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Effect of Metabolic Inhibition on Inward Rectifier K Current in Single Rabbit Ventricular
Myocytes. Yu Jeong Chung, Won-Kyung Ho, and Yung E Earm Department of Physiology, Seoul National
University College of Medicine, 28 Yonkeun-Dong, Chongno-Ku, Seoul 110—799, Korea

In the present study, we have investigated the effect of metabolic inhibition on the inward rectifier K current
(Ix1). Using whole cell patch clamp technique we applied voltage ramp from +80 mV to —140 mV at a holding
potential of —30 mV and recorded the whole cell current in single ventricular myocytes isolated from the rabbit
heart. The current-voltage relationship showed N-shape (a large inward current and little outward current with
a negative slope) which is a characteristic of Ix;, Application of 0.2 mM dinitrophenol (DNP, an uncoupler
of oxidative phosphorylation as a tool for chemical hypoxia) to the bathing solution with the pipette solution
containing 5 mM ATP, produced a gradual increase of outward current followed by a gradual decrease of inward
current with little change in the reversal potential (—80 mV). The increase of outward current was reversed
by glibenclamide (10 uM), suggesting that it is caused by the activation of Karp. When DNP and glibenclamide
were applied at the same time or glibenclamide was pretreated, DNP produced same degree of reduction in
the magnitude of the inward current. These results show that metabolic inhibition induces not only the increase
of Kate channel but also the decrease of Ix;. Perfusing the cell with ATP-free pipette solution induced the changes
very similar to those observed using DNP. Long exposure of DNP (30 min) or ATP-free pipette solution produced
a marked decrease of both inward and outward current with a significant change in the reversal potential.

Above results suggest that the decrease of Ix; may contribute to the depolarisation of membrane potential
during metabolic inhibition.
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et al, 1992). AT ¥ & A]ol] LFER}E= Aol 2 7] o] uha}
A AFHAZ vro] B AR ATA L e g4
TH FEWAE F=o A% AT ATPY 72
olste] A9 3ol 4t EA), A =22 A
4 zA Aol A7 EFFl 7Idste T4 o] e}
U FAE QogvIE ek A, 73 Frell WAss
A5 LA o) ch(Shattock et al, 1990). AAAF &4 3
Eoll wie} ofg] 7R WS oyl 3ol 1 F
HEHQ Aotk AEA ALt HAE o, /A
& EAo R K o9 f&o] T3] F7halA =t
o AEFo] FiEE I HAHEQ lactate] FEo] F7}
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arrthythmias & frakgtch= 7l o]} (Kleber, 1983; Nakaya et
al, 1985). T A AhaF-2- A FEW ollUA] g B4
< A$}A1A ATP 1} creatine phosphate 7+ E4 o] 517+
o] 2 A% L (McDonald & Maclead, 1973) Ca A§F2] 244
9} AZEW pH As}7} VebdcH(Carmeliet, 1978; Hasin &
Barry, 1984; Allen, 1987).01t 2] A G A RIS E31 4
THEH ATl Fg AT AEY 2eliA Q4
3 HRBF I ATP ol il BAsEE= ATP-
sensitive®arp) K' £29] wbA-S E&)4](Noma, 1983) K*
o] F&4 7IAE A9 F dgit a2, ol
A JAA el thE K channele] #3 7154 A=
A gkgket

3HH, Aol EAsls KEEZ 5 inward rectifier K-
Fek) BEAZY AN 744 & zk
= A4 Eroldgt A9 E3A F AEHA A
B A7l 2 Feidliet. o] AR A & EAL A
Aol A 2hAgte] FHEFE 7ol Wightgko 2
o AFE & Yo7 +& rectification VA Ho|m, o] K*
A+ 1 A7 ZA] negative slope conductancesE- ZH=t}
+ A o|tHTrautwein & McDonald, 1978; Harvey & Ten
Eick, 1989). k&t Ik, 9] A4 7]#(Carmeliet, 1982;
Kurachi, 1985)z} A)Eu) Mg” " o]-&of] 98l 4] Ix;o] block
He AR 2 g4 ¢l Matsuda et al, 1987; Vanden-
berg, 1987). Lk A28, AAEZT 22 ZAA
Ixi0] oA Wdtste, o]e1 8t Wsly} A3 EA Yet

