-Henseleit

Ž .solution of the following composition in mM : NaCl 120,
KCl 4.8, CaCl 1.25, MgSO 1.2, KH PO 1.2, NaHCO2 4 2 4 3

25, glucose 11. The perfusion buffer was equilibrated with
Ža gas mixture of 95% O and 5% CO pO )600 mm2 2 2

.Hg . A latex balloon, connected to a pressure transducer
Ž .model TP-200T, Nihonkohden, Tokyo , was inserted into
the left ventricular cavity through the mitral valve opening
and secured with a ligature that included the left atrial
remnants. Hearts were preloaded with 5 mm Hg of left
ventricular end-diastolic pressure by inflation of the bal-
loon. Left ventricular developed pressure, a measure of
cardiac contractile force, and left ventricular end-diastolic
pressure were monitored by an electronic manometer and

Žrecorded on a thermal pen recorder model WT-645G,
.Nihonkohden throughout the experiment. Coronary perfu-

sion pressure was monitored through a branch of the aortic
cannula by means of an another electronic manometer
Ž .model TP-400T, Nihonkohden connected to a carrier

Ž .amplifier model AP-621G, Nihonkohden . At a 15-min
equilibration period, the heart was paced at 300 beatsrmin

Žwith an electronic stimulator model SEN 3301, Nihon-
.kohden via bipolar silver electrodes attached to the atrium

and left ventricle and then was equilibrated for another 15
min. After ensuring equilibration, the perfusion was
stopped and the heart was submerged at 378C into an
organ bath that was filled with the Krebs-Henseleit solu-
tion described above, except for the replacement of 11 mM
glucose with 11 mM TrisrHCl, to avoid hypothermia-in-
duced cardioprotection. This solution had earlier been
equilibrated with a gas mixture of 95% N and 5% CO2 2
Ž .pO -20 mm Hg , pH 7.4, and maintained at 378C.2

After 35 min of ischemia, the buffer in the organ bath was
drained, and the heart was reperfused for 60 min at 378C
with normal Krebs-Henseleit solution equilibrated with a
gas mixture of 95% O and 5% CO . The heart was paced2 2

throughout the experiment, except for the first 20 min of
reperfusion, to avoid contractile irregularities that often
occur during this period. For the purpose of comparison,
rat hearts were perfused for 95 min under normoxic condi-

Ž .tions normoxic group .
Treatment with different concentrations of agents was

carried out by infusing their solutions into the perfusing
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Fig. 1. Effects of different volumes of washing solution on myocardial
cation content of hearts. The hearts were perfused for 30 min under

Ž .normoxic conditions and then washed with different volumes 0 to 20 ml
of cold 320 mM sucrose–10 mM TrisrHCl, pH 7.4. Then, myocardial
cation content was determined according to the atomic absorption method
as described in Section 2. By washing with 12 ml of the buffer, an abrupt
decline in Kq, Naq and Mg2q was detected and by washing with 16 ml,
Ca2q content was decreased appreciably. Values represent the mean"

S.E.M. of four experiments.

buffer for the last 3 min of pre-ischemia. The agents were
not included in the reperfusion buffer. Agents were dis-
solved in the Krebs-Henseleit solution and infused through
the aortic cannula just anterior to the heart at a flow rate of

Ž0.1 mlrmin by an infusion pump STC-523, Terumo,
.Tokyo, Japan . The concentrations of the agents were

adjusted to deliver desired concentrations into the perfus-
ing solution. The concentrations of Kq channel blockers
and Ca2q channel blockers are reported to be enough to
inhibit each channel as assessed by electrophysiological

Žmethods Kao, 1972; Kuga et al., 1990; Argentieri et al.,
.1991; Tokube et al., 1996 .

2.3. Measurement of creatine kinase actiÕity in effluent

The perfusate eluted from the reperfused heart was
collected to determine creatine kinase activity by the

Ž .method of Bergmeyer et al. 1970 using a creatine kinase
Žkit commercially available CK-NAC, Boehringer
.Mannheim, Mannheim, Germany . The release of the en-

zyme was estimated as the total creatine kinase activity in
the effluent.

2.4. Determination of myocardial ion content

Myocardial Naq, Kq, Ca2q and Mg2q contents, were
determined according to the method described previously
Ž .Tanonaka et al., 1996 . Briefly, at the end of perfusion, an
8-ml of cold 320 mM sucrose–20 mM TrisrHCl, pH 7.4,
was infused via the aortic cannula to eliminate ions from
vascular and readily exchangeable spaces. Approximately
100 mg of the left ventricle was sampled for determination
of ion content of the myocardium. The tissue was cut into

pieces, weighed and dried at 1208C for 24 h. After estima-
tion of the dry weight, the myocardium was digested at
1808C with 60% HNO , and then the mixture was evapo-3

rated to dryness at 1808C. The residue was reconstituted
with 0.75 N HNO . The ion concentrations of the super-3

natant fluid were determined using an atomic absorption
Ž .spectrometer AA-680, Shimazu, Kyoto, Japan .

We performed two preliminary studies for measurement
of tissue ion content. At first, we determined how much
volume of the washing solution is practically required to
obtain equilibrated values of myocardial ion content. Iso-
lated rat hearts were perfused for 30 min with Krebs-
Henseleit solution and then perfused with different vol-

Ž .umes 0 to 20 ml of cold 320 mM sucrose–20 mM
Ž .TrisrHCl, pH 7.4 washing solution . Myocardial ion con-

tent was determined according to the method described as
above. The results shown in Fig. 1 indicate that 8–10 ml
of washing was appropriate to obtain equilibrated values of
tissue cation content of perfused rat hearts. Secondly, we
examined how much ions of the extracellular space includ-
ing vascular space can be washed out with 8-ml of the
washing solution by the present procedure using the
cobalt–EDTA method. Cobalt–EDTA is known to perme-

Žate into extracellular, but not intracellular, space Sparrow
.and Johnstone, 1964; Kawada et al., 1992 . Thus, perfu-

sion of hearts with the buffer containing 1 mM Co2q can
estimate the extracellular space and thereafter extracellular
and intracellular ion contents of the heart. Perfusion of the
heart for 15–20 min with this solution resulted in an

2q Žequilibrated value of Co in the tissue left panel in Fig.
.2 . Approximately 99% of readily exchangeable extracellu-

Žlar space was washed out by the 8-ml of the buffer right
.panel in Fig. 2 . Table 1 shows the intracellular ion

contents of the heart estimated by the cobalt–EDTA
method, those determined in the current method, and their
ratios. There were no differences in the tissue ion content
between these values, indicating that myocardial ion con-
tent determined in the present study consisted mostly of
intracellular origin although values do not wholly represent
intracellular free ion concentrations.

