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ABSTRACT

Background and objectives ® Effects of the three major endothelium-derived relaxing factors (EDRFs), na-
mely nitric oxide (NO), prostacyclin (PGI2), and 11, 12-epoxyeicosatrienoic acid (EET) on the ATP-sensitive
potassium channel (Krp channel) activity were examined in isolated cardiac ventricular myocytes. Materials
and Methods @ K,pp channel activities were measured in the enzymatically (collagenase) isolated single mouse
ventricular myocytes using excised inside-out, cell-attached, and perforated whole-cell patch clamp techniques.

Results : In inside-out patches, NO donors, SNP and spermine NONOate, did not affect the K rp channel activity.

In the presence of both ATP and ADP in the bath solution, the NO donors attenuated the activity of the Kurp
channel. In cell-attached patches, the NO donors potentiated pinacidil-induced Kurp channel activity. In perfo-
rated whole-cell patch configuration, the NO donors decreased the Kpp current induced by PCO 400, a Karp
channel opener. PGI, did not affect the Kyp channel activity in excised inside-out patch. However, in the pres-
ence of ATP in the internal solution, PGI, increased the channel activity in a dose-dependent manner. In cell-
attached patches, PGI, did not only affect the channel activity itself, but also the dinitrophenol-induced Krp
channel activity. 11, 12-EET had no effect on K srp channel activities. Conclusion : These results indicate that some
of the endothelium-derived relaxing factors (nitric oxide and prostacyclin) are involved in the regulation of
ATP-sensitive potassium channel activities in mouse ventricular myocytes ; and the regulation type was com-
plicated, activation or inhibition, depending on the cellular environment. (Korean Circulation J 2003:33(5):420-430)

KEY WORDS : ATP-sensitive potassium channel ; Myocytes cardiac ; Endothelium-derived relaxing factor ;
Patch clamp techniques.
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ATP—-YIZM] ZETEKarr 52 o8] F(spe-
cies) 2] & A3 ME adenosine triphosphate
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Al A A SHERASTIZE b ojgk A
G5 7127 gag0 50 FAA) Wy w99
eREof| o)gk HAE ubAlo] BAAQ) Ho| FAle] &
Astar Ik wehy Be- dgxlEe] o] o] eE 7ol 3
HNE2 A = pddos zAsR= ok $AS
ZH EQal o] Karp B2 7153 84 2473

T S8l B A7t o] FolA AL girk

th3EAel WIAHE [ o]k 1Ak endothelium—de-
rived relaxing factor : EDRF) Q] nitric oxide (NO) +=
OIAPAHEARA, EfeaAlzelx AFitso] Az
oA ZHgsAY Mlaes Fste] HA GalEo] 1A
Alaze]] 2hgsict. 53] AR, HEF 2, o]
¢ Fagk FaoA Tl oA Fast 93 ko
olcka 24 gk NOE= NO synthases (NOS) ]
9J3|A] L—arginine . ZHE A|3EAo|L} nEZ =20}k
of| A M= APYA Aol AR 3 Ik W
Eil=g

NO29| UrtaQl 2871312 heme T2 7L 9l

= guanylate cylase®l] NO7} Aglslo] o] a4= &4
3hA7)a1, BAdstE G4 MIEY cyclic guanylyl mo-
nophosphate (cGMP) 555 77|, cGMP+ &
EehAe] 2854 = cGMP—dependent kinase
£ GHSAA AE ofe] Tl QIAIEE Tl #
S A ek

AdeAell= A7 S/ NOFY &4 (nitric oxide
synthase : nNOS, iNOS, eNOS) 7} @& o{Q)= 710
2 B3 30Ed nNOSE= SA nodedt AV node?]
ganglionic fiber @ &AWl EAI51L, iINOSE 4
SARESE IFE L) EAISH, eNOSE o]