€ A7 A TA W 3L9) o] @A AiE|o] QleAo
g de HE Fo]glA] okt webA B d A= ol
A A Aol 3 i) Hzkel ATP7} gle S8 A)
EHE FFAZEE W ko] H3E vz sl A)
o) Al B o) 288 AT530h
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AHFELZ b THSlo] L kg i9) o) A3 BAE
A-gstgien o F(1990)9 WHE o] &3slo] Langen-
dorff apparatus 2 ¢+ AZAEE Bal3igich £ £

+ collagenase(7 mg/50 ml, Sigma)Z o] &3}¢li &3}
2 A%l 4423 49T AHE 24 22 wlo] vo]
Kraft Brihe(KB)A 4 &-qollA] £5o] @Y AZAER
Felsta, 2k AL EL 4°CY KB A A-&Ho) Bt
sho] Aol A2t
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A4 Tyrode -ER 9] ZA-L(mM): NaCl, 143; KCl, 5.4;
CaCl,, 1.8; MgCl, 1; glucose, 11; HEPES, 5(pH+= NaOH=Z
A slo] 742 2rE), 18] 3L Ca-free Tyrode £ 9] 24
L(mM): NaCl, 143; KCl, 5.4; MgCh, 3.5; glucose 11;
taurine, 20; HEPES, 5(pHy= NaOHZE A A sl 748 <&
%) ol KB A A-&N-2(mM): KOH, 70; L-glutamate, 50;
KCl, 40; taurine, 20; KH,PO,, 20; MgCl,, 3; glucose, 10;
HEPES, 10; EGTA,0.5(pH+ KOH 2 A A 3lo] 748 43&)
o] 2422 vhgo] ALk 494 ASAE L2l
e BE £H2100% 0.2 E3AAH A-L313dch

patch pipette-2- 1 ZAJo] A4 ATP %< 7 $+(mM)
oll+=: KCl, 140; aspartic acid 90; MgCl, 1, HEPES, 10;
Mg-ATP, 5; EGTA 5(pH+ KOH & A3}l 742 43
QA SHE How ATP free §4Q) 75 ATPE A|2|%
Yz z4-& B ATP 53 Z-59 Y34t

2, 4-dinitrophenol(DNP)(Sigma, ST. Louis, MO), gliben-
clamide-> bath §-Rol] 5o]3 pHE AHAste] A-&3}
yit=g

HNM7| Me|sty 7| 2(Electrophysiological recording)

b AZAEE =¥ v]7(inverted microscope, Olym-
pus IMT-2)ol] 4%] 3} chamberol] %71 % patch clamp ¥}
(Hamil et al, 1981)°.2 StAEE 7] Esjglon] RE A
gL oA AP= et BE AY2 whole-cell volt-
age clamp technique-5- A-£3}9i t}. Holding potential-&- —30
mVE §A 87} A= 7)7be] 300 mso| I Agte] —120
mVZXE] +40 mV7}R] 9] step pulse®} A7) 7)ol 440
mso] 31 A eto] +80 mVERE] —140 mVE 7He 4
Q) A& Fol olul WA AT WE 7153
¢ t}. pClamp software(ver 5.7.1, Axon Instruments,U. S. A)
£ o] g-3lo] Digidata 12005} ZFE]E o] &3le] datad
718 Ael £43190c}). Patch pipetteS W7 1.0 mme}
borosilicate -8-8|H-g w|AAZ  A)2}7] (Microelectrode
puller PP-83, Narishige, Japan) 2 WHE9l2H tip Aglo] 2
~3MQ e AL ALsP)t. AF9 7] EA] borosilicate
glass electrodeE A&l AJE9} tight seal(gigasesal)&
A3 & Laksuction)yS Fu] 7384 sl whole cell
modeZ THEo] RK 300 amplifierS A-&3}e] AF-E 7| &
3t 715 AXE A7) 57)(Gould pen recorder,
U.S.A)9} Oscilloscope(4094C Nicolet, U.S.A)E A&} ch
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mVell 23}3 —120 mVol| 4 2E] +40 mV7}A] 10 mV
7 2.2 300 ms7| 7t Foke) AFE FaA 7S Aw}
o|th( Fig. 1). Fig. 1A oll4 HojFE Az o] BBF
ASE FAE 7% A Foll vlah AR =77}
A3 & AEEE Z= inward rectifier KA F1x)7} 7)
FE e 39, gAY A4 DNPE AE who)] Fofet
3L step pulse S F314] 7158 At A 4L Aol Ao AF
ol vlshA WA Fe Fol B APAFI S48 o
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Fig. 1. Effect of 2, 4-dinitrophenol(DNP) on membrane currents and current-voltage relationships in rabbit ventricular myocytes.
Inset shows a voltage pulse protocol. Square pulses range from —120 mV to +40 mV in 10 mV steps from a holding
potential of —30 mV with a duration of 300 ms. A. Superimposed current traces before(a) and 5 min after(b) application
of 0.2 mM DNP. B. Plot of the steady-state current measured at the end of the pulse against the pulse potential before(filled

squares) and after DNP application(filled circles).



