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Modulation of Muscarinic K" Channel by Protein Kinase C in Ischemic Rat Atrial Myocytes

Dawon Kang, PhD, Hong-Sik Lee, MD, PhD, Seong-Geun Hong, PhD and Jaehee Han, MD, PhD
Department of Physiology, Institute of Health Science, College of Medicine, Gyeongsang National University, Jinju, Korea

ABSTRACT

Background and Objectives : Recent studies have shown that many kinds of K channels, including the muscarinic
K" channel (Kacn), are activated in the ischemic heart. It is known that these channels can be modulated by
phosphorylation. However, little is known about the function of the Kuqy, in ischemic hearts. In this study, we
examined whether the Kuq;, channel is mediated by protein kinase C (PKC) activation in rat atrial myocytes under
ischemic conditions. Materials and Methods : Single atrial cells of adult rat heart were prepared by collagenase
digestion. Channel activity of Kac, was recorded by cell-attached configuration from single atrial cells under ische-
mic conditions, using a patch clamp technique. To simulate ischemia, adenosine or potassium cyanide (KCN) was
applied to atrial myocytes, and Western blot was performed to specify PKC isoforms. Results : Adenosine and
KCN markedly increased Kac, channel activity. The responses to adenosine and KCN were increased 3-fold at
mean open time from that observed with control. Channel activity of Ky, was blocked by pretreatment with
PKC antagonists such as sphingosine, G6 6976, and rottlerin. PKC @ and PKC f'isoform levels were increased
in the membrane fraction of ischemic heart, indicating that ischemic stress might trigger translocation of cyto-
solic PKC to the cell membrane. Conclusion : These results show that Kue,, channels are modulated by PKC
activation under ischemic conditions induced by adenosine or KCN. Therefore, the channels can protect the heart
from ischemic stress by increasing channel activity. (Korean Circulation J 2005;35:812—820)
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2of tfgh st Baek= g, @4 dAA x| Bl
4> 9J&= muscarinic K E2(Kamn, GIRK)2] &J3bo] 33t &

= obd mgsl Aot} E AolA @A A9
gt 7102 Kaow F2G ATS 7|ok= A2 584 A
A2 71A F K AEE] 27 APAE Ko B2S
53}o] o]Fo] A 7MsAo] 7] mioloh Ake] KT A=
T gEE inward rectifier e 520} Kyow B25
Folo] A=Y, E3] Kaow T2E AHs2d 9 4% B
Aoz} Wk welo] glom,” Qs 9l ehelilslel] ofst
o] Ako] 384 Hhol7|Hes 2t ? &8 HAx|
714 %] shtel K A Z71el Aol A f-adrener-
gic receptorg A= @] AChol| 9]¢t Kup %5 EJ0]l PKC
7} #olalar glehs Ao] BuEgict” 123 adenosine
adenosine 4~8§A|2] &d3le] ozl PKCE 2443t Al7|H
Ky B25 Fo] SAY7IIHE A2 184
A o] A BEargol| FasHA 2gata ek E3
Wang} Lipsius®] ¢ el|A] PKC= ACho]l o]af 25}
£ K A7 Ax=gs ASAZ ol2fgt @Ak Ayl
Ca” Z7}e} Wio] AL Ao HuFL ol 38 5
Oﬂ —0*]3]'04 /\ﬂ_—‘Elﬂ Ca2+°] %‘7]'?——_1' 'IH KATPQI' 1}]%‘)1 Kacn A
7ol S7He HIgElE Ao Hof JulEth 7| PKC
7t AR T IPHA R A Ko 28] EAdel 7105}
= A YA A AT HElE A4 PKC= H|9=
Kuon 2ARIAR 2483 7hs/do] ot wheba] 2 AtolA
BF Azl 27] S1EA] Kuon 5 =9] Aol e} ot
S| OA] Kaon S E7F SATETHH 1 2HJAE
H] PKCO| 7hs/d& Yol A} it
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Aol AR&SE AAIEE e T Jlo] 857 o] 7
(Sprague Dawley)ollx] &3t 4ollA] £2]8t9irt, 150 gm
U 9]9] <3t 3 FE xylazine 5 mg} ketamine 5 mg &
LS B &of| FAfsto] mpFAXI ok, FE I A
A 21=310] Lagendorff column © & %74 peristaltic pump
(SMP 23, EYELA, Tokyo, Japan)E& ©|-85}%] 4 mL/min2]
TS5 2 normal Tyrode 8H(CaCly, 1,8 mM)S 2F 50 mL
A JRAZA I The 24 AT Tyrode §9(Ca” -
free M) 54 H= TFAIA AEE A 3 0.5 mg/
mL collagenase(Type 1, Worthington)7} &7} Ca™ —free
BAE o]-gslo] 20~25 EIF ASAFATE SEO2 A9
28)2 slolst & ThA] Ca” —free MO Z collagenaseS
o] WL AR Belskct, Hele APE K —xich &

