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ABSTRACT

Background[] To investigate the mechanisms of myocardial ischemia induced changes of electrophysiological
properties, influences of various ischemic-simulated Tyrode’s solutions on the changes of action potential
characteristics were examined. Method[J Action potential characteristics were measured during superfusion with
various ischemic-simulated solutions (modified physiologic salt solution[] MPSS) by the method of conventional
microelectrode technique in rat atrial fibers. Results] Hypoxic-, hyperkalemic-, and mixed-MPSS decreased
‘maximum diastolic potential’(MDP) and ‘action potential amplitude’ (APA), however, no significant changes
of MDP and APA were observed by acidic- and glucose-free-MPSS."Maximum velocity of phase 0 depolariza-
tion’ (dV/dt,,,) and ‘time for 90% repolarization’ (APDy,) significantly decreased during hypoxic- and mixed-
MPSS superfusion, and hyperkalemic-MPSS also decreased the dV/dt,,,, and APDy,. However, no significant
changes in dV/dt,,,, and APDy, were observed by acidic- and glucose-free-MPSS. The decreasing effects of dV/
dt max and APD 90 by the MPSSes were attenuated when the MPSSes were replaced with normal Tyrode’s
solution. DPCPX (2x 10™ M), a purinergic antagonist, inhibited the decreasing effects of APDggat 5, 10, and
20 min superfusion of the mixed-MPSS, and glibenclamide (107 M), a K xqp channel blocker, inhibited those
at 10 and 20 min superfusion of the mixed-MPSS. Diclofenac (107° M), a cyclooxygenase inhibitor inhibited
only those at 20 min superfusion of the mixed-MPSS. Conclusion[] The primary factors for changing the ele-
ctrophysiological characteristics during ischemic insults could be hypoxia and high-extracellular K" , and the
mechanisms of the electrophysiological changes are inferred that adenosine through purinoceptors is involved
initially, and followed by Kxrp channel and prostanoids. (KKorean Circulation J 1999:29(11):1225-1233)
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OO0 0000 oooo Oog@o 2000250 g,
Sprague Dawley(l)d 000 O0O0O0O OO0 OO
00 0000 000 0O 00 000 3x2mmd O
000 000 Tyrode O(JO0ONaCl 131 mM, Na—
HCO; 18 mM, KCI 54 mM, NaH,PO, 1.8 mM,
MgCl, 1.0 mM, CaCl, 1.8 mM, Dextrose 5.5 mM,
95% 0,-5% CO, DU O0O0O bubblingDO pHO7.4
0000 000 00O ooooo oooo 370 o
0)O 7 m/min0d OO0 0000 bathD OO OO
0O 0 1000 0000 000 o000 ooooo o
oood.

Oodono, microelectrode puller(Vertical type, Sto—
elting Co)O OOO0O OO OO OO0OOOO 3MO
KCIO OO00(@OUO0O OO bcOOOd 10~-30 MQ O
00 0O) 000 micromanipulator(3 axis, Brink—
mann)d 0000 OO0O0O OO00, electrometer
(S7071A, WPHO 000 OO0 OO0 OOooo
0 (5113, Tektronix)d physiological recorder (2400,
Gould) O0O0O0O OOOOOO OOO(C-51, Te—
ktronics) OOO0O OO0O0O0O(Figs. 1 and 2).
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(maximum diastolic potential 0 MDP, mV), 0000
0 00 (action potential amplitude] APA, mV), 90%
00000 0000 00 (action potential duration[
APDg, msec), 000 phase 0 OO0OO OOOOO
O (dV/dtmax O V/sec) O0000. dV/dtmaO electr—
ometer] OO0 00O O0OOO OOO differenttia—
tor amplifier(0C00O0 O0O)d O0OOO0 OOOO
00 oscilloscope]0 OO0 OO0 O0ODOO0O(Figs.
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Fig. 1. Schematic diagram of the electrophysiological
recording system used in the present study.
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Fig. 2. Action potential characteristics evoked at a stim-
ulation rate 1.5 Hz in rat atrial fibers (Upper frace). Lower
tfrace shows the dV/dt of the upper trace and the
apparant vertical bar is the dV/dtmax indicating the
maximum velocity of the phase 0 depolarization.

