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A Study on the Cardioplegic Solutions and the Cardioplegia of Guinea Pig Heart

Chang Kook Suh, So Ra Park, Hye Soo Park, Young Ho Lee and Bok Soon Kang

Department of Physiology, College of Medicine, Yonsei University, Seoul, Korea

The changes in membrane potential and intracellular Ca** activities along with adenosine triphos-
phate (ATP) and creatine phosphate (CP) contents of guinea pig hearts were studied during the
cardioplegia and recovery phase.

The results obtained were summarized as follows:

1) A low concentration of Ca** in the cardioplegic solution caused significant changes in membrane
potential during the cardioplegia and action potential configurations of the first beat after cardioplegia.

2) Intracellular Ca?* activities were decreased significantly during cardioplegia and increased when
the cardiac tissue was reperfused with the normal Tyrode solution. The magnitude of increase in
intracellular Ca?* activities was larger in the 0.1 mM Ca?*-cardioplegic solution than the 1.8 mM
Ca?*-solution.

3) ATP and CP contents of cardiac ventricular tissue were decreased during the cardioplegia,
regardless of Ca?* concentration in the cardioplegic solutions, and CP contents were recovered with the
reperfusion of normal Tyrode solution faster than those of ATP. And, there were no significant
differences in the recovery of CP contents with different concentrations of Ca®* in the cardioplegic
solutions tested, while the recovery of ATP contents was faster with 13 mM K*, 0.1 mM Ca?*+
cardioplegic solution.

These results suggest that the Ca** concentration in the cardioplegic solution is one of major factors
influencing the recovery of cardiac tissue from the cardioplegia.
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A7 -71AA F5& FAAA AZAZY oA &
_E’_%- 34 A7) e 0 8 Al A %] g9 (cardiople-
ic solution) F-o¥ o] Gay & Ebert(1973)0]] 2|8}
A g om, Zalle o7 Fqo AZAH=| &

o] 7wk o] Abgx 3 it} (McGoon, 1985),

Z 10U]#] 20 mM&] K+ o] 2L 33} A2 A
g BAFUA F3Usho] A TALY FRAE
A7) 3., ATARA AR A2 &5 5 1547
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o] o] &3 4 9l on (Mullins, 1981; Kimura et
al., 1986; Mechmann & Pott, 1986; Kimura et al.,

1987), = AZwke] F¥Tol A5l Na
Cloleg 28 AL 78 o) &9 FErt Fot

A, A 517} dstol Aol £4E 2T 4
7} 9l ) (Jakobsson, 1980),

=g A2 Cat*o] F7hH™ Al 53 3
o} 5} = bl A (contractile proteins), Ca2+ z] 34 ql
sarcoplasmic reticulum (SR) & ©] E & © g o}o]| 4] 2]
Az o] gge
(ATP) 9] ko] 7ta-= 7 (Opie, 1984),

_.l

Z7}E  adenosine triphosphate
FAlel A4

AYZ oz AL ATPE 248 4do] $450), 4
2agopuael o9 g (relaxation) & s} shol
Al-29] 73 & (ischemic contracture) g 43} =<

24 ATAZA AA%e 2454 Hotn I
(Reimer & Jennings, 1986), o] 2} ko] AlZ Az
ale] Abgol glo} Al 2] Ca ol &3} ATPS| ke 4
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Gt 4L A1) 94 A2 okl Cae 5
£% BaAPAY ABAZNZY Catt 92 o}
7] gieho] AR Ged 7 Car* AFATE A3}
o] A}g35}1 9t} (Pinsky et al, 1981; Bourdillin &
Poole-Wilson, 1982; Balderman et al., 1984; Hearse
et al., 1984; Yamamoto et al., 1984; Hendriks et al.,
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o $Ye 2 5347 wol ALo] Catol
g % 9o}, ATALE 715 2 T2} u]spod
44 (reperfusion injury)oll w4 9o}z G}
(Singal et al., 1986; Sunnergren & Rovetto, 1987),

wpebd] £ ol e A2 AR Lol Ca?* Fx
Ao A o 2ol oA J%E T
71 913, AT ZA Lol A ZEHAGE AL
Catt A= AZ2] ATP9} creatine phosphate
(CP)<] W3} obare BAHIA ek,
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A5 300 g 9] 9] guinea pigE o, 4~ -4
23519,

2. MEMY Y Mzl G’ gdzo £F

Guinea pige] F3-5 ettt & A4% A%3 2
23] o] 100% 0,2 A& Tyrode $
(NaCl 133.5; KCI 4.0; CaCl, 1.8; MgSO, 1.2; NaH,
PO, 0.3; Tris 10; Glucose 10 mM)oj] Y& & 24
4 45Ee Ease, G52 4% B 2750
2 AASA % =+ A &) (perfusion chamber) o]