744

Fig. 2. Change of membrane currents during a long exposure
of DNP. A. Inset in right upper corner shows a voltage ramp
protocol. Current deflections recorded in the chart recorder
represents the peak to peak current in response to ramp pulses.
First arrow above the current trace indicates the time of
applying DNP. B. Current-voltage relationships were obtained
from the current recording during a decreasing slope of ramp
pulses, since sodium current was often activated during a
increasing slope of ramp pulses. The curves indicated by
control(a) 10 min after DNP(b), and 35 min after DNP(c)
were obtained from the traces indicated in A.

£ —30 mVE §X3lcl7} A57]7 0] 440 ms o] 3 A g}
o] +80 mVZXE] —140 mVE 7} ramp pulse(Fig. 2)E
F3 AFE 7158 Eokrh B3 el(normal Tyrode)ol]
A& step pulseE 95 w2} T Y3 negative slopes B
ol AF-ZAGHAIE B o (Fig. 2.2), HAHAAY
DNPE 73 758 £ A7 3w BAAE $A4
3t ~30 mvell sl WAkl o8 Ware2 o Ealslx,
ramp pulseol] 9J) $2F AFE AT FA7L £
EZHAA Jebydoh(Fig. 2, b). 2Lt o] g A 79
Z7be AR oA Fohgla 158 AT el NPAF
7 WA 7H4S 2e ol Kand] HIBA 87} o] 2ol A
JPARE ZLRE ¥ + U3ieh 208 Fol inward
rectificationg Hol& AE- %43 4= oA, 44
AMsto] —50 mvEAe]s AUH AEEE Holx A
2¢ o WHYE ¥ 4 T, ool wash out
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Fig. 3. The effect of DNP in the presence of glibenclimide.
A. Current traces obtained in response to the same voltage
ramps shown in Fig. 2. Glibenclamide was applied before
DNP application to prevent the activation of Kar. B.
Current-voltage relationships in control(a), glibenclimide(b)
and DNP(c, d) were obtained from the traces indicated in
A.

FdE AHA AF-AgBAZ HE=HA Feh
(Fig. 2, 0). oA AREE 7120 YR 0|2 T2 5
Ao Wlg AU, ol 719 o] FEE A3
H| g s 3 A2 549 F27 vehd AWA = £
Agoze $AT 5 |-

Kare AH|H|Q! glibenclamide & M {28t F2| DNP2| &1t

kol 4] %] DNPoll &8t 9J kA F9] F7k= KareZt
A3} = Aol 7MAskaL KarAA|Q) Glibenclamide(10
UM)E A A elsle] KarpE A A|8}3 inward rectifier K3
Fx)e H3re FHH o7 JA Hl) Fig 3L
glibenclamide® A Hzlstad 38 AE 7|28 B Az
olghutsko 2 o] AFo] A= ALY 5 YUT Y
£ %(normal Tyrode)3efe] Az w234 HE glo] &
Aol AF-ALFAE B3 (Fig. 3. a), Foll
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Fig. 4. Reversibility after a short exposure in the effect of
DNP on inward rectifier K currents. A. Current traces obtained
in response to the same voltage ramps shown in Fig. 2. B.
Current-voltage relationships in control(a), DNP(b) and
wash-out DNP with glibenclamide containing normal Tyrode
solutions(c, d) were obtained from the traces indicated in A.

DNPE AElslzA] 7|58 A= A7kl whe} inward
rectifier KA F(I)= A2 7+43)od(Fig. 3. be) 208 7
FFolE AR &S B chFig 3. d).