Fig. 2. The left panel shows the time course of changes in cobalt content
of the heart perfused with the buffer containing 1 mM cobaltrEDTA. The

Žright panel shows the effects of washing with different volumes 0 to 10
.ml of cold 320 mM sucrose–20 mM TrisrHCl, pH 7.4 on cobalt content

of the heart preloaded with 1 mM cobalt–EDTA for 20 min. Values
represent the mean"S.E.M. of four experiments.
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Table 1
Myocardial cation content determined by cobalt-EDTA method or after washing the extracellular space with 8 ml of 320 mM sucrose–20 mM TrisrHCl

q q 2q 2qNa K Ca Mg

Ž .a Washing with 8 ml buffer 55.52"1.49 358.47"3.52 1.77"0.08 36.95"0.64
Ž .b Estimation by cobalt–EDTA 57.05"0.76 353.39"2.91 1.83"0.05 37.59"0.84

Ž .Ratio of arb % 97.3 101.4 96.7 98.3

Ž .Values mmolrg dry tissue represent the means"S.E.M. of four experiments. Hearts were perfused with the Krebs-Henseleit solution for 20 min, and
Ž .then washed with 8 ml of cold 320 mM sucrose–20 mM TrisrHCl, pH 7.4 a . In contrast, hearts were perfused with the Krebs-Henseleit solution

Ž .containing 1 mM cobalt–EDTA for 20 min, and then the tissue ion content was determined without washing b . Myocardial ion content was determined
by the atomic absorption method. Extracellular space necessary for determination of estimated ion content by the cobalt–EDTA method was calculated

Ž .according to the method described by others Sparrow and Johnstone, 1964; Kawada et al., 1992 . There was no significant difference in cation contents
Ž .between a and b groups as assessed by Student’s t-test p)0.05 .

2.5. Agents

ŽThe following agents were purchased; diltiazem Sigma,
. Ž .St. Louis, MO , glibenclamide Sigma , nicardipine

Ž . Ž .Sigma , and tetrodotoxin Wako Pure Chemicals, Osaka .
Ž .Sematilide was a kind gift from Japan Roussel Tokyo .

2.6. Statistics

The results are expressed as the means"S.E.M. Statis-
tical significance was evaluated using one-way or two-way

Ž .analysis of variance ANOVA followed by post-hoc Dun-

nett’s multiple comparison if necessary. Student’s t-test
Ž .was used when two groups were compared Table 1 . The

relationship between two parameters was calculated by the
least square method. Differences with a probability of 5%

Ž .or less were considered to be significant p-0.05 .

3. Results

3.1. Effects on cardiac performance

Baseline values for hemodynamic parameters were as-
sessed after 30-min equilibration of perfused hearts. Base-

Ž . ŽFig. 3. The time course of changes in left ventricular developed pressure of the ischemicrreperfused heart untreated v, ns6 and pretreated with 1 e,
. Ž . Ž . Ž . Ž . Ž . Ž . Ž .ns4 , 3 ^, ns4 , 10 I, ns5 and 30 mM `, ns5 of glibenclamide upper panel of the left column , 1 e, ns4 , 3 ^, ns4 , 10 I, ns4

Ž . Ž . Ž . Ž . Ž . Ž .and 30 mM `, ns5 of sematilide lower panel of the left column , 0.1 e, ns4 , 0.3 ^, ns4 , 1 I, ns6 and 3 mM `, ns6 of diltiazem
Ž . Ž . Ž . Ž . Ž . Župper panel of the middle column , 0.03 e, ns4 , 0.1 ^, ns4 , 0.3 I, ns6 and 1 mM `, ns4 of nicardipine lower panel of the middle

. Ž . Ž . Ž . Ž . Ž .column and 0.01 e, ns4 , 0.03 ^, ns4 , 0.1 I, ns5 and 0.3 mM `, ns5 of tetrodotoxin upper panel of the right column . Each value
represents the mean"S.E.M. Standard errors of the symbols without any bar represent those within 3%. Statistical significance of the difference in left
ventricular developed pressure between untreated and drug-treated hearts was calculated using only the values at the end of reperfusion by two-way

U Ž .ANOVA followed by Dunnett’s t-test. Significantly different from the untreated group p-0.05 .
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Fig. 4. The upper panel indicates the time course of changes in left
Ž .ventricular end-diastolic pressure upper panel of the ischemicrreper-

Ž .fused heart untreated v, ns6 and pretreated with 10 mM gliben-
Ž . Ž . Žclamide ', ns5 , 30 mM sematilide l, ns5 , 3 mM diltiazem e,

. Ž . Žns6 , 0,3 mM nicardipine ^, ns6 and 0.3 mM tetrodotoxin `,

.ns5 . The lower panel indicates the time course of changes in coronary
Ž .perfusion pressure of the ischemicrreperfused heart untreated v, ns6

Ž .and pretreated with 10 mM glibenclamide ', ns5 , 30 mM sematilide
Ž . Ž . Ž .l, ns5 , 3 mM diltiazem e, ns6 , 0,3 mM nicardipine ^, ns6

Ž .and 0.3 mM tetrodotoxin `, ns5 . Each value represents the mean"

S.E.M. Standard errors of the symbols without any bar are those within
3%. Statistical significance of the difference in left ventricular end-di-
astolic pressure between untreated and drug-treated hearts was calculated
using only the values at the end of reperfusion by two-way ANOVA
followed by Dunnett’s t-test. U Significantly different from the untreated

Ž .group p-0.05 .

line values for left ventricular developed pressure ranged
Ž .from 73"2 to 81"3 mm Hg ns4–6 for each group .

Changes in left ventricular developed pressure are ex-
pressed as percents of the baseline values before the start

Ž .of drug administration Fig. 3 . Glibenclamide and se-

matilide did not affect left ventricular developed pressure
of pre-ischemic, normoxic hearts at all. In contrast, dilti-
azem and nicardipine decreased left ventricular developed
pressure of pre-ischemic, normoxic heart at the end of

Ž . Žpre-ischemia; 20"1 3 mM diltiazem and 24"1% 1
.mM nicardipine of each baseline value, respectively.

Tetrodotoxin did not affect left ventricular developed pres-
Ž .sure of pre-ischemic, normoxic hearts Fig. 3 . Ischemia

reduced left ventricular developed pressure to zero, and
reperfusion restored left ventricular developed pressure to
less than 10% of baseline in controls. Neither gliben-

Ž .clamide nor sematilide 1 to 30 mM, respectively en-
hanced the recovery of left ventricular developed pressure

Ž .during reperfusion Fig. 3 . Combined treatment with 10
mM glibenclamide and 30 mM sematilide did not enhance

Žthe recovery of left ventricular developed pressure 12.7"
. Ž .2.1%, ns5 . Diltiazem 0.1 to 3 mM improved recovery

of left ventricular developed pressure in a concentration-
Ž . Ž .dependent manner Fig. 3 . Nicardipine 0.1 to 1 mM had

a similar action, although 1 mM was less effective than 0.3
mM. Diltiazem was much more effective than nicardipine,
providing up to 100% recovery after 60 min of reperfusion

Žversus only 25% with nicardipine. Tetrodotoxin 0.03 to
.0.3 mM also enhanced the recovery of left ventricular

developed pressure in a concentration-dependent manner
Ž .Fig. 3 , providing up to 65% recovery after 60 min of
reperfusion.