2AA7 R, oE EFL A Z37] (Model 400A
Force Transducer System, Cambridge Technology,
Inc.)ol] &373}9),

+52% | contraction per second (cps) & ¢ 14]
7F F<t }—1 stod Y AAdelol o]2A] & F Az
A H(Em) 3 Ca** Fxof 23 A gk (Eca)g &3}
o] oscilloscope (Philips PM3305) 9} chart recorder
(Gould 220)°ll 7] 5313 ch, o]o] A=A Ao g
303-5al f52¢ BRoo] A2HAE Yorln
oh4l 44 Tyrode £alg BFAA $528 5124

4 ol e} Em3} Eca%: ZA31ch, A== LN

L AA Tyrode f-MFol| 4] K+ 5 9} Ca?t 5 5
*plfﬁ%ﬂ*c'ﬂ utel ejsll e, NaClel =5 24
3ted osmolarityS @ AsHA Ao, HF-&

el pHE 748 =AY},

ST Al o A A Z 2 Agte] =22 microfiber
capillary tubings (TW150-G, WPI Inc.)-& %-o}x
o}l = microelectrodes] 3M KCIE x| 9] A}-8-3}lg o
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o}, o] reference electrode (RE) 9] 2
megohms® 2, * microelectrode tipe] = 7§12 0.5
pumolst& iRt Al EW Ca*t Z4 5+ Prof. W.
Simono] 7l#F3} neutral resingl Ca?*-Cocktail (10
9% ETH 1001, 1% NaTPB, 89% O-NPOE)< #]-&
Ca?*-selective electrode (CSE) E- ubg-o] E Al o] 4
A 23} differential electrometer o] £-3}o] =33}
4t} (Suh et al., 1987),

3. 4|2} adenosine triphosphate?} creatine
phosphate?] £H

1) dae FUY @ 7| ZHFHL 100% O, &
Qa3E A4 Tyrode 8 AT, Bhol
o LEEITCE FANGo, A2HA LAY 2
4 & K3} Care] FEE AY2Aol det 223
of AgaAUT AR BRAAE
retrograde perfusion model-g- ©]-&3}¢] HAHE-Hol
A A Tyrode §-98 0 2. 3085k H7-3tof HFH A7
2(AA7), ARAAEAS2 3085 AES
AR Ao (AZAHA7]), AZAR = A4 Lo
g 3037 BRAA AL SRAUG(EI%).

Langendorff

2) Guinea pig flAFA Y| = AUFAY
< A7, AR H FEe AgRFILE
R FA A ApLzol ol BT F, A% Y
F9 2AL A At ALY FA| (wet weight) & =
A% 5, 0.8N perchloric acid (PCA) £98-2- 7}3}o]

homogenizer (Polytron, Type PT10/35) 2 4 3}&}
2, o] FANE 2,000xgellA 10¢7F A4lE-e
(CRU-5000 centrifuge, Damon) &}of AlZol
o{, o{7]o]] 6N KOHE 7]'3}04 TH4e pHE 74

2 w3E3ch o] $4ag ohl 2,000xgA 103
2 WA 3he] A2 ABalol ) ATPSE CP o}
24osle), ol4el BE AYE 400l 3 Lxo
A A,

3) A|Al7Alo§o| ATP I CP &£X : ATP 2 CP
+ Heinz %] Weisser (1985) ¢ vhl 0 2 245191 o,
ATPE ZA37] Hsto
(triethanolamine-hydrochloride 94.5; MgCl, 23.6;
nicotinamide adenine diphosphate 0.6; D-glucose
118.2 ymole %
nase 3; hexokinase 2 unit; pH 7.5)¢]] AJAlZ&Zoll

o
n2

incubation £} 3 ml

glucose-6-phosphate dehydroge-

HA g K*3} Cat 555} A2HA W 5ol olAE JGP—

0.1 mlg 7hsjo] B EHsho] AH-LolH 587 934
71 % fluorescence 3t-2 =3 3}9dc}(Model LS-5,

Perkin-Elmer), 2 ¥ CPE &#3}7] 93} 0.51
pmole 2] adenosine diphosphate & % 7} 5} o] fluo-
ZH(F1)L &Ast of7]o] 80unit
creatine kinaseS- 3 7}8}o] 587} vF-3-4]7] &, t}A]
fluorescence 3t (F2)-& &7 5lo] F2ol|A F1& 713}
Gezne CPY kg Adss ALZAU
ATP 9% CP k& umole/g wet wtZ ER T,

i‘“ _||)1

rescence?]