Azl Bk A o7 gl ok

2] Aol oJshd NO7| 4ol FArieid &
d A B p-T8Ae dsiN FNERE A%
AR 758, ke 2l glojA Fast
shha oA Qlek! #Hte] Aol oabd A
YA NO2 557 343] 7dssto] s 1173
Hata 88e) Jes aerlivkr @k Han
)2 27] A EANA NO donor7t Kare 528
S7/MFNaL 0] E¥R= cGMP oA olakar 3kl
. Moncada 5'7& 71U=}¢] 24 el NO7}
Karp S2ell 2580 % 2838 Kol F4It} Shinbo
9} Tijima'® & 71U=e] AgAEAN Karp B2 0
3+ NO donor® &37F cGMP7} obd Al¥Ee] & o}
izl 7]Q1ek Aolekar skgivk 12yt Tsuura
190 217 9] AATAEANA NO7F Karp B2840l
& JS wHA Wprhar Sl ojekte A7
|52 A%k UlgAlZelA el NOZF Al
tol] EAH= Karp &2 4340l qlojA] ojd 3
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Prostacycline WA A" UgAER dito]
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22 oFEo] 2] WulA|EolA e feldnkar
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£ B o} prostacyclin®t Karp S22k ¥HA)S Al
AFsh= HarEolct

Epoxyeicosatrienoic acid (EET)-2 arachidonic acid
ZXE] cytochrome P4500] 23 tjaRikzEo]m Wjg)A]
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o|epe- AP R w|Fo] A YTl fEE
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A ZAdeEpieo®s Fest kel Tl AETAIE
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Patch clamp23ol ARESE ©hd AalA|Ee] He
= AT 25g U$]9 ICRAIS] A vhe-AE ARESISE
o} uReAE AR AN & S 4
A AEsioltt A5 S 4T 100% 2w X
sl Tyrode§9 el mAIZ7FIE 7|2 AAAR]
7 (OAM 24SR, T atellr] FRiAdz2 7 AHx3]
S AASL e Wel catheters 13 & AZs1S]
t}. Langendorffg=]e]l viga 37°C Tyrode £
AHEmS 23] 1.5 mL/min®) £5E2 587 BFAIA
olo}x] AAukEo] MZ w7}x] Ca®* —free Tyrode &)
o= AFAT|T o] 28] o]k 0.6 mg/mL2)
collagenase (CLS2, Worthington Biochemical Co.)
2} 0.15 mg/mL2] protease (Sigma type XIV) & $Hr
3 Ca®* free Tyrode €907 oF 25871 A T}
2, PHAEEC 2 high K7, low CI §-91& 5771 #H7A]
A e Holle a4F AAAFH Askd A%
O =2RE] A4S gojule] high K, low CI &9 ¥
1. o] 2Zo g AE RS pipette & 7PHA 71A1A
A5 o] @ AAZAEE EEElth wElE Al
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(American Optical Co.)dolA 7| Eeke] Fu7})
wdape fgo] FHlstal SA o] gl AEET =

et Agel ARg-sisltt.

ONT=2] MA}

Patch clamp& "|AA=2 174 1.5 mm2] borosi-
licate F=21¥(PG150T—7.5, Clark Electromedical In-
struments Co.)= WAIHASA127](2—stage pipette
puller, PP—83, Narishige) & °]&3l] @ &= &4
7154 Ao] 4~5 MQ, whole—cell A7 588>
Aol 1~2 MQ AEEA ¥ 3 A (ster-
eozoom microscope, SMZ—2B, Nikon) gFellA] u]A
= o] 2714 Sylgard (Corning Co.) & E3X%
7HdE YAEA shellA] 1xA T olgA vksoixl
=] Heke ofA] 38 v (Microforge, MF—
83, Narishige) stellA] #2H(5008)) sFA] A= Heki
o] 45 718le] RS (polishing) ¥ #3o] TIE=%
A7)1E8-8 5~7 MR, whole—cell AF &34 1.5~
2.5 M2 AEHE A5 Aol A8t
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3 F 27/ gigaohm—seal patch clamp W%
excised inside—out¥} cell—attached membrane patch
W98 AMgEte] 71Z318in) Patch clamp 537
(Axopatch 200A, Axon Instruments Inc.) E E3}]
(o]ul cut—off frequencyi= 2 kHz) ¥ 71491
A= gAY Al157]1%7] (digital data recorder, VR—
10B, Instrutech Co.) & #* H[H]2(SV—-14D, Sam-
sung) °ll 715310tk FAZ2 AR/ A2 Hr] oF|
ojxzd 715H A& AAYste] A/D ®¥g7IQl Digidata
1200 interface (Axon Instruments Inc.)oll 9143}
pClamp ~% 72 (Axon Instruments Inc.) & ©]-85}]
AFEel Adeta Aty ddE w2l g 29
= AzEe] 42 half-maximum single—unit amp-
litude thresholdE ©]&3}2it}. Open probability (Po)
= Spruce 527¢] wWle] o8k Tt 2 2 o]g
sto] Arksraict