1 and 2).

00000 O0O00 000 000 invitrodO O
00 OO0 OO0 000 OO0 0OoO0O oooo oo
Tyrode 00 OO0 OO0 0000 (modified phy—
siologic salt solutiond MPSS)0 000 bathDD OO0
oo.

1) 00O MPSSOOO Tyrode OO 95% N0
5% CO, OO0 bubblingd O pO,d 50 mmHg 00O
0000 pHO 740 OOOO OOO.

2) 0O MPSSOOO Tyrode OO 60% O.04%
CO, 00O bubblingD O pO.d 600, pCO0 O 200
mmHg, pHO 6.80 00O O0O0O.

3) 0000 MPSSOOO Tyrode O OOOO gl—
ucosel O0OOO 90% O,05% CO, OO0 bubbl—
ing 00O pO0 O 600 mmHg, pHO 7.40 OO O
oo.

4) 000 MPsSSOOO Tyrode O OOO0O OO
000 10 mMO OOOO0O 95% O,005% CO, OO
O bubblingd O pO.d O 600 mmHg, pHO 7.40
00 0OOoOo.

5) 000 MPSSOOO Tyrode OO OOO0O glu—
cosel 0000 OOOOO 10 mMO OOOOO
60% N204% CO, 000 bubblingdO pO.0 50
mmHg 000 0000 pCO0 O 200 mmHg, pH
0 680 DOOOO.

MPSSO peristaltic pump(Miniplus 2, Gilson)O
o000 7m/min0 OO0 OO0 OOOOOO O
0000 0000 Doooo oooo ooood.

000 0oo ooo 8-2—p—(2—carboxylethyl)
phenthylamino—5’ —N—8-cyclopentyl—1,3—dipr—
opy—Ixanthine(DPCPXO RBI), glibenclamide(Sig—
ma), diclofenac(RBN)OOO. OO0 dimethylsulfo—
xide(DMSO, Sigma)l 0000 0000 000 O
00 0O0O0ODO 00 0000 ooo ooo oooo
ooooo.

0 00000 00000 000 oo0o ood un—
paired Student’s t—testd] 0000 OOOOO.

2 I

M4 Tyrode %(normal physiologic salt solution=
NPSS) &F5le| &38| S

U0 ooboubodo obdb boobo,ooooo g
O (maximum diastolic potentialsC] MDP)O —80 +
1.2 mV, phase 0 0000 DO000D DO (0V/dtna)O
260+ 23.9 V/sec, 1000 OO (action potential am—
plituded APA)O 108+ 3.9 mV, 90% OOOO0O0O
0 000000 (action potential duration] APDgo)
0 76+ 5.2 msec 00O (Fig. 2, Table 10 control).

8N Tyrode H(modified physiologic salt solution
=MPSS) ZFS0A2 B#SHY S4°| HE

MDPO 000, 000 O OO MPSS O0OO OO
O 00@oOoooo)oo oooobo Oooo 10000
00 oo ooodoo obboo ooo ooo 1o
0 0dooboo ooo bbb ooo ooood. o
0 000 000 oo, 000 JpPss 000 11 mv
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Table 1. Effects of various ischemic-simulated Tyrode's solution (modified physiologic salt solution) on action
potential characteristics in rat atrial fibers at 10 min superfusion of the solution

MDP (mV) dV/dtmax (V/sec) APA (mV) APD90 (ms)
1. Control —-80+ 1.2 260+ 23.9 108+ 3.9 76+ 5.2
2. Hypoxic —69+ 2.1* 135+ 14.2* 84+ 2.0* 34+ 3.9*
3. Acidic -78+ 1.5 247+ 16.7 104+ 2.7 79+ 4.2
4. Glucose-free —-81+ 1.4 258+ 17.2 110+ 4.1 71+ 4.9
5. Hyperkalemic —67+ 1.1* 209+ 15.6* 79+ 2.4* 60+ 3.9*
6. Mixed (20 30 40 5) — 66+ 1.4* 131+ 22.3* 80+ 1.9* 37+ 3.6*