4 € 2 =
1. MZapset

Guinea pige] $-44 $52¢ 147 5 1 cps
of 435 2 A% 3ol FE ARl o] 27 I 5 K+
5 Cat 28 2elY 42AA SN0z FFAA
AZARA Aol A AL FETEHE A=
[A3R, oA FA Tyrode & o2 FFAA A
27, AAAZ A 35714 AL ATA L
g2A9a of A A 9tL Fig. 1, Table 1 & Table
2] viehd uh} 2k,

Fig. 1€ 15mM K*, 1.8 mM Ca?+& ¥ 33t A&
AA gl FFAE W A5HE vhehd Al
Al 242 7] el A=A gk 32.8+0.9 mV b
2253l e, H4 Tyrode §)2.2 3055 3)
2AHE o Qg Ake A AR A
ez 3 5H e, AeFgAA] BT Aol
AZdel A WskE BRs] Aol 15mM
K*, 18mM Ca*s| A2 32002 27T F A

S UpehE S5 Ak 2 ok (Fig. 2A) 37 obd
Shgke w2l Hof gtor, upstrokes] 33
| (peak) = AZAAA FFAghel 2z 9 Ha
ol7b gllx, FFAste] F& @A Frhso] o
it} (Fig. 2, Table 3),

15mM K+&| AZA =] -&Hol| 4] Ca?te] FE & o
s A FERUS HSHE 951 10mM Car
o 417 A SoNol A= 3604 1.9mV 2HE DI
slom, 38l vehte A &FAske] 27], =
& 23 3 5A7] F 302w 2 =hAste] 1.8mM
Ca?+ql AlZA x| LMol v]dlo] ¥ zlo]7} gt
(Table 1, 2 & 3), Ca?*2] 5% & 0.1 mM& 7144
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Fig. 1. Effects of high K+ cardioplegic solution on action potential and contractility.
Heart tissue was stimulated at 1.0 cps. When the tissue was perfused with 15 mM K*, 1.8 mM Ca?*
cardioplegic solution (first arrow), resting membrane potential was depolarized and tissue stopped the
beating. When the tissue was reperfused with normal Tyrode solution (second arrow), the resting membrane
potential was repolarized and the beating was reappeared. The sequence of polaroid pictures is as follows;
precardioplegia (control), postcardioplegia (recovery) of 10 minutes, 20 minutes and 30 minutes with normal
Tyrode solution. Horizontal scale = 5 minutes. Vertical scale = 100 mV for Em (upper trace); 50 mg for
tension (lower trace).
Table 1. Effects of high K* cardioplegic solution on Table 2. Changes in resting membrane potentials after
membrane potentials during the cardioplegia the cardioplegia
15K 25K 15K 25K
Ca?* Ca?*
(mM) 0O, N, 0O, N, (maM) o, N, 02 N,
1.8 328+09* 31.8+04 439+10 43.0+1.0 1.8 -0.15+0.49* -0.83+2.79 0.33+0.50 -1.67+0.88
1.0 36.0+1.9 — — — 1.0 0.70+1.77 — — —

0.1 36.6+0.5** — 44.340.3 —

0.1 1.40£0.75 — 2.67+1.76 —

% : Mean+SEM
% %: p<0.05 (Statistically significant compared to
cardioplegic solution containing 15> mM K* and
1.8 mM Ca?*)

Numbers represent the magnitudes of membrane
depolarization in mV induced with the cardioplegic solu-
tions, bubbled with 100% O, or N,, containing various
concentrations of K* and Ca?*.

% : Mean+SEM

Resting membrane potentials, after the cardiac tissues
were perfused for 30 minutes with the normal Tyrode
solution, were measured and compared with those of the
precardioplegia. The values in mV are the differences in
resting membrane potential before and after the cardi-
oplegia, and (—) sign represents hyperpolarization com-
pared to the resting membrane potential before the car:

dioplegia.
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Fig. 2. Changes in action potential configurations of the first beat after cardioplegia.
Action potentials of the first beats after the tissue was perfused for 30 minutes with cardioplegic solutions
containing various concentrations of K* and Ca* listed as follows. A, 15 K*, 1.8 Ca%*; B, 15 K+, 0.1 Ca?*;
C, 25 K+, 1.8 Ca?*; D, 25 K+, 0.1 Ca?*. Horizontal scale = 100 msec/div. Vertical scale = 20 mV /div.