Hofl a1 & 550 T A AlE= E2AR tE 12 mm

9] ¥4 cover glassE 35 mm Petri dish Qtof] 31 1 9
of Tl Ak AlE B3-S 2 mL 7l BEFsle] Wik B
SHHA A|EZE cover glassQof] 7FIEES SHQiTE Ao
o2 ML He| 5 A7 olje] T AE F o]

[¢]

NS Eelal] $faik] AAMRONK-H So)at ca’ -
free NS AMESIGITE K-H 8912 NaCl 118 mM, KCl 4,7
mM, CaCly; 1,8 mM, MgCls 1.0 mM, KHsPO4 1.2 mM, HE-
PES 10 mM, NaHCO3 25 mM, pyruvate 10 mM, glucose 10
mMZ 245190, Ca™ —free SoHS K—H QoA CaCl,
£ Wiz 2gskoich E3 &Y AlizE et Al Ee
KOH 70 mM, L—glutamate 50 mM, KCI 40 mM, taurine
20 mM, KH9oPO4 20 mM, MgCly 3 mM, glucose 10 mM,
HEPES 10 mM, EGTA 0.5 mM2Z ZAJE Sollo|| 23t &
Aol ol g3teict,

@ T2 7]5o]| AME-E= 892 KCl 140 mM, MgCly
2.0 mM, EGTA 5.0 mM, HEPES 10,0 mMZ ZA% K-5
o4 A1g319 T, Waol wel 10 1M ACholL 100 #M
adenosine, 100 #M KCN 52 #7|slo] AR5}t DMSO
2 e 8T BUS BRAZ i DMSOY BEES
1,0008 ol 8l4j5te] ALgsteiT AlE §oe] pH 7.4
2 9ok 9] MR U 0.5 mme] BEHE A=
o et 7pte] HaAA Agglo] med naeEs
bgom, G190 BELEE oF 2 mL/min? SH93, 4

ol

& A.e(22~240)0l4 Ak
Npy] S{nE]

= APl SFL T 7p oz Suskic 3
Bl AP 2lo] WA sk Akke] FEE Aushs W
o=, TABWS BT O] U Abao] FHE Fu
e Ak AL 100% WA ok ROl TRA
T e olgaldich A WL Bekd Sid 20w
St Alole}, Baka S|@L nERCeol SzolA ATPY]
A P cyanide” S BRAA 811 ST G
PP, 38 270004 Bl F715He adenosined TR
AA SBEAOR WEY

A AEAA adenosine®] =t thkEE] w1 o
of 47 W] whel” HB =g ZA] ofei gt
AL Qloll o 61 nM A EAJSH, 5ldo] WAR F 20

3 Foli= 133 nM, 908 Foli= 354 nM7H] 713k 2
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Muscarinic K™ SZ(Kacn)2 S

2 AgollAe Al i fAR el ks o
ol HIA7|HA T S2E 7|5517] 28l patch clamp
718 2 cell—attached patch modeS ©|-85}9tt =3 &n|
Z(Axiovert 135, Zeiss, Germany) ¢Jofl Ax]= 0.5 mL 7]
o AR710] K-5 BUS WA AS T, A AL Ffeler
of Qli= ¥ cover glassE 2AHAHA Y 8712 &1 &
2~3H7} B AIZICh TP —60 mV EX —80 mVE 31
A5}l cell-attached modeoj|A] @ E=9] &8 18 7|5
J\EshA SPYEe] ERIEA] Sl T AR At
ek & 5= A70] 7152 patch clamp 5-%7](Axopatch
1D, Axon, Union City, USA)E £3}0] 2% AEE 8—pole
Bessel filter(AI 2049, Axon, Union City, USA)S ©]-8-35}o]