n

Po = (X t)/(Td n)
=1

o] AoflA tj= j(=1, 2,-n) 72 T=7} 4 | 72
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7re] AFdAlIA L F27F GEdE AL Tde 9
FEATFE 7153 AL n control AJEOIA o2 &
AglE= B2 5 7RIt Pois 30x01de] A%
B dAERVSES AMSlo] AXkslal relative open
probabilityt= F=70171¢] Pog} F015-2] Poll zlo]
£ FEFoIAS] Poell tigh W& w BAJERIT
Whole-cell IFEY X 24

Whole cell 257578 amphotericin B(480 xg/mL)
£ pipette &4l sonicationd}] =91 The wAR=
ol Aear AaErte] giga—seals FAYAIITE oF
162 AEE Axute] F271 IAEVIE 7|t wA
access resistance’} 20 MQoJs7} =g wl —40
mVe| B 177 eell A A AIAIR] dinitrophenol
(50 pM)elyt AEAR] Karp F2/1741Q1 PCO400
(100 M)< #H7Fstd Kare AR/E FEsiSlth 54
B AF 9 A AlFE 1 kHzO ZEIS AX A/D HE
712 grgslsla HFEArel pClamp software®
A e,

M=

S| Q0H
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@ AATAE EEE A% Tyrode's £4(24 ¢

137 mM NaCl, 5.4 mM KCl, 1 mM MgClz, 1 mM CaCls,

0.33 mM NaHzPO4, 10 mM HEPES, 10 mM dextrose,
pHi= NaOHE A3l 742 274)-& ARSIt

) AATAHE Aol AM-E high K, low Cl &
A (ZA : 20 mM taurine, 70 mM glutamic acid, 25
mM KCI, 10 mM KHxPO4, 3 mM MgClz, 0.5 mM
EGTA, 10 mM HEPES, 10 mM glucose, KOH=Z pH
£ 7.352 %) S AHSISIT

% FEAF S A% €92 internal €9, pi-
pette £ 4 bath §NOZA 247t K—58N(FA] :
140 mM KCl, 2 mM MgCly, 5 mM EGTA ¥ 10 mM
HEPES, pHi= HCIZ 7.2% %) & AM3iSict .

Perforated whole—cell AFZ54& $3 SH2
bath €00 2= Tyrode's €M (5d 1 137 mM NaCl,
5.4 mM KCI, 1 mM MgClg, 1 mM CaCly, 0.33 mM
NaHPO4, 10 mM HEPES, 10 mM dextrose, pH+
NaOHZE Ag3dlo] 7.42 Z4)S A8 pipette
£ 110 mM K—aspartate, 30 mM KCl, 10 mM
HEPES, 2 mM MgS0,, KOHE ©]g3l pH=7.2%

A5t
agofE

NO donorZ+= spermine NONOate (Tocris, 4=),
sodium nitroprusside (SNP : Sigma, v|=), Z-E5%2
WA= pinacidil (Sigma, =), PCO400 (Biomol, =
), Karp E2215H#= glibenclamide, cGMP analogue
+ 8—bromoguanosine 3’, 5 —cyclic monophos-
phate (8 —bromo—cGMP), guanylyl cyclase inhibitor
+ 1H-I1, 2, 4] oxadiazolo[4, 3—al quinoxalin—1—
one (ODQ), prostacyclin®} 11, 12—epoxyeicosatrie-
noic acid(EET), tiAFIAIAIZE 2, 4—dinitrophenol
(DNP)-& Z14}o]] adenosine triphosphate (ATP), ade-
nosine diphosphate (ADP), uridine diphosphate (UDP),

amphotericin B(¢]%} Sigma, w5 52 ARg-k3Th

M
M

AgAA 9] o4 HFL Student’s t—testE ©]§
13 p<0.05 4 WS 7 ATt 27} rkar
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Kue 52 28°1 0% NO donor®l &%