MDPO maximal diastalic potential, dV/dtmaxd maximum upstroke velocity of phase 0 depolarization, APAC action
potential amplitude, APD900 action potential duration for 90% repolarization. Numerals are mean SEM of 5 to
6 experimental results. *0 p<0.05, by Student’s t-test as compared to the control

Time (min)
0 10 20 30 40
= 65 T T T T T
- 70 L
S
£ = 75+
o
g TRy
— 80+ I
— -
+ —o— Control §
_85L —— Hypoxic
—o— Acidic
—v— Glucose-free
—O— Hyperkalemic
—0— Mixed

Fig. 3. Effects of various MPSS (modified physiologic
salt solution) superfusion on the maximum diastolic
potential (MDP) in rat atrial preparations. Each point
is the meanz SEM of observations from 5 to 6 experim-
ents. Control means normal Tyrode's solution, and the
other MPSSes were prepared by modifying the content
of normal Tyrode's solution as follows, HypoxicO pO2<50
mmHg, AcidicO pC0O2=200 mmHg, pH=46.8, Glucose-
freed glucose (—), HyperkalemicO 10 mm K", MixedO
glucose (=), pO2<50 mmHg, pCO02=200 mmHg, 10
mM K”, pH=6.8. See methods for further details about
each experimental MPSS.

(13%), 000 MPSS 00O 13 mV(16%), OO
MPSS 000 14 mV(18%) O0. 000 00 00 O

000 MPSsS O0O0OOO OO0 000 OoO00(Fg. 3).

APAL, OO0, 000 O OO MPSs OO0 O
00 0000 0ooo0o 0Oo 100 oooo boo
goooo 0O oob ooo 0obb 100 oooo
ug ooo ooo boo gooboodg. oo ooo
000 00,000 MPSS OO0 24 mV(22%), O
OO0 MPSS OODO 28 mV(25%), OO MPSS OO
0O 26 mvV(24%) O0O. OO0 OO OO0 OOO0OO0
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Fig. 4. Effects of various MPSS (modified physiologic
salt solution) superfusion on the action potential
amplitude (APA) in rat atrial preparations. The other
legends are the same as in the Fig. 3.

MPSS 00000 00 000 000 (Fig. 4).

dV/dtrd 000 O OO0 MPSSOOOOO APA
0 00000 00000 000 000 0000 O
000 000 100 0000 000 00000 00
00 000 000 100 000000 000 00
0 000 00000, 000 MPSS 00000 00
000 0000 O00000 000 O OO0 MPSS
000 000 O 000 000 00 00000.0
0 000 000 00,000 MPSS OO0 125 V/
sec(48%), 000 MPSS 000 45 V/sec(18%), O
0 MPSS 000 129 V/sec(50%) O0. 000 O
0 00 0000 MPSS 00000 00000 OO
00 000 0000 O 000 000 00000
(Fig. 5).

APDoo, dV/dtnex 00 000 0000, OO0
0 00 MPSS OOOOD 00 000 00O 000
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Fig. 5. Effects of various MPSS (modified physiologic
salt solution) superfusion on the maximum velocity of
phase 0 depolarization (dV/dtmax) in rat atrial prepa-
rations. The other legends are the same as in the Fig. 3.

—o— Control
—0— Hypoxic
—&— Acidic

—v— Glucose-free

—O— Hyperkalemic
—0— Mixed

80

APDy, (msec)

0 10 20 30 40
Time (min)

Fig. 6. Effects of various MPSS (modified physiologic
salt solution) superfusion on the action potential dura-
tion for 90% repolarization (APDso) in rat afrial prepara-
fions. The other legends are the same as in the Fig. 3.

0 0000 000 100 OOCOO OO0 00000
0000 000 000 100 000000 000
000 000 0000O. 000 MPSS 00000
00000 0000 000000 000 O 00 MP-
SS 000000 O 000 000 00 00000.0
0 000 000 00,000 MPSS 000 42 msec
(55%), 000 MPSS 000 16 msec(21%), 00
MPSS 000 40 msec(52%) 00. 000 OO OO
0000 MPSS 00000 00 000 00O (Fig. 6).