3 kHzoA ATAIAT, ok AlEE= A/D convertor(TL—1
DMA interface, Axon, Union City, USA)E E5lo] HAFE X
e 2 B2PAA, EAof AEHZ7](pulse code modulator,
PCM—2, Medical Systems, USA)S 7#]# VCR tape®]] A%3}
Schr) Aste] 24 A il ol sk

20t 2N 5 S A

VCR tape®l] A=o] od AF Aiks AYAI7IHA 2
2%k BE-S A/D converterg F5to] AFE TS 1t
E11 o] 24 =2 73;(pClamp V6,02, Axon, Union City,
USA)©||A] mean open time( 7,)X} open probabilityS -5}
o] 29 DFE(NP)E AltslSich gt patch Wof B 4
9] o] FEI} WHEE= o7t E5b7] whEol o 2 T
SRS Mgt 43 AR ettt oo o3t
-2 oFE Fof 3 PAAHIE FAIske 17 o999 F2

5
ke
vk2-o 2 Hrlslict t2e] | Student’s t—test
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Fig. 1. Single-channel recording of muscarinic K* channel in atrial cell. A® a cell-attached patch was formed with ACh in the pipette. Membrane
potential was held at -80 mV. B expended current tracing from arrow region of A is shown. C: open time duration histogram was obtained from
channel opening at -80 mV. D: channel open probability at -80 mV was plotted. ACh: acetylcholine.



Dawon Kang, et al : Muscarinic K* Channel in Ischemic Rat Atrial Myocyte 815

2 A 248k p Fho] 0.05 ofskd uff fofshrial st
oot HE AT mean+SDQ}F BT patch ] (n)S FF
A

iz
H

Kaon S22) 71| AEieImiol 7y

el ARRA|ZOA 10 #M acetylcholine(ACh) o] E0{3)
= pipette FNLS ALES}0] cell-attached patch mode©]|A]
7155 T = o] W7 A7]= —80 mVollA] oF 40+
4 pS°]%1al, mean open time2 1,5+0,3 mso|3ich 18]at
£20) 912 2BEP)S 0,1540,05 WIZCHFiE, 1), Ku 5
22X inward rectifier(ix) 2 Karp Z22} BE0] inward
rectification2 Hol= FF <] E22 d&A 9ok " QbA
Kol FUSHA FAIHY —80 mVollA] oF 40 pS& Hold
A7t ubARS +80 mVE HIAAHL A< 10 pSe] Hw
TE Ho|l= AFAQl inward rectificationS H I TtHdata
not shown), E§} pipette Woll ACho] EAe}A] o= 745
b= tel B2 AR7L BAHA otk oleiat 23S F
sto] 2 AgofA] 7|53t @ F2= ACho|| osto] &4

e K ARAS & 4 Ul

NBNOT QU SATHN Ky 529 B0}
Adenosine> ATPO] THANEZA] 3|EA] AL diof| gho]
7tk B4 39 sholct. Al Hlof] 100 M adenosine

< W] 8T} vlsgt A0 2 THE F 10 #M ACh
o] 5] Q= pipette NS A3} cell-attatched patch
modeollA] Kaon 2] B4 BSHE W19 THFig, 24A).
Adenosine(100 #M)2 mean open time¥} 52 Z=%=(NP,)
= 27 97%, 26% Z7HA1FTHn=9, Fig. 2C). Adenosine=
AF3hY] FHEXRAL W= A= 52 mean open time©]
SO ZPRRE(p0.05), Olefa WSS QNI WS
H]<=3}c}, Adenosine©] 2J3F mean open time?] Z7H= &
Kuon A& 0] Z7o] 7]of8HA| Hal A0] S Al
4 o= HZE],