Excised inside—out patchd|Al NO donor2| &1}

Excised inside—out patchE A13J3+ 2% —60 mV
9] A1 Lol A bathell SNP(1 mM) 2} spermine
NONOate (500 #M)E #FAIZ O T2 Aol I3
S vHA] 9)t) Excised inside—out A8 Z]5ofl=
A ATP7F A9 gl B ([ATPi=0) o |22 Karp
T2 o] A= vEhdt) uEbA T2 888 571
A = Qe okl A9 1 iyt 29 o] vER ]
1S 4= Mt} Excised inside—out patchell/] NO donor
7t B2 S TR F Sl 7FeEE detR )
Apzdjeleo]] A ATP(100 M) & Folalli =284
S okgla7] TS of7)e) SNP(1 mM) 2 spermine
NONOate (500 M) < 718t Hoport 9A| S22
& STMFIA sk

Nucleotide diphosphate NDP) 7} <=2} wj NO donor
7t Kare 2 @Al old &8 vXE 71 dopi
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2+ ATPSE NDP EAstell ] 28& Aldsisict. ATP
(200 #M)E Folalld T2 E4& ATl v o
719 ADP(200 M) = UDP(3 mM) & 37kl &

= FRAoF AQ&d3kr7] T SNP(1 mM) &} sper-
mine NONOate (500 ¢M)E Folsiley 52 &4
o] AAHA}HFig. 1, 2). olHst T2 A aT= NO
donorE AAgEe=A loiSich

v/ :
\ [ HP=—comv _j10pA
1 min
Spermine NONOate 500 ;M
ADP 200 1M
ATP 200 1z M

T

|

Spermine NONOate 1 mM
UDP 3 mM

ATP 200 M

Fig. 1. Effect of spermine NONOate on Karr channel
activity in the presence of both ATP and NDP in ex-
cised inside-out patch at =60 mV holding potential. Kawr
channels reactivated by ADP(200 M) or UDP(3 mM)
were decreased by spermine NONOate.

1.0 A
0.8
z -
=
G 0.6
e}
° |
2 *
T 04+
©
o |
T
0.2
0.0
Control ATP 200 M ATP 200 M ATP 200 M
[ATP]i=free + ATP 200 M + ATP 200 M
+ NONOate TmM

Fig. 2. Effects of spermine NONOate on the Kar channel
activity of excised inside-out patch at =60 mV holding
potential in the presence of both ATP and ADP in bath
solution. Relative activity represents the channel activity
at immediately after making excised inside-out patch.
Each bar represents the mean=S.E. of four experiments.
= ! indicates significant differences at p<0.05, compared
with 200 M ATP +200 1 M ADP group. ADP : adenosine
diphosphate, ATP : adenosine triphosphate

424

Perforated whole cell patchOflA] NO donor2| &1}

NO donor7F Karp 50l vlAE 93-S do}
A} perforated whole cell 2FejollA Karp AFE
8t TR AE2] 9ol SNP(1 mM) 371613S wfl Kare
71 A= AE G 5 3litkFig. 3). olgk 2
o] SNPef| gallA #rad Karp A AEES]HoflA]
SNPE AAHL HFAIZIH thA] o] Ao 3y
ek

&

2

Cell—attached patch®lA] NO donor2| &2}

Cell—attached patchell4] NO donor7} Karp B2
e mA= Gs ERlstaat giga—seals 4
gk F —60mVe] FAHL A Az Aol Al
ATP—-WI7 ZH5%2 71741Q) pinacidil (100 M)
ot} PCO400(100 xM)& Folslo] 52 84S fE
3tz o17]el] SNP(1 mM) & 7sle] 5= @Adell m||
= 9FE ARl