518A Tyrode %(MPSS) FZE HA Tyrode %
(NPSS)I222| WHZFAI2| E#SHS HEFa

00 MPSS 00O 0OOO OO0 OO0 0OOO
APDy 00000 MPSSO NPSSO 0000 OO
00 000 00 0000 0000 APD®O OO
00 0000 0OOO00O0 000 APDgD 0OOOO
0000 000, NPSSO MPSS 000 5000 OO
00 00000 91%, 10000 0000 00000
84%, 000 20000 OOOO0 00000 67%00
00000 0000 0000 000 00 (Fig. 7).

00 MPSS OO0 OO0 00O 00 0000
dV/dtnex DO0000 APD 900 OOOO0 0000
0 MPSSO NPSSO 0000 0000 00O OO
00 D000 dV/dt.d OO0 OO0 0000 000
00 000 dv/idtwd 0000 0000 000,
NPSSO MPSS 000 5000 0000 00000
84%, 10000 0000 00000 74%, 000 20
000 0000 00000 60%00 00000 O
000 0000 000 000 APDeD 0000 O
00 000 0000 000 APDod OO0 000
00000 (Fig. 8).

5184 Tyrode % BEAIY $SHS 54 WS 0
xe ZeH 2 [N %y

000 000 0000 DPCPX(2x 107° M)O O
0O MPSS OO0 50, 100 O 200 OO0 OOOO
APD 90 OOOOO OO 0OOOO OOOoOoOO O
000 000 MPss OO 100 0OO0O 56%00 O
0O 00 00 50 00000 43%, 200 0OO00OO
36%0 0.

ATP-0O0O0O OO0O0O0O(Kare channel) OOOO
glibenclamide(10° M)O MPSS 0000 (50)0
APDyw 000000 OO0 OO0 O O0DOO oo
100 O 200 O0OOO APDy DOOOO OO 69%
0 70%0 OO0 00O oooOd

0000 cyclooxygenase 0000 diclofenac
(10"°*M)O MPSS 0O 0OO(0 O 100 000O)
0 APDy D0O0OO0OO OO OO0 OO0 O OO
00 00 200 0000 APDy OOOOO OOOO
00000 Fg. 9).

000 OO MPSS OO0 OO0 OOOOO oo
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—O—MPSS control

—0—MPSS at 5 min
—&—MPSS at 10 min
—— MPSS at 20 min

80 MPSS

APDy, (msec)

0 10 20 30 40 50 60
Time (min)

Fig. 7. Effects of replaced superfusion with normal
Tyrode’'s solution (normal physiologic salt solutionO
NPSS) on the MPSS-induced shortening effect of ac-
fion potential duration (APDso) in rat atrial prepara-
tions. MPSS (modified physiologic salt solution) was
replaced with NPSS 5, 10, and 20 min after MPSS supe-
rfusion respectively. Each point is the mean+ SEM of
observations from 5 to 6 experiments.

—O— MPSS control
270 _MPSS —0— MPSS at 5 min
—&— MPSS at 10 min
\ —— MPSS at 20 min
240
F
§ 210
£ 180
-
o
150
120
90 1 1 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)

Fig. 8. Effects of replaced superfusion with normal
Tyrode’'s solution (normal physiologic salt solutionO
NPSS) on the MPSS (modified physiologic salt solution)-
induced decreasing effect of maximum velocity of
phase 0 depolarization (dV/dtmax) in rat atrial prepa-
rations. The other legends are the same as in the Fig. 7.

00 dV/dtwex OO0000 DPCPX(2x 10°° M), gli—
benclamide(10™° M), OO0 diclofenac(10™° M)O
000 00000 0000 000 0000 00 O
00 00 000 (Fig. 10).
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1 1
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Superfusion time (min)

[ Control +DPCPX 2x10°°M

A% APDgo from the normal control

Il +Glibenclamide 10°°M gggg + Diclofenac 10"°M

Fig. 9. Influences of DPCPX, glibenclamide, and diclo-
fenac on the MPSS (modified physiologic salt solution)-
induced action potential shortening effects at various
time points after MPSS superfusion in rat atrial prepara-
fions. Each square bar is the meant SEM of observo-
tions from 5 to 6 experiments. *0 p<0.05 by Student's t-
test as compared with the conftrol.