Table 3. Changes in overshoot potentials of the first beat after the cardioplegia.

15K 25K
o, N, o, | N,
Ca?* AP, AP AP, AP AP, AP AP, AP
(mM) (mV) mV) % (mV) (mV) % (mV) (mV) % (mV) (mV) %
1.8 33.3* 313 110 30.5 30.3 101 33.6 33.1 1026 369 34.1 108
T +16 +1.7 +£62 +29 +29 +28 +1.7 +18 +38 +1.1 +1.0 +06
1.0 29.9 30.8 97 _ . _ _ . . _ o o
+26 +23 +53
17.6 31.0 57+ 21.7 88
01 418 +o9 =+56 — - - +as 23 B g4 -
% : Mean+SEM
* % : p<<0.05 (statistically significant compared to the values of cardioplegic solutions containing 15 mM K+, 1.8
mM Ca2+)

AP, represents the overshoot of the first action potential after cardioplegia. AP, represents the overshoot of the
steady-state action potential before cardioplegia.
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7 AZAA LA A x 36.6+05mVe] 2L
WA Z 0w o] & 1.8 mM Ca?*Ql Al & A ]| -&-oYof o
ol SlelglA Zoharglon (Table 1), 4237 ¥
434 Ushtt 2 2R 27, 29 4304
7} 25 18mM Cat*el 42474 §4 02 BFAZ
< wjic} o ogiA 743}t (Fig. 2B, Table 3),

AEAA s K 5E g DeloHsle o, & 25
mM K*, 1.8mM Ca?*2 Z3g A4 x| &o] A
= 439+10mV a27]9] IS FUAZHR
(Table 1),” 3] 5-4] el A &5 moke
15mM K*, 1.8 mM Ca?*¢] A 23] Lo 2 &
A7 Fs 7e] §Aek51e} (Fig. 2C, Table 3)

25 mM K+, 0.1 mM Ca?*¢] A ZA x| Loz 3
EAL 443403 mVe] BEZ S S ka7 3 (Table
1), 31%4] tehbe 3 $EALS] BokL Fig. 2D
ol LJEl A A3} 7o) 25 mM K+, 1.8 mM Ca?* < uj]
swlmshd 2 Aelt ggie

Ischemia A}el] & f5.5}7] Y 8hA] A=A =)o off
N, & 2F59ea, 15mM K*, 1.8 mM Ca?*9| 4]
A LolL 318404 mVe] RIS SulaHo
uj, 25mM K*, 1.8mM Ca?*$] 4} 2] &lo]A]

€ 43.0+1.0mV 9tF FESE o, 28 22T

—_
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i
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Fig. 3.
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HEE 0,5 TFHE st 0,8 AA (N, 23)
¢ & vl wal 2wl ¥ 2ol 7} gigich (Table 1),

2. MIZLH Ca** gdTol ¥

wu e

3¢ e

ot A e (resting state)oll A S fF=o Al
ZJ Ca* Z4 =z 6ulz] 359 nM Alo]o]g] o
2 B FZEL 185434 nM (n=14) o] i ¢}, Fig. 32 a}
A4S 42E 2FE K25 mM)S] 42HAE
Ho 2 BFAT|L A A4 Tyrode B0 2 A5
ARG W ALY Ca BHEO) ASHE 248 A
olt}, A4 Tyrode &foll 2] A Z W Ca** FAH =
£ 1227 nMo]d&d], 25mM K+, 1.8 mM Ca?*9)
Az gl oz BB A AL Ca** FHEE 3.2
nMZ pCa 1.6unit 5 7}43519 0, o]AS AA
Tyrode 0.2 vha] BHAALH, 527] 130
= 180 nM=. A A7) o] v]&] pCa 0.17 unit BHE Z
sbsta, ;4317] 5ol 122.7 nM= A5k o}
Al Zramstgl iz, 357 103+ 32nME A 7]l
u}&l] pCa 0. 58 unit 7}+4 591
AZAA LA Ca?* =7t A2 Ca** ZA =
of PlAE dGE 1] Aol A2AA AL Catt
< 0.l mM3E 3o ujzddgl Aa 25mM K¥,

il

Changes of intracellular Ca* activities during cardioplegia and recovery in resting state.