Pinacidil (100 M) Fo4% Karp ERIE AA3]
S7¥eb7] AAsEAAL o] W 347k SNP 1 mM2 &
e 2 S7MAALE SNPE 895904 CN &
freEldths B 7k Qa1 CN 2 Kare 525 2493}
Al 5 Q7] wiEel NOg A4l a7} 7k A3
CN™ 237} vepd 4= St} webs] ohE NO donordl
Spermine NONOate (500 M) & 22 #H o= A|3E9]
o] H7tsled Btk v E Spermine NONOate
= Karr &2 B4& 571312 Spermine NONOate
£ Azt AFAFE e ddiE 3EEe 2

Dinitrophenol 50 1M

SNP 10 mM

SNP 1 mM
Washout

Fig. 3. Effect of SNP (sodium nitroprusside) on Kar chan-
nel current. SNP inhibited the Karr current induced by
50 uM dinitrophenol (DNP) in single mouse ventricular
myocyte. Cells were held at —-40 mV under perforated
whole-cell voltage clamp conditions. Bars under current
fracing show the protocol of application of drugs and
arrow denotes the 0 pA.
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g 4= ISItH(Fig. 4).

Karp 8280 &2 O|X|= 8—Br—cGMP2| 21t

NO donorell 2J3F Karp 52 357 AIEY cGMP
£ STHIAA vehs ZRIAE RIs] fsto] Al
Fuks 2 E98R= ¢GMP analogue?! 8—Br—cGMP
(500 #M) & cell—attached patchollA] Al3E2]el]
FAZIEA Karp B2 38 715319104 52843
= F7PI7IA ZEithFig. 5).

NO donor0ll 25t Kap &2 2ES7I0I OIXl= guanylyl
cyclase AX|(ODQ)Ql &2t

NO donorell g8l 218 NO7F AATHES] Karp
TR nXe a3t SR digk A5%1
28R4 52 cGMPE Fdlo] 8o s Yehh=
ZRIAE Lol 7] $J314] soluble guanylyl cyclase?]
Ag AAAZ cGMPE] 43S oJAlsk= ODQ(100
LMD & AIEES] o) Fof3lgitt. AlaEs]del] ODQE A
AA)8}aL ©]o}A] spermine NONOate (500 #M)S 3
7}a9d 21 spermine NONOate©ll 2J3t Karp2 &
J57h= 48] Ve THEig. 5).

Prostacyclin(PGl2)°l Kurr 52 2l OA= I
Prostacyclin®] Katp BZ2&4J0) vX:= gaks A

\ Jipe ;
’ll_‘,"HP—*éo mV 10 pA

1 min

SNP 1 mM

Pinacidil 100 _«M

Spermine NONOate 500 1M
Pinacidil 100 «M

Fig. 4. Effect of sodium nitroprusside (1 mM) and sper-
mine NONOate (500 M) on the pinacidi-induced Kar
channel activity in the cell-attached patch at —60 mV
holding potential. NO donors added to the bath solu-
fion potentiated the pinacidil-induced channel activity.

H R 1A} excised inside—out patch A3 —60 mV
o] fA1ALNA prostacyclin(100 xM) S Ao
Arlelal B2 S TSI OH Kare B2 G40l
QIS WA okSiTk

NO9| 79} vE7IAZ prostacyclin®] KarpEE
IS STPIAST e 7Fede Yol A} excised
inside—out patch®] Azl ATP(100 M E F
ofgte] RIS ABPA7]aL o] AElelA] AlsE e
A7kt prostacyclin(100 #M)2 E23498 S7AIH
3 11 e sEEH0)|8lt (Fig. 6). Prostacyclin
& Al ATP Fololl gallx] Karp B2E40] Ho}
7 el B2 @S STHRIFHC R AU o
# 452 ATPE FoI8t & ThA] prostacyclin 1, 10,
9100 uME 2 AlEgiSdel J7lste] Folsial &
2 ] AEE 7 899 ATPIRS FoIgs Al9] &
2 3 e} nlassick. 2 8% prostacyclin 3
7 T2 S ATPRES FAPE A9 ZZ2dA el
HJ3|A F71893aL, £31 100 «M ATP FoiA] prosta-
cyclin®] &% 24 S7FaIF @A 5, ATPR
< FosIis A9 SR 7t FE9 pros-

tacyclin o] & @EZ o7 H3 olEslglon 7 o]