HALAAAI}] potassium cyanide(KCN)E #HFAIA 2te}
4 HBE FUSHAS 1] Ko B2 W32 BRI
(Fig. 2B). KCN(100 p#M)S TFAIFHS do]= adenosine
9] 283} npR7 A &2 Kaen®] mean open time®] AN
1,15+0.07 msof|4] KCN 3FA] 3,31+0,10 msZ F 3uj] 7}
& 3715kthn=9, p<0.05). £3 52 Lsr= FAFEH
ol 0.14+0,02, KON THRA] 0,20+0,038 G-oJa14] 27}
5F3AtHn=9, p<0.05; Fig. 2D). HHAFIAIAIQ] cyanide] ©]
o] Kpon B27F 245 = 9FAF 9A] mean open timeS
T2 F7HIFE

PKC 2l <8t Kacn 5= B3t
Kaon ©HZE N—terminald} C—terminale] Q14ksH 2
=

3], PKCE= o2 A4k Afolofl o] AaelA Ku
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Fig. 2. Effect of adenosine and KCN on the activity of the muscarinic K* channel. A and B: cell-attached patches were obtained and addition of
100 ££M adenosine and KCN caused a marked increase in Kacp, activity. Expended current tracings are shown from the tracing in C and D: bar
graph showing the effect of adenosine and KCN on mean open time and channel activity of Kac,. Each bar is the mean=SD of 5 determina-
tions. *! significant difference from the control (p<0.05). Ado: adenosine, KCN: potassium cyanide, Kacy: muscarinic K™ channel.
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Fig. 3. Sphingosine inhibits effect of adenosine on muscarinic K" channels. A: addition of 2 £ M sphingosine had no effect on Kacy, activity,
then addition of 100 #M adenosine showed small inhibition of Kag, current. Membrane potential was held at -80 mV. B: expended current tracings
are shown from the tracing in A. C and D: bar graph showing the effect of sphingosine and adenosine on Kac, mean open time and activity. Each
bar is the mean =SD of 5 determinations. Ado: adenosine, Sphi: sphingosine.

F2E 22T 4 9t shtel gz Agsw geh a9
o sEAElel Aelae) PRoS) E] dhsia At

7Rk Adeolet, & Adolk= WA S1E AA|EoA PRC
9] 82 ol gIt} Adenosined #H3F7| Ao PKC ¢

AA)Q] sphingosine2 WA WFSFo] PKCO] 282 A3t
% adenosine®] 312 SHolakgickFig, 8). A4S A
sphingosine 2 M= AAESt & Ky, 229 s I
2519921 mean open time¥} FEZE L= F-O5 M}
$19THp)0.05, Fig. 3). o3t AIH= adenosineo] 23t
mean open time?| 7} U £& FFo] Z7l= PKCE 7
frobe WedS AR tHE PRC SAIAIRD Go 69760]
L} rottlering A*]2|gt Aol = adenosined]] 2JgF Kaon &
Z9] mean open time W SR2EFE ZF7= AT R oIk
THdata not shown), AdenosineX¥ cyanide®] 2J3f] L+ek
UK= mean open time®] WshE Qlitslel Thelo] 9 A0
2 7ol cyanide TESH] Aol PKC ©JAJA12] sphin-
gosineS A5t} Sphingosine2 cyanide®]] &gt Ko
S 29] mean open time ¥ B2 EFE =7} 475 oA
Sl tHFig. 4). PKC a®} B19] specific inhibitor?l Go 6976

10 nM2 A28}l cyanideES FoIgt -9, mean open

time-& AAkgoMollA] 1.60+0.22 ms, G6 6976 FoA] 1,54+
0.31 ms, G6 69763} cyanideS FAof Foigt A 1,60+
0.20 msZ, cyanide®] 2J5}o] £7}=H mean open time
o] F717F Go 69760 oJste] A= YAtHn=5). PKC «a, 8,
9 §of specific blocker?l rottlerin 30 M2 A 2]|5}3
< u], mean open time-S AFEHOA 0,194+0,03 ms, rot-
tlerin §06JA] 0.194+0.03 ms, rottlerin¥} cyanideS EA|
of EoJA] 0.194+0.02 ms= KCNoJ| &t mean open time
9] =717} rottlerin®]] &Jto] Apt=E]Qth(n=5). Adenosine
I} KCNOj| 2J3)] A5 = Kuen 525 E FA] Go 6976
I} rottlerinof] 2Jsf e QThn=5),