Horizontal bars represents when the tissue was perfused with the cardioplegic solutions containing (a) 25 mM
K+ and 1.8 mM Ca?* (b) 25mM K+ and 0.! mM Ca?*. A, em.f from Ca?*-selective electrode. B,
Transmembrane potential (Em). Vertical scale of upper trace was converted to pCa = 5, 6, 7 and 8 from the
top to the bottom. Vertical scale = 100 mV for lower trace.
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0.1mM Ca?* 9] A2 LA BFatgSu] HA
71¢] % 122.7 nMoj| 4] 1.8 nM.E. pCa 1.83 unit ubZ
7r43819t}, 3127 13 elE 327.5nMZ A pCa
0.43 unit 2Hg F7tsl9l 1, 337 580 320
nMZ, 3]E7] 10%dol+ 32nME. pCa 0.58 unit
abg st

ol el A¥ATE FHe LY nyx Ko A2
Az E-Hg BfFAlole AZAEZY Ca2t A==
734} Tyrode & o 2 3731512 wlol vis) AA 7
&3}eh7t B4 Tyrode oo 2 o] 3] 5413 o,

ZHA §AS K*3} Cat* 57} A2

HA % 8%l o] FYP—

Catre] A2 o] 378ebot 44 s 5

& 44 ek A2HA G Ca* FEF 0.1 mM
2 yzel RARE W A2HATLS A
Ca?* A5 9o 74 Ax ¥ 1.8mM Ca?te] R ZA]
A8l A o} FASAA T 31 %27)9) Catt §
Qle 147Xx10-"M utZ ©] Z7}3}9ith (Fig. 304
el 71 Solol s £ 48 ATAA S BF F
34 Tyrode §4.2.2 3 %4)71¢ ol 520l 4l
¢ GSEZ} 3] wha, Eca S0l Al%sx 23}
e, ol 3184 ALulel Cartol ZHAl7| Z7t

&W

f‘gé 2.0 1 \FS
EE 1.0 1 7s ﬂ_§
N 7N\

Amount of CP
Cpmole/g wet wt)

il \\‘L
\ | 7

7,

DI
s
»7//)/4

=3

K+*CmM)

25
1 1.8 Ca2*(mM)

1.8 1.8 1.8 1.8 0,

IO

0 4 4 4 15
1.8 1.8 1.8 1.8 0.1 1.8

Fig. 4.

~ 7
-

4
1.8 1.8 0.1

K*(mM)
1.8 Ca?*(mM)

Effect of various cardioplegic solutions on the amount of ATP and CP of guinea pig heart.

Guinea pig hearts were perfused with cardioplegic solutions of various K* and Ca?* concentration for 30
minutes and reperfused with normal Tyrode solution. After a series of perfusion, whole heart tissue was
quickly frozen under liquid nitrogen. ATP and CP of ventricular tissue were measured fluorometrically (see
the Methods for details). The sequence of pictures is as follows; control ([]), cardioplegia (%) and recovery
after a cardioplegia (N)- All values are mean+SEM of 3 10 6 experiments.
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2ai97] W goletn Azkw

3tod contracture:-

o).,
3. MIZW ATP 9! CP <

ATAA LAY Kt 4 Ca**of FE7} AT A%
el ATP % CP ofof] m|A & J3k-& 2Ad Ax)
471, ATHR 7] L 3] 57]olHe] ATP2} CP o
< Fig. 4ol vpeb who} b}, AHabro] Al 24 2
ATP k2 2.9+0.5 ymole/g wet wto] i, CP o}
2.14+0.4 ymole/g wet wro] o m, A4 ] 7] ]
ATP % CP o2 AZAz&He Kt3 Ca* F %
of A glo]l Aabrlufel gruct oo A 24
o 3] E7ol= A FokE gl

15mM K+, 0.1 mM Ca?+2] A LA x| Lol 22
2] ATP % CP 98 0.940.2 ymole ATP/g wet wt
2} 0.7+0.1 ymole CP/g wet wt2 74 A7 o], 3]
E719] ATP 3 CP ¢k-2 7z+7} 1.94-0.3 pmole/g wet
wt2} 1.84-0.4 ymole/g wet wt2 Al Z A 2] 7|0 u]3}
o 92 9A Z7HA A}, 15 mM K+, 1.8 mM Ca?*

S T AZARLAL 09+0.1 ymole ATP/g

wet wt % 1.040.2 ymole CP/g wet wt® 7+£ A7
on 3|87|oj 247t 1.3+0.3 pmole ATP/g wet
wto} 1.84-0.6 ymole CP/g wet wtZ, 15mM K+, 0.1
mM Cato] 23t A2AAEde 23 5%
Al Bt o o QA Fraslo] gUgiet