Left ventricular end-diastolic pressure and coronary per-
fusion pressure were altered by the agents. For simplicity,
only data for agents at their most effective dose for
improving recovery of left ventricular developed pressure

Ž .are shown Fig. 4 . In untreated hearts, left ventricular
end-diastolic pressure was increased temporarily during
ischemia, and markedly increased upon reperfusion. Dilti-

Ž . Ž .azem 3 mM and tetrodotoxin 0.3 mM suppressed the
increase in left ventricular end-diastolic pressure during
reperfusion. Reperfusion resulted in a rapid recovery of

Ž . Ž .coronary perfusion pressure Fig. 4 . Diltiazem 3 mM or
Ž .nicardipine 0.3 mM suppressed the rise in coronary per-

fusion pressure to an appreciable degree.

Fig. 5. Creatine kinase activities in the perfusate eluted from reperfused hearts. The hearts were untreated and pretreated with different concentrations of
Ž . Ž .diltiazem 0.1, 0.3, 1 and 3 mM, ns4, 4, 6 and 6, respectively , nicardipine 0.03, 0.1, 0.3 and 1 mM, ns4, 4, 5 and 4, respectively and tetrodotoxin

Ž .0.01, 0.03, 0.1 and 0.3 mM, ns4, 4, 4 and 5, respectively . Each value represents the mean"S.E.M. Statistical significance was calculated using the
values for drug-treated and untreated groups by one-way ANOVA followed by Dunnett’s t-test. U Significantly different from the untreated group
Ž .p-0.05 .



( )K. Tanonaka et al.rEuropean Journal of Pharmacology 372 1999 37–4842

Table 2
Naq, Kq, Ca2q and Mg2q contents at the end of ischemia in 35-min
ischemic hearts untreated and pretreated with different concentrations of
Naq, Kq and Ca2q channel blockers

q q 2q 2qGroups n Na K Ca Mg

Normoxia 6 55.75"1.28 356.10"3.98 2.01"0.09 35.64"0.47

Ischemiar reperfusion
Untreated 6 116.37"2.20 175.70"2.61 2.15"0.09 33.72"0.09

Glibenclamide
1 mM 4 114.61"5.21 171.05"7.97 2.23"0.11 35.33"0.78

a3 mM 4 131.80"10.27 190.08"5.36 2.30"0.22 35.15"0.44
a10 mM 5 121.11"5.50 228.54"4.61 2.28"0.23 34.74"0.95
a30 mM 5 126.66"4.13 234.66"5.20 2.28"0.23 36.11"1.00

Sematilide
1 mM 5 122.08"2.34 180.57"6.42 2.12"0.15 31.36"1.31

a3 mM 5 124.81"6.83 217.37"3.32 2.12"0.14 31.90"0.68
a10 mM 5 126.70"5.59 252.69"5.85 2.05"0.07 32.86"1.95

a30 mM 6 124.97"1.27 290.09"12.50 2.00"0.13 33.86"1.56

Glibenclamide 10 mMqSematilide 30 mM
a5 116.51"2.71 335.55"4.60 2.58"0.10 33.18"0.30

Diltiazem
a0.1 mM 4 103.24"2.34 182.77"4.14 2.04"0.09 32.94"0.38
a a0.3 mM 4 88.08"2.69 206.45"5.00 2.21"0.12 34.15"0.65
a a1 mM 5 78.26"1.43 212.83"6.26 1.98"0.07 33.45"0.18
a a3 mM 6 70.81"1.22 206.94"4.93 2.11"0.07 32.19"0.54

Nicardipine
0.03 mM 4 124.92"3.62 175.92"6.57 2.03"0.08 34.61"0.52
0.1 mM 4 126.85"2.37 166.70"2.88 2.03"0.07 34.20"0.90

a0.3 mM 6 99.72"2.48 178.02"2.75 2.10"0.08 34.48"0.59
1 mM 4 109.60"4.06 175.35"3.56 2.20"0.04 33.51"0.51

Tetrodotoxin
0.01 mM 4 113.45"2.11 167.34"1.72 2.11"0.05 33.54"1.20

a0.03 mM 4 102.90"2.58 169.23"6.98 2.22"0.07 34.57"0.59
a0.1 mM 4 87.65"4.01 189.02"10.51 2.21"0.07 35.16"0.85
a0.3 mM 5 81.08"3.63 160.92"3.98 2.25"0.07 35.48"0.45

Ž .Values mmolrg dry tissue represent the means"S.E.M. The hearts
were subjected to 35 min of global ischemia, and their cation contents
were determined according to the method described in the text. The hearts
were treated with these agents for the last 3 min of pre-ischemia.
aSignificantly different from the untreated, ischemic group as assessed by

Ž .one-way ANOVA followed by Dunnett’s t-test p-0.05 .

3.2. Effects on creatine kinase release

Creatine kinase was released from normoxic hearts to a
Žminimum degree 4.3"1.0 nmol NADPHrminrg wet

.tissue, ns6 . In contrast, creatine kinase was released
Žduring reperfusion following ischemia 176.6"6.3 nmol

.NADPHrminrg wet tissue, ns6 controls . This was not
altered by 1 to 30 mM glibenclamide or 1 to 30 mM

Ž .sematilide data not shown . Moreover, the combination of
10 mM glibenclamide and 30 mM sematilide also did not

Žalter the release of creatine kinase 165.6"2.7 nmol
.NADPHrminrg wet tissue, ns5 . In contrast, diltiazem

and tetrodotoxin suppressed the release of creatine kinase
Ž .in a concentration-dependent manner Fig. 5 . Nicardipine

attenuated the release of creative kinase only at 0.3 mM to
Ž .a minor degree Fig. 5 . The rank order of maximum

effectiveness and the optimum concentration for effects of
diltiazem, nicardipine and tetrodotoxin on creatine kinase
release were the same as for actions on the recovery of left
ventricular developed pressure.

3.3. Effects on myocardial ion content

Ž .Ischemia 35 min induced a marked increase in my-
ocardial Naq and a significant decrease in Kq, but it did

2q 2q Ž .not alter myocardial Ca and Mg Table 2 , compared
Ž .to normoxic or pre-ischemic values Tables 1 and 2 .

Ž . Ž .Glibenclamide 1 to 30 mM and sematilide 1 to 30 mM
attenuated the decrease in myocardial Kq of the ischemic
heart in a concentration-dependent manner. The magnitude
of the effect was greatest with sematilide. Combined treat-
ment with 10 mM glibenclamide and 30 mM sematilide

Žwas even more effective approximately 90% prevention
q . q 2qof K loss . In contrast, neither agent affected Na Ca

or Mg2q content. Diltiazem attenuated the ischemia-in-
duced increase in Naq and decrease in Kq in a concentra-
tion-dependent manner, but did not affect Ca2q. Nicardip-
ine suppressed the ischemia-induced increase in myocar-
dial Naq to a minor degree, and only at 0.3 mM without

Ž .affecting other ions Table 2 . Tetrodotoxin attenuated the

Table 3
q q 2q 2q Ž .Effects of treatment with various agents on Na , K , Ca and Mg contents of the pre-ischemic normoxic heart

q q 2q 2qGroup Na K Ca Mg

Untreated 52.76"2.03 358.15"3.17 2.03"0.07 35.63"0.32
Glibenclamide 53.86"2.45 363.35"6.67 2.01"0.10 37.28"0.81
Sematilide 51.49"1.43 352.97"6.02 1.96"0.11 35.47"0.50
GlibenclamideqSematilide 55.43"2.20 361.19"7.12 2.11"0.05 36.57"0.90
Diltiazem 52.39"2.09 352.73"3.19 1.96"0.07 35.91"0.49
Nicardipine 52.66"1.22 357.75"5.16 2.07"0.10 36.07"0.70
Tetrodotoxin 52.03"2.23 355.46"4.72 1.95"0.07 35.39"0.73

Ž . Ž .Values mmolrg dry tissue represent the means"S.E.M. of four experiments. The pre-ischemic normoxic hearts were untreated and treated with either
10 mM glibenclamide, 30 mM sematilide, 3 mM diltiazem, 0.3 mM nicardipine or 0.3 mM tetrodotoxin for the last 3 min of pre-ischemia. The hearts were
stopped at the end of 3-min administration of the agents, and myocardial ion content of the hearts was determined. There were no significant differences in

Ž .ion contents between untreated and drug-treated groups as assessed by one-way ANOVA p)0.05 .
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ischemia-induced increase in myocardial Naq in a concen-
tration-dependent manner without affecting other ions.