Iki0ll CHEt DNPS| &2}

Fig. 40| 4]+ inward rectifier K 1 5-of] ti2l DNP2] &
347} A4 AU L] Aste] DNPo] SJslA] 84k 7o
Z7}7} peakol) 28k XAl A glibenclamided EZ &3l A
4§02 vlF3 Baa) BT} 108 75}%0] DNP
ol g3A KareH 12 843 =] 2 0¥ (Fig. 4, b) &4 3}
HAW 2J8H F= glibenclamideol] &J 3 vlE A} =9}
th(Fig. 4, c). Wb, WA {1 A A3 3550 34H
A AF-Hst HAZ 3 H=AchEFig. 4, d). whelA] DNP
o] 98 Ii9 A= DNPAEE -2 7173 Sl
AAHY 4 98¢ ¢ + sk

MHIELH ATP free MEHOIM I 2l S}

A A oll A = pipette F o] ATP7} 5 mM Ex0s}
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Fig. 5. Change of membrane currents during the perfusion
of a cell with ATP free pipette solution. A. Current traces
obtained in response to the same voltage ramps shown in
Fig. 2. B. Current-voltage relationships obtained just after
rupture(a), 15 min after rupture(b) and 35 min after rupture
of the cell membrane as indicated in A.

T AeolA AAAARADNPE FoJ3t it Kared
Tt A= R Ao g Kol o]jdt 27 A E AlE
Wl -4 ATP level®] ZHa7t Gojule Zlo] oy} A3
Z+=] 9l o}, ATP 123t F-33HA] DNP7L A - o7
&8 e 7HsAE iAE v Yrh(Alekseev et
al, 1997). o]&]8t 7FsAd & &9l sz} A pipette-§
R ATPE AAsto] AEW oA ZZFEHE 53}
I I o) W3S 758 Kekvh Fig 5A oA Fig. 4A
oAl A7 15%0] Avpd KA S B, WA
o ZAaFA 35E T 7 A FIA AE 715
s & Az, 3k, NEF i BT ARE7) Hasle]
HAFH oz A AEET YA = ckFg. 5, o).

Fig. 60l A= A|EU| ATP free}gjjol) 4] glibenclamide S
Ax 2 slo] Kare 3435 o AlSt A ki8] W3+ #%
3lgic}. Fig. 6Adl| A& glibenclamidecl] 28l 4] A|7ko] 7
H = Kare®) ZA 3= YERA] ghot 21 8kA 79} F7t
E 9l 208 A3t Aj7bel] ulg} inward rectifier K
Af7} o] R4 = Ak Fig. 6Bol| A = A] 7hol] whek
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Fig. 6. Change of membrane cuments during the perfusion
of a cell with ATP free pipette solution in the presence of
glibenclamide A. Current traces obtained in response to the
same voltage ramps shown in Fig. 2. The arrow above the
current traces indicates the treatment of glibenclimide. B.
Current-voltage relationships obtained just after rupture(a), 13
min after rupture(b) and 30 min after rupture(c) after rupture
of the membrane in the presence of glibenclamide.

AR ARE7}) 7h4sle], QA A reversial potential)o]
~20mVE o 54l 98-S BAY 5 slgich 919 At
£ AZ ATP7L EAJSIH A A A A|(DNP) F-o
Aol Jelel Aol F98 Fdollens, DNP
&1 18] At DNP) A2 Agoler] mohe
ATP 172 Q% Az AZE et

X &

A A A A Tk AFEN ATP freeFell o} 4 Karp7}
#Astg o] WA o] F, Karr T2 A ZE AAA
FAY AR ol FEEE S5 A7 B33
Axeze K F&9 712 A ghrh(Noma, 1983;
Venkatashi et al, 1991). 2 A AT A E] ATP AA