25mM K*, 1.8 mM Ca?*2] A ZA ] Q-8 &)
A ZUe] ATP 3 CPe] ke 77+ 0.9+0.2 gmole
ATP/g wet wt2} 0.9+0.3 ymole CP/g wet wtZ 7+
&A1 o0, 3570 = 1.6+0.6 umole ATP/g wet
wt, 1.34+0.5 ymole CP/g wet wtZ Z7}5]gich 25
mM K+, 1.8 mM Caz+e] AlZAXLHe ATPs}
CP 9}2 77} 1.3+0.2 umole ATP/g wet wt, 0.9+
0.2 ymole CP/g wet wtB 7zt on] 3]E7]o)
+ 7Z+7ZF 1.340.3 ymole ATP /g wet wte} 1.8+0.4
pmole CP/g wet wtZ Z7}5] 9] o},

il &
FEA A9 7|50l 2A AstE o] Q' Sl

AAGEE ARHAY, 4] A5 BFAL A
7H¢ 0% o4 AR Wt £5Eol 42 A%
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o Assle] Aoz BT
9] ischemic contracturez} &t} 7
(Ebert, 1978; Levitsky, 1986). 4]-Zo]
of WA e AT Ca ke AL 75
Ca®* pumpt} Na*-Cat* 38k o) $714 8] Aol 2 4|
zo] Cat*o| ZdE 4 9ivh(Kaw & Reuter,
1979; Mullins, 1981), A Zujo]] Ca?to] Z=gjw
actomyosin ATPase & 4.7} &4 3l5] 1. o] = ATP<]
H5g sF4EE Qdoy thick filament?} thin
filament®] Z o] F7tx o] vl7lei =gl A&
dol 4 9lv}(Hearse et al., 1977; Reimer & Jen-
nings, 1986), &= & A A 2] & HALE ol & &7} ) 7l
5™, AEHe Ca*o] v % &H" 4 gla ATP
o APl Heg e
cleotidezo] |2 F-2 wha riA|l =o] Az
ATP oko] 3]Eo| ojzicta 3§l (Vary et al,
1979; Berne, 1983), O]S’+ 728 v}8-2 E3 reper-
fusion injuryoll 4} & 4 Sl& 7|54 9 gejgtzaql
HEHE dodle 7oz Asln glck(Singal et
al., 1986; Sunnergren & Rovetto, 1987), 27]= i
o]} 2 AZA LY £A-E uh7] 95t A ZA 2
HA kS B FAIA A2 55 FolAY, I
Ao ATEFTE AR L, AF9 x5 W3
A4 oA 27F FolAu, e
substratez} & 4 9l EAE-S A2 A Lol 23
ZF7]% g} (McGoon, 1985),

AE5 o K+& i3k AZAXR

adenosine nu-

anaerobic

of

o g AlLA

AA

pump®} Na*-Ca?* w3lo] 57 dell 2)&] Natz
Garve) AT §91¢ F AProl Arke Aol
® x|} (Katz & Reuter, 1979; Mullins, 1981;
Kimura et al., 1986; Mechmann & Pott, 1986},
222 42 AR g4e) Krel A% AR 5} of
L A=A Histed & BAE7 el o7 o] dAH
o] QA ¢e AlAo|ch(Tucker et al., 1979),

Aol 715 vhok o] AZAA LA K+ 5

T

=9} Ca?* v AZHAA AZAZH | Cazt &
*éio%l dee wlA & Yt AAEolze & AY

—].‘\.:_ J{Lzéx]_g_o _4 Ca?t };.c_g}_ K+ ¥} /Q
ZAR 9} 2 3EAANA Y A7 A B 4o



—A AT 8 4] P AZAA LYY Ko Catt FErt ASAA o 5ol vAE 9%

oA A 2AgEd, A2AASY Az
A, BEF27) 0 A58 BA HE Gehbe 2
SASe] 2ope AZAHAGA Catt FE5} 0.1
mME. o} w5 uljol gt 2] 3L A| ¥ 815} 41 o} (Table
1,2, 3 Fig. 2), =3 0.1 mM Ca?*, 15mM K+ &
doz A2AAE 3Erld R FFAYY mo
(Fig. 2B)& Ca?* %7} A A wfs} K* E5 7} 25
mM 4 o (Fig. 2D)o]l ]3] = =27]9} 7|7ko] 2] 9]
UAl ZAastd ek, o]w FE3he vlok o] A2 A
AEE AIZW Nat 5= wisto] o3 A7) Nat
Afe Zhael o Aoz AJzEw, o= AT
Ca?* A=} ddgsle] Y& Aoz F&Hd,