To confirm the lack of effect of the agents used on
myocardial cation content of normoxic hearts, we exam-
ined the effects of the maximally effective concentrations
of each agent administered during the last 3 min before
ischemia on myocardial ion content. There were no signifi-

Ž .cant effects with any drug Table 3 .
Reperfusion elevated myocardial Naq and Ca2q and

q 2q Ž .decreased K and Mg Table 4 , compared to normoxic
Ž .or pre-ischemic values Tables 1 and 4 . Glibenclamide

Ž .and sematilide did not affect these changes Table 4 .
Diltiazem and tetrodotoxin suppressed changes in myocar-

Table 4
Naq, Kq, Ca2q and Mg2q contents at the end of reperfusion in hearts
untreated and pretreated with different concentrations of Naq, Kq and
Ca2q channel blockers

q q 2q 2qGroup n Na K Ca Mg

Normoxia 6 55.75"1.28 356.1"4.0 2.01"0.09 35.64"0.47

Ischemiar reperfusion
Untreated 6 144.28"2.88 97.50"3.28 11.70"0.41 18.48"0.54

Glibenclamide
1 mM 4 135.58"3.12 98.34"7.04 13.42"0.62 19.46"0.84
3 mM 4 138.91"3.32 96.21"4.08 13.51"0.48 19.33"0.46
10 mM 5 137.78"2.55 99.22"3.48 13.41"0.29 19.44"0.59
30 mM 5 144.55"2.16 95.30"3.06 12.88"0.77 18.29"0.55

Sematilide
1 mM 4 142.37"4.37 101.67"2.45 13.78"0.58 20.90"0.63
3 mM 4 141.89"4.46 100.04"3.61 13.59"0.68 19.84"1.51
10 mM 4 147.92"3.78 102.72"3.29 12.20"0.67 19.66"0.60
30 mM 5 140.61"0.51 104.16"5.74 11.61"0.51 19.43"0.51

Glibenclamide 10 mMqSematilide 30 mM
5 138.69"4.66 99.32"5.22 13.58"0.49 18.49"0.77

Diltiazem
a a a a0.1 mM 4 100.66"2.94 150.21"5.74 9.30"0.60 22.64"0.96
a a a a0.3 mM 4 86.20"2.27 197.37"2.75 6.77"0.47 24.26"0.33
a a a a1 mM 6 73.02"1.63 245.84"4.37 4.24"0.06 28.31"0.56
a a a a3 mM 6 68.37"1.35 296.75"5.55 3.23"0.14 32.46"0.72

Nicardipine
0.03 mM 4 128.39"4.80 97.91"2.53 11.75"0.86 20.90"0.34
0.1 mM 4 127.50"3.02 105.57"6.32 11.52"0.52 21.66"0.52

a a a a0.3 mM 6 95.50"2.62 129.59"10.27 8.66"0.84 22.84"0.92
a a a a1 mM 4 118.26"5.21 126.86"1.39 6.61"0.25 27.04"0.74

Tetrodotoxin
a0.01 mM 4 139.41"3.63 115.74"3.89 10.08"0.52 19.91"0.61

a a a a0.03 mM 4 97.54"2.48 148.83"5.76 7.53"0.29 21.18"0.75
a a a a0.1 mM 5 89.96"1.49 197.84"9.06 5.32"0.18 25.46"0.82
a a a a0.3 mM 5 78.52"2.19 237.36"8.49 3.69"0.23 29.58"0.97

Ž .Values mmolrg dry tissue represent the means"S.E.M. The hearts
were subjected to 35 min of global ischemia followed by 60 min of
reperfusion, and their ion contents were determined according to the
method described in the text. The hearts were treated with these agents
for the last 3 min of pre-ischemia. aSignificantly different from the
untreated group as assessed by one-way ANOVA followed by Dunnett’s

Ž .t-test p-0.05 .

Fig. 6. The relationship between post-ischemic recovery of left ventricu-
lar developed pressure and myocardial Naq, Kq, Ca2q and Mg2q of the

Ž .reperfused heart treated with different concentrations 0.1 to 3 mM of
diltiazem. Significant relationships between the post-ischemic recovery of
left ventricular developed pressure and myocardial Naq, Kq, Ca2q and

2q ŽMg , as assessed by the least square method, were seen r sy0.923,
.0.952, y0.964 and 0.910, ns20; p-0.05 .

dial Naq, Kq, Ca2q and Mg2q in a concentration-depen-
dent manner, whereas nicardipine had slight but significant

Žeffects only at the higher concentrations studied 0.3 and 1
.mM .

Fig. 7. The relationship between post-ischemic recovery of left ventricu-
lar developed pressure and myocardial Naq, Kq, Ca2q and Mg2q of the

Ž .reperfused heart treated with different concentrations 0.03 to 0.3 mM of
tetrodotoxin. Significant relationships between the post-ischemic recovery
of left ventricular developed pressure and myocardial Naq, Kq, Ca2q

2q Žand Mg were seen r sy0.881, 0.931, y0.955 and 0.907, ns18;
.p-0.05 , as assessed by the least square method.
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Fig. 8. The relationship between post-ischemic recovery of left ventricu-
lar developed pressure and myocardial Naq and Ca2q of the reperfused

Ž .heart treated with different concentrations 0.03 to 1 mM of nicardipine.
A significant relationship between the post-ischemic recovery of left
ventricular developed pressure and myocardial Naq content was seen
Ž .r sy0.748, ns18; p-0.05 . There was no significant relationship
between post-ischemic recovery of left ventricular developed pressure
and myocardial Ca2q of the reperfused heart treated with different

Ž . Ž .concentrations 0.03 to 1 mM of nicardipine r sy0.379 as assessed
by the least square method.