A% dV/dtmax from the normal control

- 60 V
I é
7
- 40 )
5
Superfusion time (min)
[ Control +DPCPX 2Xx10°*M

Il +Glibenclamide 10"°M ggg® + Diclofenac 10™*M

Fig. 10. Influences of DPCPX, glibenclamide, and diclo-
fenac on the MPSS (modified physiologic salt solution)-
induced dV/dfmex decreasing effects at various time
points after MPSS superfusion in rat atrial preparations.
The other legends are the same as in the Fig. 9.
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0 000 000 000000 o000 oooo
000 000 OO0 0 000 000 ooo ooo
(hypoxia) 0O OOOOO OOOOO0O OOOOO O
000000 0000 U0. 00D oo ooooo
000 OO0 000 000000 0o ooo oo
00 00000 oooooo0 00(actate)d OO
0 OO, 000 00 (metabolic acidosis), 0000
(hypoxia), 00000 OOOO OO,000 OO O
00 catecholaminel 00000000 OO0 OO.
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0 00000 DOO0O0O0 000 O 00 000
00 000 000 000 000 00 000000
(MPSS)I 00000 OO0O D000 0000 O
00000 000 00 0000 00 00 0000
0O 00 000 0000 OO0 0000, 000 MPSS,
000 MPSS, OO OO MPSSO 0000 OO O
000 DO0O0O0 00000 OO0 00000 O
0000. 00 APDel dV/dtnd 00000 OO
0 50% 000 000 000 000. 0000 00
0 000 00000 00000, 000 0000 O
000 0 00 000 00 000 0000 0000
0O00* 00 0000000 0o00o.

00000 000000 00 0000000 00
000 00000 DO0D0O0O00 0000 000 O
0 00 0 000 00 0000 0000 000.0
00 00 000000 000 0000 000 00
0O 00 OO0 000 000 O 0000 000 00
00 00000 00000 000 000 oO000
000 0000 0000 0OO0. 000, 000 00
00 OO0 000 0000 000 000 000 O
0000 00?0 00, 00 0000 000 000
000 000 00000 00%0 000 000 O
000 000 OO0 O DO0000 000 0000
000 000 00000 OO0 000 000. 00
0 000 000 000,00 000 000 00 00
000 OO0 D000 O 00 000 O 000 O
0 MPSS 000 0000 O0O0O0O OO0 00 OO0
0000 O 000 000 000 MPSSO 000 O
0 000 0O00.000 00 0000 000000
0 00000 000 00000 00 0 000 00
0O 00 0DO0O0 0O0.

000 OO0 MPSS D000 0000 APDg 00
dV/dtned OO00O0 0000 OO0 TyrodeDd (NP—
SS)00 OO0 0000 0000 00000 APDg
00 dv/dt maxd 00000, 0 000 000 OO0
000 MPSS 00000 000 O NPSS OO 0OO
0000 0O00.0000 000 0O 000 00000
00000 000 000, 000 OO0 00000 00
000 00000 0000 0000 00.

0 0O0O0Od, adenosine O0OO0O DPCPX, Karp O
0 0000 dlibenclamide 0 00000 OOO0OO

000 DO0O00 D000 OO0 cyclooxygen—
ase 00O 0O diclofenacl OO MPSS O00O0O0O APDg
00000 00000. O DPCPXO OO MPSS O
00 50,100 O 200 OO0 0000 APDg OO
000 OO0 0000 000000 O 000 000
MPSS 00 100 0000 OO 00 000d. 00
glibenclamidel MPSS OO0 50 OOOO APD¥
000000 000 000 O D000 00 100
0 200 DO0OO APD® DODOO0 DOOOO di-
clofenac 00 0 200 0000 APDg OODOOOO
00000. D00 00000, 00 0000 00
adenosineD 0 OO0 000 000000 0OOOO,
000 ATP-0O00 00000 DOO0 0000 O
00 000000 00000 000000000 O
00 DO00O0 0000000 0000 OoOod.
000 D00 00, 000 MPSS 000 0000
dV/dtx 00000 OO0 OO0 0000 00 000
00 000. 000 dV/dtd 00 0000 000
0000 000 00000 OO DPCPX, gliben—
clamide OO diclofenacC0 OO0 OOOOOO O
000 00?0 000 000 000 000O0.
00,0 0000 000 000 0000 00 00
0 10 mMOO 0000 000 O 00 0000 00
0O00. 000 O 00000 inviroDD O 00 O
00 OO0 (superfusion) 0 0000 OO0 0000
000 000, 00000 00000 000 000
000 0000 invived 0000 OO0 000 OO
00.000 0 00 D00 000 D00 00 00
000 00?®*0po0 000 000 00 000 8
O15mM 00000,