ol¢ & A2AA A Cart FEof G AL
A g 5l FFA gk Wdhs Ca?t FE7 AZAA
o} 2 5| 87go] 2 J3E wAdE AL A
o AEAA B 5848 AL Cart B4
W3k o] & S s ek, AlZHA Sl Cart
X5 E2 1.8mM 3} 0.1 mM Z ghajsle] (K+ 5k
25 mM) W53 5ed, ASAATHL F &4 =
% A Car FHEF YA BaAI Ao F
S4zke] 2 Aole 99icH(Fig. 3). zeht A4
Tyrode §-4 22 F7319e o, 3Bzsloe &
B} 2Rol A AL Cart FH =} 2o glA F7}
3lgonm, E3] 0.1 mM Ca?o] AZAR Loz
AZAAAZ £ 1.8mM Ca?* $Eo] Ao
3] AR S ol AL Ca** A =7} oS F71319
o o] A%EA nFE Ko} 4THR Ao
4717 BFINGL W BFFUe] AL Carre] B
EE Rradte, ¥zl Cartel f9lo] F7}
shedl, e Ca?* (0.1 mM) o] A2 A Sho 2 I
FA17 Foll Carel %ol o 2 A & 4 93
o}, ol AZARF & 4 Y= A= 3 (Katz &
Reuter, 1979) 7} Albsl & A2 ®olu}, o] & o}
u}l % Langendorff 3523 3= cha] Ba]s 414 &
F2¢ ATAAGRoR A% BFA2 AR A
o2 479

AZ U9 Cat* FHEE AL 5 Cat*e] o]
S5} A2 AA4q] SRol ARH Car ol oal
AR, A2HAEL FETFo| A45E Aol
A SRl ABH Ca>* o] o}F Hojdmz
Ca® FFolle 2 dFE vlAA Fevtn I

(Allen et al., 1976; Winegrad, 1979; Sulakhe & St.
Louis, 1980; Bridge, 1986), Al¥ =t E-3} Ca?to)
o] x& elR Fo] 2|45+ Eqlol] = Ca?t channelo]
+¥A43snz, F2 Nat-Ca® 3ol F7] Aol o
3 ZAA=cn 3o} (Noble, 1979; Mullins, 1981;
Kimura et al., 1986; Mechmann & Pott, 1986), 4]
TA A E<t Nat-Ca?* s gto] ol 23] Nato] AL
W2 f95H, Ca* AZitoz 2o A
W Ca?* FA == 43A Ao, = AZHAF
ot AL Na* 557} 71514 =lo] Nat-H* a gt
714l o8 A 27t A EE 4 Qlehe 2as 9l
t}(Ellis & Noireaud, 1987), o3 AlZAR|Fof o
ot ALZH Nat 559 F7he A2 A4gale
2 BRIAAAE o, NatCa sibol 5ol o
Ca?*¢] & &5} 51 = Ca® channel2- %
@ Ca* YBE ZoHAA AL Cat* FHE7)
Frpl Slo) AZE £447 4 Ak oo
(Singal et al., 1986; Sunnergren & Rovetto, 1987),
o]5h & Cat* channci¢ 53 Ca** §937He 4
AR gt AlZxte] Ca?t channel 2}A| o ¥ 3}7}
A F& 423 %A AZ Cart S0l o
@ Cat A9 US| F7hekel Yol 4 9}
2 ¥ 4 Ych(Hille 1984), 22h} & AFoA
£ Az o] LAFE A4 2444 Qgkene
oleg AU U 4E gk

QAT BEIE Yoot ATAAGA
K* X%+ Na* pump$} Nat-Ca?* i3}o] 5ol o33k

Z v 2 (Eisner, 1986; Sheu & Blaustein, 1986),
Fx9] K*of 28} ’bgSo| 2|4-5™ Na* pump
Na*-Ca®* o] Fo| Natg A Zdho 2 §54]
= ez 223 Ha A2y Ca** A E =
PhetA Bk, & Aol ASH 0.1 mM Catte] 4
A2 ol 1.8mM Cat*s] 424 Glol u)a)
A ZU) Na*t 58 251427 £ 9l ov], 25mM K+
Al Z A2 &L 15mM K+ L-allof u] 3] 4] L] Nat
FEE A Aer A4, o) AN A4
SAA £ A FEAG] BgE olF e =%
o] &It} (Fig. 2B), Z 15mM K*, 0.1 mM Ca?+2] %}
A EHE A FE5ALY 279} 717HE 2A 74

=4, ¢l AZuU Na*t Fx¢] Zs}2 ¢l3 Na*
AR A EY 4 otz ok 224 25 mM

oo Mo Jo ki afo
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K*+& A2 Na*t 358 7144722 15mM K+,
0.1 mM Ca** 9} Hx]gAoj| Ao} ] 5ty
A719} 717kel 15mM K+, 1.8 mM Ca?*<} o2} &
Akstgict (Fig. 2D),