3.4. Relationship between recoÕery of left Õentricular
deÕeloped pressure and myocardial ion content at the end
of reperfusion at different concentrations of ion channel
blockers

Recovery of left ventricular developed pressure at the
end of reperfusion in each heart was plotted against my-
ocardial Naq, Kq, Ca2q and Mg2q at the same perfusion

Ž .time Figs. 6–8 . None of the regressions were significant
in glibenclamide- or sematilide-treated hearts; the regres-
sion coefficients in glibenclamide- and sematilide-treated
groups were y0.185 and y0.415 for Naq, 0.227 and
0.253 for Kq, 0.124 and y0.180 for Ca2q, and 0.349 and

2q Ž .y0.033 for Mg , respectively p)0.05 . In contrast,
the recovery of left ventricular developed pressure was
inversely related to myocardial Naq and Ca2q and posi-
tively related to myocardial Kq and Mg2q in the dilti-

Ž .azem-treated hearts Fig. 6 and tetrodotoxin-treated hearts
Ž .Fig. 7 . The recovery of left ventricular developed pres-
sure was related only to Naq in nicardipine-treated hearts
Ž .Fig. 8 . In contrast, there were no significant relationships
between recovery of post-ischemic left ventricular devel-

q 2q 2q Žoped pressure and myocardial K , Ca and Mg rs
.y0.470, y0.379 and 0.179, respectively, ns18 .

4. Discussion

The primary purpose of the present study was to relate
the cardioprotective effects of drugs with well-established
cellular targets to effects on cardiac cation content before
and after reperfusion. Particularly, we focused on the role

of inhibition of transmembrane flux of Kq and Ca2q

during ischemia and reperfusion.
We determined myocardial ion content of ischemic and

reperfused hearts with and without various ion channel
blocker treatments by the atomic absorption method. This
method provided myocardial cation content constituted
mostly of intracellular origins, as assessed by the cobalt–
EDTA method. Recently, determination of myocardial free
cations, mainly Naq, Kq and Ca2q, has been carried out

Ž . Žby nuclear magnetic resonance NMR method Murphy et
al., 1991; Pike et al., 1993; Jelicks and Siri, 1995;

.Kupriyanov et al., 1995 . The NMR method can measure
real time course of minute changes in intracellular Naq,
Kq or Ca2q concentration, but cannot detect several cations
in one preparation. Our method may not measure minute
changes in intracellular free cations, but can measure
relatively large changes in various intracellular cations in
one preparation. Thus, the atomic absorption method may
be relevant to determination of changes in several cation
contents under pathophysiological conditions in which large
changes in cation content can be induced. Interestingly, an
increase in Naq at the end of ischemia determined by the

ŽNMR method was approximately twofold Pike et al.,
.1993 , similar to that obtained in our study. This suggests

that qualitative change in myocardial cation content under
pathophysiological conditions may be evaluated by the
present method.

No changes in cardiac performance and myocardial
cation content were detected in normoxic hearts by treat-
ment with either sematilide or glibenclamide. Sematilide is

q Ž .believed to block K -delayed rectifier current I selec-k
Ž .tively Argentieri et al., 1991 , whereas several reports

Žhave shown the absence of I in rat hearts Gwilt et al.,k
.1986; Tande et al., 1990 . Glibenclamide is known to

Žinhibit K channel present in cell membranes SturgessATP
. Ž .et al., 1985 and in mitochondria Inoue et al., 1991 .

Furthermore, the K channel can operate when cellularATP
Ž .ATP is reduced Noma, 1983 . Thus, no change in my-

q Žocardial K under normal conditions prior to drug-admin-
. qistration in hearts with the K -channel blockers would be

plausible. In contrast, Kq was lost from the heart during
ischemia and this loss was partially suppressed by gliben-
clamide and sematilide in a concentration-dependent man-
ner, and almost completely blocked by the combined treat-
ment with both agents. This inhibition was associated
neither with suppression of ischemia-induced sodium accu-
mulation nor with reperfusion-induced changes in any of
the cations determined. These results suggest that the loss
of Kq may occur in ischemic, but not normoxic, hearts
possibly through K channel and I channel and thatATP k

only both Kq channels can operate for the release of
potassium in ischemic hearts. This indicates the difference
in transmembrane flux of Kq between normal and patho-
physiological conditions. As described above, it is reported

Žthat I channels are absent in rat hearts Gwilt et al., 1986;k
. qTande et al., 1990 . Therefore, the partial blockade of K
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loss from ischemic hearts by sematilide is considered to
occur by an unknown mechanism that the electrophysio-
logical study in normoxic hearts has not elucidated yet.
Despite appreciable blockade of transmembrane flux of
Kq during ischemia by glibenclamide, sematilide or a
combination of the two, no enhancement of recovery of
post-ischemic contractile function was seen in hearts treated
with the Kq channel blockers. This suggests that loss of
Kq induced during ischemia under the present experimen-
tal conditions is not causally related to irreversible cardiac
function. In agreement with the ineffectiveness of Kq

channel blockers, several reports have shown that Kq

channel openers elicited anti-ischemic effects of hearts
ŽOpie, 1993; Challiner-Rogers and McPharson, 1994;

.Cavero et al., 1995 and that mitochondrial K channelATP

opener enhanced the recovery of post-ischemic contractile
Ž .function Garlid et al., 1997 .

In contrast to Kq channel modulators, Ca2q channel
blockers elicited diverse effects on the recovery of post-
ischemic contractile function. That is, diltiazem enhanced
recovery of the post-ischemic left ventricular developed
pressure, attenuated changes in myocardial Naq, Kq, Ca2q

and Mg2q during ischemia and reperfusion and suppressed
reperfusion-induced release of creatine kinase, a typical

Žmarker of cardiac cell necrosis Vatner et al., 1978; Ganote
.and Kaltenbach, 1979 . On the other hand, nicardipine

improved, to a small degree, recovery of the post-ischemic
left ventricular developed pressure and creatine kinase
release and ionic imbalance of ischemicrreperfused hearts.
It is well established that blockade of calcium influx
during ischemia as well as reperfusion elicited potent
cardioprotective effects against ischemiarreperfusion in-
jury. Thus, the difference in the effectiveness between
diltiazem and nicardipine must be a matter of debate. It is
generally recognized that diltiazem is much more potent
than nicardipine with respect to their cardioprotective ef-
fects. The differences in properties between 1,4-dihydro-
pyridine derivatives and diltiazem have been documented
Ž .Ferrari et al., 1995 . Dihydropyridine derivatives gain
access to the external binding site of Ca2q channel and the
drugs with low doses act preferentially on vasculature. In
contrast, diltiazem gains access to the internal site of Ca2q

channel lumen only when the channel is open and acts on
both vascular and cardiac muscles. It is reported that Ki
value for nicardipine is extremely low as compared with

Ž .that of diltiazem Ishii and Toyama, 1993 and that dilti-
Žazem is easily washed out from tissues Nishimura et al.,

.1990 . Although it is unknown whether nicardipine is
easily washed out from the myocardium, the above obser-
vations suggest that nicardipine is liable to bind cardiac
tissue during reperfusion to a greater degree than dilti-
azem. Such strong binding properties of nicardipine might
delay recovery of cardiac function during reperfusion.
These observations may account for the smaller protection
of nicardipine against ischemiarreperfusion injury as com-
pared with that of diltiazem.