Wi i

\/ Hp=—somv ___hopa
~— : 1 min

8-Br-cGMP 500 M

Pinacidil 100 M

L |": TEETSTERA

Spermine NONOate 500 M

ODQ 100 M

Pinacidil 100 ©M

Fig. 5. Effects of 8-Br-cGMP (500 M) and spermine
NONOate (500 ¢M) on the channel activity in cell-att-
ached patches at -60 mV holding potential. 8-Br-cGMP
(500 #M) did not stimulate pinacidil-induced Kar chan-
nel activities but spermine NONOate potentiated the
channel activity in the presence of ODQ (100 ¢ M).

425



T A%me= ATP(100 M) FAA] 71 Zch(Fig. 7).
Cell attached patchellA] MESL] Nl 718t prosta-
cyclin(100 M) E=2 &Xof A9l dds 4] ¥}
2 Bl o} thaledA|A|2] dinitrophenol (50 M)
S MM H7tete] gt Kare B2 o= A
QIS WIAA St (Fig. 8).

[o

[

____,IO PA
1'min
Prostacyclin (PGlz M)
1 10
ATP (100 #M

Fig. é. Effects of prostacyclin on the Kar channel ac-
fivity in the presence of internal ATP in inside-out pat-
ches at —60mV holding potential. Prostacyclin (1, 10 and
100 M) increased the channel activities which had
been attenuated by the addition of 100 «M ATP to the
internal solution.

—— ATP aione

- ATP+PGl2 (1 #M)
—A— ATP+PGl2 (10 M)
—— ATP+PGI2 (100 M)

0.8

0.6

Relative activity

0.4

02 1t L
0 1 2 3

ATP(10” M)

Fig. 7. Effects of prostacyclin on the Karr channel acti-
vity in the presence of ATP in excised inside-out patches.
Relative activity of 1.0 represents the channel activity at
immediately after making excised inside-out patch.
Prostacyclin parallelly shifted the control dose-response
curve (ATP alone) to the right. Each point represents
mean=SEM of 4-5 experiments, and *,T : indicate sig-
nificant differences compared with ATP alone at p<0.05
and p<0.01, respectively.
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EETTt Kare SEZYC OIAIE 3

Excised inside—out patchol*] EETE 217 A3
dof| FofstAL} ATPE Foist & T2 &Ao] oFs)
Aol EETE Alxude)] sl 5284

—

v/ !
i § HP=—60mV 110 pA

— 1 min

Prostacyclin (100 M)
T enol (100 12M)

Prostacyclin (100 M)

Dinitrophenol (100 M)

Fig. 8. Effect of prostacyclin (100 #M) on the channel
activity in cell-attached patches. Neither the channel
activity nor the dinitrophenol-induced channel activity
was changed by 100 M prostacyclin.

EETT M
ATP 100 M

\ gHP:—éo mv

Pinacidil 100« M

EET1 «M

Fig. 9. Effects of 11, 12-epoxyeicosatriencic acid (EET)
on the Karr channel activity. EET had no effect on the
Kar channels in excised inside-out patch as well as in
cell-attached patch at =60 mV holding potential.
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& Fogt 2ol Holx] kgt S cell-attached
mode®lX] EETE Mgl 1 pME=7E] Fofatle
U Karp F2830NE 982 74 4t (Fig. 9).

1oz

 ATeME ZAE Aste] Fesh vkl vl
AR Azt EAISRE Karp B2 s 71831 o] &
9] mx]:= NO, prostacyclin, EET?] J&-& v|ws|
Bkt

Perforated whole—cell patch®/] NO donor<! SNP
9} spermine NONOate2 Ao T-FAAS of
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