Western blotting®ll 2/2t protein kinase C isoform2| 57

A A Al (Ne) Ik AlFEZEHNL), 2417 52t AlE
oA Yl Aol WAgk Aake] Al (IC,) T Al
(IMa) D 2A17F 5<F100% NoB 3533 AE2A(CB) T A|E
THIMB) oA ofH PKC ofgo] S/datel=A] &lsl7| 9lst
o] Western blottingS A3ttt 1022 PKC o}&(a,
B, BL, v, o, e, &, n, 0, 1)) tigh EoldA(spe-
cific Ab)E ©|-83}0] Western blottingS A|3¥s}Sict 1 =
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Fig. 4. KCN has no effect on muscarinic K* channel pretreated with PKC inhibitor. A: KCN (100 M) was applied to cell-attached patches after
pretreating of sphingosine. B expanded current tracings from A are shown as indicated by the lower case letters. There were no long-lived ope-
nings present in these experiments. C: bar graphs show the effect of sphingosine and KCN on Kacy, activity and mean open time. Open lifetimes
were obtained using the single-channel analysis program. Each bar is the mean =SD of 5 determinations. Ado: adenosine, Sphi: sphingosine,
PKC: protein kinase C.

5= 2ol Sl UtkFig. 5A). PKC A1 10, % ICx|
A Fo1Eal Mol AA] S7F8IATE. =L IMa ] 7

T | e—t— P o e S A AlEU} AolE W) SislthFig, 5B). PKC a
@ o} BE AL TE ol M2t ARof TE F=31g 2o
NC ICa ICs  NM IMa IMs £ Holx] ¢JtHdata not shown), ©JAe] A¥}& PKC @

% PKC BI oRgo] 38A] AlEato s o gEn, Aol 1

PKC- Al ¥ 2 5(]—8]—0:1 afﬂa‘% ‘P]’HE_}:_].— 78]"?‘—]11:]'% 21\]2‘]’ %?_]_' Ny gasi per-

W ——— — fusiont S0l ol Eoit AlEEro 20| o) YA B
. o

AT

Fig. 5. Translocation of PKC isoforms in ischemic heart. Western blot
analysis was performed using normal and ischemic heart (A and B). n At
NC: normal cytosolic fraction, IC4: ischemic cytosolic fraction pre-

pared without O, perfusion for 2 hrs, ICg! ischemic cytosolic fraction
prepared with 100% N, perfusion for 2 hr, NM: normal membrane

AlH} AISIA &{Bio] Ott
fraction, IM4: ischemic membrane fraction prepared without O, per- aIg MO 2B ofZe| /E
fusion for 2 hrs, IMp: ischemic membrane fraction prepared with AE EES 27 ARSR= A A(in vivo study)olA] Al
100% N, perfusion for 2 hr, PKC: protein kinase C. e o = o o o
Roll S FUATIE e PSS Fol FRE A
PKC ai= IC,0f|A] S7F8kal 1Cs0l|A] 3H4atglom | IMaellA] dohs W 52 ol8shd HA sEs U 4 Qlek 1
= A #EPE glglou Mgl A= dATE S7HE Hel, el ol Alzz 2eld AgAlEe 220 AE 55t
&

=z
= [e)
2 100% N, gasE BRS0] 5B YO AEAI o | Fuko] oln] AAHG] o] B KU1 47
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ot} o] o] QofA ke A EL AlFF o R §E(simu-
lated ischemia)S 3= WS /‘]'% tlch dE =9,
ol £0] AAE A ATHAY, cyanide?} L oxidative
oFE AL, BN F
7F81= lactate, H', adenosine Z-& 22 #Holo] H7}
sto] Sjds FEAITh