To examine a role for Naq channel blockade in the
protection of the myocardium against ischemia and reper-
fusion injury, a typical and selective Naq channel blocker

Ž .tetrodotoxin Kao, 1972 was applied to the ischemicrre-
perfused hearts. Although tetrodotoxin has recently been
shown to enhance recovery of post-ischemic contractile
function and to attenuate release of creatine kinase and

Žlactate dehydrogenase in isolated guinea pig hearts Le
.Grand et al., 1995 , ionic profiles of the ischemic as well

as reperfused hearts have not as yet been elucidated. We
found that tetrodotoxin exerted concentration-dependent
effects, and improved ischemiarreperfusion-induced con-
tractile dysfunction and myocardial ion disturbance, thus
supporting a key role of Naq channel blockade in the
reduction of ischemiarreperfusion injury. The findings are
in good agreement with our previous observations that
class I type antiarrhythmic agents that have Naq channel
blocking action, enhanced recovery of post-ischemic con-
tractile function associated with suppression in sodium

Žoverload and calcium overload during reperfusion Takeo
.et al., 1995 . This improvement is probably attributable to

the mechanism by which calcium overload following
Žsodium overload in the myocardium is prevented Lazdun-

ski et al., 1982; Tani and Neely, 1989; Meng et al., 1991;
.Murphy et al., 1991 .

At the end of ischemia, myocardial Naq was increased
and Kq was decreased, but no changes in myocardial
Ca2q and Mg2q were seen. This suggests that non-specific
transmembrane flux of ions does not occur or occurs to a
minimum degree, rather a massive transmembrane flux of
Naq and Kq is enhanced during ischemia. Several path-
ways through which Naq accumulates in cardiac cells are
possible, such as NaqrHq exchanger, NaqrKq pump,
NaqrCa2q exchanger, voltage-gated Naq channel and
non-specific flux of ions across cardiac cell membrane
under pathophysiological conditions. In ischemic cardiac
cells, NaqrHq exchange would be accelerated by in-

q Žcreased production of intracellular H Poole-Wilson,
. q q1978 whereas Na rK pump is inhibited due to deple-

Žtion of available myocardial energy store Daly et al.,
.1984 . Recently, an increasing evidence has emerged that

inactivation-resistant Naq channels, although fast Naq

channel is assumed to be closed during ischemia as a result
of prolonged membrane depolarization, play a major role

Žin sodium influx during ischemia Silverman and Stern,
. Ž .1994; Ju et al., 1996 . That is, Ju et al. 1996 suggested

that the gating behavior of the Naq channel dramatically
changed during hypoxia, thereby generating a ‘persistent
Naq-window current’. Thus, drug effects on such a ‘dys-
functional’ Naq channel may be entirely different from its
effects on the physiological fast Naq-current. This Naq

Žchannel is blocked by tetrodotoxin and lidocaine Ju et al.,
.1996 and is activated by ischemic metabolites such as

Ž .lysophospholipids Undrovinas et al., 1992 and long chain
Ž .acylcarnitine Wu and Corr, 1995 . Our findings are in

good agreement with these observations, supporting the
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hypothesis of major contribution of inactivation-resistant
Naq channels to ischemia-induced increase in sodium
influx.

Enhanced post-ischemic contractile recovery was seen
in hearts treated with diltiazem and tetrodotoxin, or to
some extent in hearts treated with nicardipine, but not in
hearts treated with the Kq channel blockers. Taken to-
gether, the critical observation that we can detect in this
series of experiments is whether ion channel blockers can
inhibit the excessive influx of Naq during ischemia: inhi-
bition of Naq accumulation in the myocardium by ion
channel blockers is always accompanied by a better
restoration of post-ischemic contractile function. This was
further supported by the close relationship between recov-
ery of post-ischemic left ventricular developed pressure
and myocardial Naq in diltiazem-, nicardipine- and

Ž .tetrodotoxin-treated hearts Figs. 6–8 . The results support
the significance of blockade of sodium overload during
ischemia by pharmacological agents, which was hypothe-

Ž . Žsized by us Takeo et al., 1995 as well as others Tani and
Neely, 1989; Meng et al., 1991; Pierce and Czubryt,

.1995 .
Ischemia and reperfusion resulted in a marked release

of creatine kinase from the heart, indicating a significant
disruption of cardiac cell membrane integrity. Thus, non-
specific leakage of intracellular ions must be considered.
This membrane disruption must have occurred during
reperfusion because myocardial cations were altered in a
selective manner at the end of ischemia. Thus, disruption
of cardiac cell membrane integrity during reperfusion may
be an associated event, rather than a trigger for the genesis
of ischemia and reperfusion injury.

As described above, we suggested that suppression of
sodium overload during ischemia may play an important
role in the prevention of ischemia and reperfusion injury in
diltiazem-treated hearts. If sodium overload during is-
chemia is a primary initiator of ischemia and reperfusion
injury, then diltiazem should have the ability to block Naq

channels. In accord with this, in vitro electrophysiological
studies have shown that diltiazem inhibits fast Naq chan-

Žnels at micromolar range of the agent Ando, 1990; Guc et
.al., 1993 . Furthermore, as described above, the gating

behavior of the Naq channel dramatically changed during
hypoxia, thereby generating inactivation-resistant Naq-cur-

Ž . qrent Ju et al., 1996 . Thus, the effects of diltiazem on Na
channel could be expected under ischemic conditions. It is
generally admitted that 1,4-dihydropyridine derivatives
have been shown not to affect Naq channels even at high

Žconcentrations Kimura et al., 1982; Jurevicius et al.,
. Ž .1993 . In contrast, Hano et al. 1991 speculated that

nicardipine, but not nifedipine, despite no effects under
normoxic conditions, is capable of interfering with Naq

channels under hypoxic conditions. This speculation might
account for the smaller recovery of cardiac contraction by
0.3 mM nicardipine. Taken together, Naq channel block-
ade of calcium antagonists during ischemia appears to be

related to cardioprotection in rat hearts. This hypothesis is
consistent with the claim of other investigators that Ca2q

channel blockade does not result in cardioprotection, rather
blockade of Naq channel may play an important role in

Žcardioprotection Ver Donck et al., 1993; Silverman and
.Stern, 1994 .

Several agents that can exert negative inotropic effects
before or during ischemia such as b-adrenoceptor and
Ca2q channel antagonists are capable of restoring contrac-
tile function during reperfusion. This is considered to be
due to reduction of energy expenditure or energy sparing
effects during ischemia. Apparently, our findings of the
improvement of post-ischemic function of diltiazem- and
nicardipine-treated hearts cannot rule out this possibility.

In conclusion, our results suggest that Kq channel
blockade contributes to the protection against ischemia and
reperfusion-induced contractile dysfunction to a minimum
degree, and rather attenuation of sodium overload during
ischemia by ion channel blockers plays a critical role in
the prevention of ischemia and reperfusion-induced con-
tractile dysfunction.

Acknowledgements

We wish to thank Dr. Morris Karmazyn, Professor of
Pharmacology and Toxicology, University of Western On-
tario, Ontario, Canada, for commenting on our English
expression of the manuscript.

References

Ando, H., 1990. Novel effect of azide on sodium channel of Xenopus
oocytes. Biochem. Biophys. Res. Commun. 172, 300–305.

Argentieri, T.H., Carroll, M.S., Sullivan, M.E., 1991. Cellular electro-
physiological effects of the class III antiarrhythmic agents sematilide
and clofilium on rabbit atrial tissues. J. Cardiovasc. Pharmacol. 18,
167.