00000, 000000 0000 0000000
000 00 000 0000 00000 00000,
0000000 00D 00000 D000 0000
00 0000 00 Kare OO, OO0 OO prosta—
glandinD 0000 0OOO0OOOO0 0OOO0O OO0
00 D000 000 O 0000 ooo0.

o of
0 =

WENEE
0000 ooodobo ooo ooooooo ooo
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00 0000 boo0oo ooooo oo oo go
0 000 000000 O0O000 ooo ooo o
00 000 0000 00 Tyrode OO OOOOO,
00 0000 ooO0o0o ooooooo goo go
00 000 000 000 000 00 oooooo.

R

000 000 000 0000 bathD OO0 OO
00000 000 Tyrode O (modified physiologic
salt solutionO0MPSS)] OO0OOO0 OOOO OO
00O 00O (conventional microelectrode technique)
0 0000 O0Oooo oogo, ooooo ooo
0000 000 000 00O ooooo.

2

00000 00 @maximum diastolic potential [
MDP)O OO0, OO0 O 00 MPSs OO0 OO
0 0o@ooooo) oooo oo 0o oogo
MPSS 00000 OO OO0 O0O.0000 OO
(action potential amplituded] APA)CD OO0, OO0
0O 00 MPSS OO0 00O 0OO0OOO OO 0O O
000 MPSS OOOOO OO OO0 OOO. Phase
0 0000 OOUboDoO (@Vidte)D OOO O O
0O MPSS OO0 OO0 ODOOOO OOO MPSS O
0000 Ooooo 0oooo oooooo ogo
0O 00 MPSSOOOOOO O OO0 0OOO OOO
00 00 o000 MpPssOO0O0OO OO OO0 O
00.90% 0000000 000000 (action pote—
ntial durationd APDy)d OO0 O OO MPSS OO
0O 000 OO0ooo ooo Mpss OOOO0O OO
000 0000 O0OO00OO0O0 000 O oo MPSS
000000 0 000 o000 Ooo0o oo oo go
00 MPSSOO0OOO OO OOO ooO.

000, 000 0 00 MPss OOO0O OOO O
000 O0O0O0 OO0 ooo MPSS OOO 100
0000 OO0 O0O0O000 OO0 ooOo MPSs OO
00 MPSS OO0O0O dV/dtmax O APDgl OO OO
0 000 50% 000 OO0 000 ooo.

MPSS 0O0O0 OO0O0O0O APDg O dV/dtm OO
000 MPSSO NPSSO 0O0O0OO OOOO OOOO
000000000000 ooooo ooooog.

000 O0000O0 DPCPX(2x 107° Myd OO
MPSS OO0 50, 100 O 200 OOOO APDg O
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0000 U000 ODDOD0OD0O0OD Kare OOOOOO
inbencIamide(lO‘6 M)O 100 O 200 OOOO, O
00 cyclooxygenase 0O 00O diclofenac(lO‘6 M)
0 200 OOOO APDg OOOOO OO OOOO O
oooo.

4 8

000 000000, oooooo oooo oo
00000 ODODO 00 OO0 oooo ooooo
00000, 0000000 OO0 DOoOoOoo oo
0 000000 0000 00 Karp OO, 00 OO
prostaglandinD COOO0O OOOO0OO0O OO0OO
00000 0000 OO0 O oooo ooood.

ZM CojOD0- 0O0O- OO0- 000 Tyrode 0.
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