H Aol A= cell-attached modeol|A] 5FoMof 100 /M
adenosines 7AW, 100 ¢M cyanides H7Fsho] A
AA S FIoGlTt. Adenosine> ATP #3flARE=E, 4
7 38 (myocaridal ischemia) W WA AFH}; -2 Ale)

oA 27 o ®aEo] gt
oxidase?] 282 2}A|5}0] mitochondriaoA] ATP AYARS:
WSt sfab s|Ee

phosphorylationS ®35H=

Cyanide+= cytochrome

S| Kacn % o A G ot

Ko B 752 A1 270004 SH8 01t 250
NI 34*40}»—111] HoJdl= ligand—operated E=0|t}, o] &
2= 8 FEd, AEdE, AW 9 Purkinje Aol &
Eolol A4e] FRAS U2V 482 S A0R o
@A Sl Ko B2} SR <
2, BEALe] 71700] HobA 2aZlo] 1
A% S1RA o] BR8] Wo] FHENH, Kioy BRE

2

= )

S QPYSAIYIBE ST FAHY M Folu,

T4%US PAAA Dz DA UXE oFd 4 9)
o SERRe 4YS Besher slofa sow Azt

i o
_:L

HTAA] A SEA] SRS 7I7Ee] 7haol] Hefsh= K
TR T2 ATP o] vhEsto] S8k = K 522t
T Ayzketo] $het ' o2l AZES Kur B2 A4 gli-
benclamide®]] &J8}] AAkAZu TEE= SEHQ 7)710] -
oA GRoTk g Azl oJs) SUaAE R ek 1et
Kap T27F G2]7] 9Jelii= AW ATP 527 oM 55
717 wolAok siAlut " &o] AL AR F
Ao A2 ATP 57} o8] mM pEl= {FAE
e B K B27} OFE‘*] & A 7R Tl
oler = Aol sl o 7};(]7‘1] Qe @A o2t
O Kurp F27F AW ATP 5k 744 21t opuje, 3
FAJo|| Z7}51= H', ADP, GDP, adenosine 52| t}ost &
Ao oJajaE PAlo] 2PHH: Aoz Aysla Qe
e @A BE K 527} S8 o) BAskEtHE A
< BaE bt gick 53], A Alazofl4] EH]E)= adeno-
sine—% /Ul:ﬂ-:l-jq— /U/\].:Loﬂ}\v] /K].j_ /\%EILO_ ﬁ\_A] 7]‘: =

O

IR B H8S Sk el 2 el ek ol
3} adenosine?] G2l= A Zrl5k=g] ) HEZStoA A

Ale]o] Azzdro]| 2= adenosined Al£2] G—protein 7
= 59t K BEE SAH7I= AOE Ul QL
o} ? ey 2 Zu|EA % adenosined} acetylcholine©]

FUT K 22 WSS Re] iRk, Kurachi
P90 7o z=ol K ERo] adenosine¥} muscarinic re-

ceptor’} AAEo] 9lom o]E9] 28 G-proteinS E35}
of Yofutriar Hursieict, ofefdt k= SEA Kua T2
7} 283 7FsAol k= e ouigith

H A3o]|A] oxidative phosphorylation®] %1 anae-
robic glycolysis”} Dot 3¢ Z718l= adenosine T+
mitochondria®f|4] ATP 2YARS- W8li5H= cyanide’} Kacn &
2o] uj2l= a9 32SE 237 mean open timedt EE2Z+
=0 7P wEE K Fig. 2). of=3t dite ¢iket 9
cytosol factor®] ¥ate AZHETH =2 A Auldd 2
I}, KCNoj| &5t 31& -32HA] cytosol factor % transferrin
o] FEHAA #A:5GITh. transferrin> ATPO} A2Hglo]
Kaon 20 =S FAIZITh Wbk mean open time
o] S7he = QUS| ozt Avte H4EY, F= B
T transferrind} 2+ cytosol factord] Halo| w2 Ax}
2 AZF=ECh T35t adenosine} cyanide®]] 2J$F Kyon E22]
2AIo] PKC7} Hofsh= 22 & 4= UK (Fig. 3, 4).
E3] PKC ©]<& = classical typeo] &3 oL A|xZut
2 z9] o]Fo] FEAA Uehgth(Fig. 5). webs E
2704 Kuen 22 /o] F7kstH, o] Aol PKCE
B3 QAkso] Wolgtis AL oF 4 gtk & 579

Aol o5k PKC= 53] A F19] A B &
a3t 0—12}% Sl= AR odHA Qo aEa AT BT
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