Bergmeyer, H.U., Rich, W., Butter, H., Schmidt, E., Hillman, G., Kreu,
F.H., Stamm, D., Lang, H., Szasz, G., Laue, D., 1970. Standardiza-
tion of methods for estimation of enzyme activity in biological fluids.
Z. Klin. Chem. Biochem. 8, 658–660.

Carmaliet, E., 1978. Cardiac transmembrane potentials and metabolism.
Circ. Res. 42, 577–587.

Cavero, I., Djellas, Y., Guillon, J.-M., 1995. Ischemic myocardial cell
protection conferred by the opening of ATP-sensitive potassium
channels. Cardiovasc. Drugs Ther. 9, 245–255.

Challiner-Rogers, J.L., McPharson, G.A., 1994. Potassium channel open-
ers and other regulators of K channels. Clin. Exp. Physiol. 21,ATP

583–597.
Cole, W.C., McPharson, C.D., Sontag, D., 1991. ATP-regulated Kq

channels protect the myocardium against ischemiarreperfusion dam-
age. Circ. Res. 69, 571–581.

Coronel, R., Fiolet, J.W.T., Wilman-Schopman, F.J.G., Schapherder,
A.F.M., Johnson, T.A., Gettes, L.S., 1988. Distribution of extracellu-
lar potassium and its relation to electrophysiologic changes during
acute myocardial ischemia in the isolated perfused porcine heart.
Circulation 77, 1125–1138.

Daly, M.J., Elz, J.S., Nayler, W.G., 1984. Sarcolemmal enzymes and



( )K. Tanonaka et al.rEuropean Journal of Pharmacology 372 1999 37–48 47

Naq–Ca2q exchange in hypoxic, ischemic, and reperfused rat hearts.
Am. J. Physiol. 247, H237–H243.

Ferrari, R., Cucchini, F., Bolognesi, R., Bachetti, T., Boraso, A., Bernochi,
P., Gaia, G., Visioli, O., 1995. How do calcium antagonists differ in
clinical practice?. Cardiovasc. Drugs Ther. 8, 565–575.

Ganote, C.E., Kaltenbach, J.P., 1979. Oxygen-induced enzyme release:
early events and a proposed mechanism. J. Mol. Cell. Cardiol. 11,
389–406.

Garlid, K.D., Paucek, P., Yarov-Yarovoy, V., Murray, H.N., Darbenzio,
R.B., D’Alonzo, A.J., Lodge, N.J., Smith, M.A., Grover, G.J., 1997.
Cardioprotective effect of diazoxide and its interaction with mitochon-
drial ATP-sensitive Kq channels. Circ. Res. 81, 1072–1082.

Guc, O.M., Boachi-Ansah, G., Kane, K.A., Wadsworth, R.M., 1993.
Comparison of antiarrhythmic and electrophysiologic effects of dilti-
azem and its analogue siratiazem. J. Cardiovasc. Pharmacol. 22,
681–686.

Gwilt, M., Higgins, A.J., Williams, R.C., 1986. The use of rat and guinea
pig cardiac action potentials to distinguish subclasses of class III
antiarrhythmic drugs. Br. J. Pharmacol. 88, 290.

Haigney, M.C.P., Lakatta, E.G., Stern, M.D., Silverman, H.S., 1994.
Sodium channel blockade reduces hypoxic sodium loading and
sodium-dependent calcium loading. Circulation 90, 391–399.

Hano, O., Silvereman, H.S., Blank, P.S., Mellitis, E.D., Baumgardner, R.,
Lakatta, E.G., Stern, M.D., 1991. Nicardipine prevents calcium load-
ing and ‘oxygen paradox’ in anoxic single rat myocytes by a mecha-
nism independent of calcium channel blockade. Circ. Res. 69, 1500–
1515.

Hill, J.L., Gettes, L.S., 1979. Effect of acute coronary artery occlusion on
local myocardial extracellular Kq activity in swine. Circulation 61,
768–778.

Hirche, H., Franz, C., Bos, L., Bissig, R., Lang, R., Schramm, M., 1980.
Myocardial extracellular Kq and Hq increase and noradrenaline
release as possible cause of early arrhythmias following acute coro-
nary artery occlusion in pigs. J. Mol. Cell. Cardiol. 12, 879–893.

Inoue, I., Nagase, H., Kishi, K., Higuti, T., 1991. ATP-sensitive Kq

channel in the mitochondrial inner membrane. Nature 352, 244–247.
Ž . w3 xIshii, A., Toyama, J., 1993. Binding properties of " H benidipine

hydrochloride to rat heart membranes. J. Cardiovasc. Pharmacol. 21,
191–196.

Jelicks, L.A., Siri, F.M., 1995. Effects of hypertrophy and heart failure on
w q xNa in pressure-overloaded guinea-pig heart. Am. J. Hypertens. 8,i

934–943.
Ju, Y.-K., Saint, D.A., Gage, P.W., 1996. Hypoxia increases persistent

Ž .sodium current in rat ventricular myocytes. J. Physiol. London
497.2, 337–347.

Jurevicius, J., Muckus, K., Macinanskiene, R., 1993. Verapamil and
diltiazem possess quinidine-like effects on guinea pig action potential.
Cardiovasc. Drugs Ther. 7, 438, Suppl. 2.

Kao, C.Y., 1972. Pharmacology of tetrodotoxin and saxitoxin. Fed. Proc.
31, 1117–1123.

Kawada, T., Yoshida, Y., Sakurai, H., Imai, S., 1992. Myocardial Naq

during ischemia and accumulation of Ca2q after reperfusion: a study
with monensin and dichlorobenzamil. Jpn. J. Pharmacol. 59, 191–200.

Kimura, S., Nakaya, H., Kanno, M., 1982. Electrophysiological effects of
diltiazem, nicardipine and Ni2q on epicardial muscle cells of canine
right ventricles under a condition of combined hypoxia, hyperkalemia
and acidosis. Jpn. J. Pharmacol. 32, 108P, Suppl.

Kloner, R.A., Ganote, C.E., Jennings, R.B., 1974. The ‘no reflow’
phenomenon after temporary coronary occlusion in the dog. J. Clin.
Invest. 54, 1496–1508.

Koretsune, Y., Marban, E., 1990. Mechanism of ischemic contracture in
w 2q xferret hearts: relative roles of Ca elevation and ATP depletion.

Am. J. Physiol. 258, H9–H16.
Kuga, T., Sadoshima, J., Tomoike, H., Kanaide, H., Akaike, N., Naka-

mura, M., 1990. Action of Ca2q antagonists on two types of Ca2q

channels in rat aorta smooth muscle cells in primary culture. Circ.
Res. 67, 469–480.

Kupriyanov, V.V., Xiang, B., Bulter, K.W., St. Jeam, M., Deslauries, R.,
1995. Energy metabolism, intracellular Naq and contractile function
in isolated pig and rat hearts during cardioplegic ischemia and reper-
fusion: 23 Na- and 31 P NMR studies. Basic Res. Cardiol. 90, 220–233.