A A A A & Arto g Qls
mitochondria®] oxidative phosphorylationo] 7}4 %]
i1, anaerobic glycolysisol] 2]31 ATP A A& Z7}5]
c}(Opie, 1984), =3k A|ZW Ca?* o] Fried
ATP o] adha Azel AAFEFoL 42
A2 71%5¢ 247 o] AZALS E4E 22
gcta Fiol (Opie, 1984; Reimer & Jennings,
1986), A2HAF 547]ol ATP7} 345
234 A\7ke] CPr} 5% sl eu] 23he A\7ko]
shod } 4 7 cha ahc} (Renlund et al, 1984), 2 A
Yol M= AZHAF 3] 579 A2 ATP 42 4
4719] 50% F=2 355 ot CP kg o 70%
7R 3 %5e] ATP7} CP uc} XA 3%5i3ich
ATP o}¢] 5)%o] 3& AL AZHAA ) AL
ATP opo] 44 BEA9] Zhuc ol Hold (h7)
A 3k9] 201 50%) bR T 3 o] £ A
2 (Irreversible ischemia) o] 3l o}5] 1 (Opie, 1984),
S A0 ATP A7 24249 4449 o=
o2 o|gs|ung 3|54 ATP/} 45 & St
24zol 0|45t 457} o W 4 3] Wl
2z 75, AR 2 15mM K+, 0.1 mM Ca?* 2]
JeARERe s AEAAE AE 3879 A2
W ATP opo] 713 mgred] ol & ATAA ¥ AL
2ol Cart £ F7b7) b Folol et Bhe
Ao 2 v]Fo] Bol(Fig. 3) A ZA Lo £ 2 Q

3. =L
A& FFe

8 A2 $290) Aadisl AT 4 e Ao
= 479 Z 5%719] ATP 44 ke 2 Aol7t
glout 518718 £5 45z ATP ALgofo] 4t

so] o Aol A FAH F Je Aoz 4
%]} (Swain & Holmes, 1986), =3} H. Al 3 o) &
A2AA 3 3087 3] 5A1Z1 2 we ATP 5 CPg
ate ZAstgedl, ATP o] Es v 83+
A7k H o] 2 slrtn h2 2 (Swain & Holmes,
1986), ATP cfo| CPoj v}3]| 3] B-0] -2 o]-§7} &
& 387 7kell 4] ATPE 54 & A7z & 4 9l
g A& Ag 4 goty 2o, =2 423
A F ol 2] Al ATP of3} Al 9] 3] 534 7o) 3

o
fe N

P

(2}

Ax 429 432 o148 & Adshe ol 49
% 5 (whole heart in vivo)-&  ©]-§ &} of (Kloner et
al., 1983; Jennings & Morgan, 1986) ATP oFo] =
¥4 %L AAA A4H 02 £ 2Atolo}
Aoz A7g,

< g
ZRAA 2] 24 o] A2 F AZAL 3]
Holl wlAE G 245}7] 919 guinea pig

9] utAq}l, AlEu] Caz* A5, ATP 3 CP
W BAst g 2L AE2E At
5 Cat*e] Al2AAGAo| AZHA]Ft
HASH 9 354 AE Vet S5 =
35 2A H3A A,

2) AT Ca?* FAE & ATAHR 5ot A F 2
43 th7F A4 Tyrode £ 0 2 3] ¥.4] thA] Z7}3)
ow, 53] 3|8 279 Ca?* §9]¢ F7}7} F=8
A A vebded], 1.8mM Ca?te] AJZH =] -§Yo
Ak 0.1 mM Ca** 9] AJZAHX]EAelA o & F
7+ 2o

3) ATP % CP o}& A ZAHX| Eqe 7h4 57 3]
E7loll= o] Frketdl e, A2 | &
o2 3087 3| EAIZAE wol= ATP ok9 3
CPol ®l&fl =3 A& & 4 AT

ol ARNE Fisle] £ uwf AZAA] LA
Ca** Fx& AlZARAEFGLtE AAF 3 &7
oA AZAE A Ar|A2)std Hto| o] &
oJ3kg vlAchn Aztsln], o] o ARNE ER
Al ZA 2 Natz} HY 4z o Wists ZA 310,
o] volr}t Al A Z.8] AbF (acidosis) o] g A5
Arbetd, A2ARAY] AZEEIIAE F 8
dl 2go] ® Aoz A4,

by

o
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