EX 3ol 02 mM DNPE Sofstas] Ay Ax
Kandl 2428 & 5 9K A7 34 AZAZ
[ATPE 5~10 mMo] 3. 227] Q28] oluh A ke
o] [ATPH 9A] 25~50%9] 4wk Sle # 33
milimolar %9 %3 ZAPlE AT ATPF:
(ATPl)7} QAIFF ol3lZ ZFEFHRE Wl Kare 27}
A= A& &9 & 8 ck(Rovetto et al, 1973;
Weiss et al, 1989). u}g}hA] A9 A 2719 K o] & F&
o 27} o) BEAL] FES K T2 BA ] o
g 7)Aoz Asr] A o8 7k AAz7Ee] A
Al5jo] g} XA, Al Eutoll EASHE Karr T2 577}
o] folA AlEU ATPFEO F4AA] AA| B2 5
8] YRR B3 5ol E &5 whFo|up Kol
%9 Z715 4o F glegge AojrkCook et al,
1988; Carmeliet et al, 1990; Findley & Faivre, 1991; Nichols
et al, 1991). EA), YA A|A] intactdl HFoAE AE
Ul9]oll Karr T2 A E 248 AAE| 7131
o Karp 529 ATPRIZEE ASAPLZN 2 FF
9] ATPE A E Kan 27} A3 2 < gloglehs
Z1o]thHan J et al, 1993; Kim et al, 1997). A, AEW
ATP7} %] 3}(compartmentalization)¥] o] 31 -& 7}5Al o]t}
(McDonald & MacLeod, 1973; Bricknell & Opie, 1978;
Higgins et al, 1982; Hasin & Barry, 1984). ¥ o+4<] A3}
uto &= DNPel| 2]3}o] Kare £29] 843} 9l Iy 74
7} 2% FA A Do) FAAUA, ThA] Fahe, A
o Ale A FE ATP 5E7} 743 Ao] UUUA o}
U ATP 317 098] & QA-Eo] FAREA 2 o
Be a7 el £t 22y A Al Al <&
A9}9} pipette LM ATPE A|Asle] AMFEW ATPZZ
AUE FE59E vl E971 A9 IATE B 4
Y A 7o 2Uul DNP 371 AEW &
ATP level®] ZHaoll 710 8L 7HsA & S eka gict
o8k 49 AL 7l pippete FAW ATP &
£ 5 mM& AESoE £33 DNPo) 23 &
ATP level®] 7t} dold 5 QMFle7t 3k Aol of
23t AFE channel®] 7|5& ZA st ATP levelo] A
A cytosol®] ATP leveld} c}-& =7 At 7l53leleta
A7ks) =, AR & 53 ATPEHA o] F8 Kare 4
3o} salFo] 9SS HelozH AEell4 ATPS] &
7t 7Y 35 o] & AAEE A% (Weiss & Hiltbrand,
1985)52 o]2}3 JleAS gt RaAo
DNPZ F4& Aol o]28t k9] Zdoll F3& F

& & o QA2 A Ul pHE S WSkt ABAA
AR 4 gtk AlF pHO| Wil wE inward
rectifying K* £29] W3l o|u] & {7l v} glon
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(Hagiwara et al, 1978; Blatz, 1984), -1 5 A= U] A4 3}
27 & pH7} YolA & AelolA e ks AEEY} o}
Aths B37} glch(Harvey & Ten eick, 1989). A X pH
ENa' 2L G 5 JHAE TS WE F
91 =] (Vaughan-Jones et al, 1983; Kim et al, 1987), ¥ A
ol = Na' 31732 normal Tyroded) ZA & IYZ &
Astglen, Ca*' F29 B4 e nicardipine s A A o
Astas Adsgel, 5 bath £H40 F bicarbonate
freeQ], HEPES-9+= 8- oH-8 20 23] H A¥o|4 Na-H
23 71" gt AEu] AA 3L fubg vl ARt AL 8t
9, 3(Lazdunski et al, 1985), pipette &4 oll= 10 mM<]
HEPESE *7}ste] pH Wstg 343t szt sk¢ict
A3l Qe A AA 23 ol A ARt ko] AR
HE o] 4E A% AF AE W H' o] Fxol 93
i® AEE 7haol o3 Zgle] ¢#i3ich(Ten Eick &
Singer, 1979). ]9} §-Agt AT ZA AW 7ol 44
3} AglE 5w lysophosphocholine(LPC)3} 7-2 amphi-
phileso] Z A} 512] olol] &JahA Tio] Fraghebs &
37} 9)eh(Snyder et al, 1981). Lysophosphoglycerides %<
3L} 2 phospholipase A1z} A20ll a4 SAESL re-
acetylation¥] 0] Q& AUl E EA)sh= LPCE AT 8A
o] reacetylationo] JA|%|o] LPC7} &H ). &35
LPCE AlEute] AEFE 4o & glevl olF in-
wardly rectifying K current®] A X=X 9] Zhioll 23 Zlo]
#E= B3y} 9 3 (Clarkson & Ten Eick, 1983), A+31d
o Slo) S PR B4 w LPCY] ZHel o)
AEete] 2220 w2 §AY o] L3 o] GLekCom o
al, 1981). & A&l % DNPE Foisle] A 14 d
£ S0 ¥ AU ATk o] Ak ol ekt A%
= 4ol LPCO) ZH 0] 7ol 71eA | 20~30E 7
3% #EHoz dAY F4He AEEE Kaw B2
AA & GAE g AFHIED ko 242 A3 Wk
AF ARAAE o g AFsofor & Aox A7t

ZAe =

B e 9 B8lAleh94-0403-12-01-3) 3 BAEX|
B(HMP-97-M-2-0025)2] 17u] Y22 o]Folzlg.
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