Lazdunski, M., Frelin, C., Vigne, P., 1982. The sodiumrhydrogen ex-
change system in cardiac cells: its biochemical and pharmacological
properties and its role in regulating intracellular sodium and internal
pH. J. Mol. Cell. Cardiol. 17, 1029–1042.

Le Grand, M.B., Vie, B., Talmant, J.M., Corabouf, E., John, G.W., 1995.
Alleviation of contractile dysfunction in ischemic hearts by slowly
inactivating Naq current blockers. Am. J. Physiol. 269, H533–H540.

Lumma, W.C. Jr., 1989. Sematilide hydrochloride. Drug of the Future 14,
234–236.

Meng, H.-P., Pierce, G.N., 1991. Involvement of sodium in the protective
Ž .effect of 5- N, N-dimethyl -amiloride on ischemia-reperfusion injury

in isolated rat ventricular wall. J. Pharmacol. Exp. Ther. 256, 1094–
1100.

Meng, H.-P., Lonsberry, B.B., Pierce, G.N., 1991. Influence of perfusate
pH on the postischemic recovery of cardiac contractile function:
involvement of sodium-hydrogen exchange. J. Pharmacol. Exp. Ther.
258, 772–777.

Murphy, E., Perlman, M., London, R.E., Steenbergen, C., 1991. Amiloride
delays the ischemia-induced rise in cytosolic free calcium. Circ. Res.
68, 1250–1258.

Nayler, W.G., Panagiotopoulos, S., Elz, J.S., Daly, M.J., 1988. Calcium
mediated damage during post-ischemic reperfusion. J. Mol. Cell.
Cardiol. 20, 41–54, Suppl. II.

Nishimura, K., Miyawaki, N., Yamaguchi, H., Iso, T., 1990. Tissue
selectivity of the novel calcium antagonist sesamodil fumarate in
isolated smooth muscles and cardiac muscles. Artzneim. Forsch.rDrug
Res. 40, 244–248.

Noma, A., 1983. ATP-regulated Kq channels in cardiac muscle. Nature
305, 147–148.

Opie, L.H., 1993. Modulation of ischemia by regulation of the ATP-sen-
sitive potassium channel. Cardiovasc. Drugs Ther. 7, 507–513.

Pierce, G.N., Czubryt, M.P., 1995. The contribution of ionic imbalance to
ischemiarreperfusion-induced injury. J Mol. Cell. Cardiol. 27, 53–63.

Pike, M.M., Luo, C.S., Clark, M.D., Kirk, K.A., Kitakaze, M., Madden,
M.C., Cragoe, E.J. Jr., Pohst, G.M., 1993. NMR measurements of
Naq and cellular energy in ischemic rat heart: role of Naq –Hq

exchange. Am. J. Physiol. 265, H2017–H2026.
Poole-Wilson, P.A., 1978. Measurement of myocardial intracellular pH in

pathological states. J. Mol. Cell. Cardiol. 10, 511–526.
Shen, A.C., Jennings, R.B., 1972. Kinetics of calcium accumulation in

acute myocardial ischemic injury. Am. J. Pathol. 67, 441–452.
Silverman, H.S., Stern, M.D., 1994. Ionic basis of ischaemic cardiac

injury: insights from cellular studies. Cardiac Res. 28, 581–597.
Sparrow, M.P., Johnstone, B.M., 1964. A rapid micro-method for extrac-

tion of Ca and Mg from tissue. Biochim. Biophys. Acta 90, 425–426.
Steenbergen, S., Murphy, E., Levy, L., London, R.E., 1987. Elevation in

cytosolic free calcium concentration early in myocardial ischemia in
perfused rat heart. Circ. Res. 60, 700–707.

Sturgess, N.C., Ashford, M.L.J., Cook, D.L., Hales, C.N., 1985. The
sulfonylurea receptor may be an ATP-sensitive potassium channel.
Lancet 2, 474–475.

Takeo, S., Tanonaka, K., Hayashi, M., Yamamoto, K., Liu, J.X.,
Kamiyama, T., Yamaguchi, N., Miura, A., Natsukawa, T., 1995. A
possible involvement of sodium channel blockade of class-I type
antiarrhythmic agents in postischemic contractile recovery of isolated,
perfused hearts. J. Pharmacol. Exp. Ther. 273, 1403–1409.

Tande, P.M., Bjornstad, H., Yang, T., Refsum, H., 1990. Rate-dependent
class III antiarrhythmic action, negative chronotropy, and positive
inotropy of a novel I blocking drug, UK-68,798: potent in guinea-pigk

but no effect in rat myocardium. J. Cardiovasc. Pharmacol. 16,
401–410.

Tani, M., Neely, J.R., 1989. Role of intracellular Naq in Ca2q overload
and depressed recovery of ventricular function of reperfused ischemic



( )K. Tanonaka et al.rEuropean Journal of Pharmacology 372 1999 37–4848

rat hearts: possible involvement of Hq –Naq and Naq –Ca2q ex-
change. Circ. Res. 65, 1045–1056.

Tanonaka, K., Kamiyama, T., Takezono, A., Sakai, K., Takeo, S., 1996.
Beneficial effects of angiotensin I converting enzyme inhibitor on
post-ischemic contractile function of perfused rat heart. J. Mol. Cell.
Cardiol. 28, 1659–1670.

Tokube, K., Kiyosue, T., Arita, M., 1996. Openings of cardiac KATP

channel by oxygen free radicals produced by xanthine oxidase reac-
tion. Am. J. Physiol. 271, H478–H489.

Undrovinas, A.I., Fleidervish, I.A., Makielski, J.C., 1992. Inward sodium
current at resting potentials in single cardiac myocytes induced by the
ischemic metabolite lysophosphatidyl choline. Circ. Res. 71, 1231–
1241.

Vandenberg, J.I., Metcalfe, J.C., Grace, A.A., 1993. Mechanisms of pHi
recovery after global ischemia in the perfused heart. Circ. Res. 72,
993–1003.

Vatner, S.F., Baig, H., Mamders, W.T., Maroko, P.R., 1978. Effects of

coronary artery reperfusion on myocardial infarct size calculated from
creatine kinase. J. Clin. Invest. 61, 1048–1056.

Ver Donck, L., Borgers, M., Ver Donck, F., 1993. Inhibition of sodium
and calcium overload pathology in the myocardium: a new cytopro-
tective principle. Cardiovasc. Res. 27, 349–357.

Weiss, J., Shine, K.I., 1981. Extracellular potassium accumulation during
myocardial ischemia: implications for arrhythmogenesis. J. Mol. Cell.
Cardiol. 13, 699–704.

Weiss, J., Shine, K.I., 1982. Extracellular Kq accumulation during
myocardial ischemia in isolated rabbit heart. Am. J. Physiol. 242,
H619–H628.

w q xWu, J., Corr, P.B., 1995. Palmitoylcarnitine increases Na and initi-i

ates transient inward current in adult ventricular myocytes. Am. J.
Physiol. 268, H2405–H2417.

Zweier, J.L., Flaherty, J.T., Weisfeldt, M.L., 1987. Direct measurement
of free radical generation following reperfusion of ischemic my-
ocardium. Proc. Natl. Acad. Sci. U.S.A. 84, 1404–1407.


