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<Abstrct>

Excitation-contraction coupling in skeletal muscle is process by which depolarization
of the muscle fiber membrane, elicited by a nerve action potential, triggers the release
of Ca® from the sarcoplasmic reticulum(SR). The resulting rise in intracellular Ca®'
concentration([Ca®])) activates the troponin complex, thereby initiating the contraction of
the muscle. The question remains as to what factors are involved in the inhibition of
SR Ca’' release in fatigued muscle.

The purpose of this study was determine whether ATP-sensitive K'(Karp) channels
are activated and contribute to decrease in [Ca®]; during fatigue development in the
mouse skeletal muscle. To elucidate a role of Karte in relation to ECC, I measured the
modulation effects of Katp channel blocker(glibenclamide) and opener{(pinacidil) on [Ca®];
after fatiguing electrical field stimulation(FEFS). Intracellular Ca®* signals were recorded
by conforcal laser microscopy(LSM 410) and monitored using the fluorescent
Ca” -sensitive indicator Fluo-3 AM.

The results of this study were as followed:

1. The relative [Ca’); after FEFS in the pre-glibenclamide-treated group was higher
than the control. And relative [Ca®']; after FEFS in the pre-pinacidil-treated group was

lower than the control.



2. The relative [Ca®'] after FEFS for 3 min in the control, pre-glibenclamide-treated
group and pre-pinacidil-treated group showed a similar pattern; the gradually significant
decrease in [Ca™]. But, these decreasing pattern was most significant in the control.

These findings suggest a tight relationship between Karp and [Ca™]; in ECC during
fatigue. Therefore, 1 thought that activation of Karp channels may be one of

mechanisms of the fatigue in skeletal muscle.

TF FAL TFANF DdolA Rulg oM 2 Z U (acetylcholine)oll 28] &
3 ol g HA7|NEE T-AHlBA(transverse tubular system) A 2= &
ZH(voltage-sensor molecule)q! dihydropyridine <& #(DHP receptor)E %3 Q83 =%
2 E(sarcoplasmic reticulum)®] @9t 4=Z(terminal cisternae)l X 3E Ca¥ 2=z
ryanidine €A & G4 FoZH(Melzer 5, 1995; Rios®} Pizarro, 1991; Susan %, 2000)
Z FAUY Ca" s =S A5 28 £F FAE B3 YL LAY ECLamd 5, 1995
Blazev$l Lamb, 1999) & &#-4% QAR L 53 2450 fgdh

AT AFHoL B £5& s Fdols H, §7) 94, ATP, ADP9} 22 4}
AEo) WMol 23 182 BE CY #39 Ws 25 25389 B2 254F &
Za, 2ol Aol LAEtH(Allen T, 1995). °l& A3 LFHI V|gstE F &
FA3tA] XA = (Fitts, 1994), 3 59 RAE st FP2HQ %
z2HE 4 JHAllen F, 1995). olaid 229 P9l AAE 59 A= AHH
, AR Y, 28z A9 FEYXA(fitness) FE wat o] 9 theksioh(Fitts 9
Balog, 1996).

ATP-9J&4 K" 52+ AR AE, 242 AX, 4832 A ¥(Noma, 1983; Spruce %,
1985; Standen &, 1989; Edwards %, 1991), 417 Al £(Ashford 5, 1988), #3& BA| X (Cook
¢} Hales, 1984, Ashford %, 1988) T4 LASAE, 2429 AEZME o] F27}
dutH oz FFAG ALFd BAsdE Aoz LA Y& delayed rectifier KW F2R
oY Ee 9E2 A5 Qe AeR WK FAZY YYF J5d FLF 9L §
glgte d&o] 7158t (Spruce 5, 1987).

o] FEE HET 52 FF T Y, AAZF, T2 A A ¢l A X ATP
Z7t ZA(Deutsch %, 1991; Gramolini %, 1997; Light 5, 1994)H QS o, 1T
ADP(Vivaudou %, 1991), #4H(Keung %, 1991), H'(Standen %, 1992), o}el:=Al
(Barrett-Jolley &, 1998)°] F71E11& w &A4s=EE Aoz ddAd Yok, ATP-9&A
K' §27 715322 58 £2 292 Edd 28 ALY dux 82 AAsd, 3
o] Mg ZaAPoEN(Matar, 2000), A= dPez A HAGHA 7% Fefdl of
gate 258 RIdeE 98 s=A(Noma, 1983), oY Gasser 5(1990)9] 4o A ¢}
Zol BFHRe #AG TFEE At A B JAZFH 2L ¥y

B gtk ATP-9 &4 K 271 939 K A== F71
Hol E5AY4Y A&FEADE ©E=A 7)1 (Gasser ¢ Vaughan-Jones, 1990; Gramolini <}
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Renaud, 1997), £ A ZW K9 FZc] F7tHo] AE 9fe K $EE FI/HAALEHN
(Comtois %, 1994; Gasser ¢ Vaughan-Jones, 1990), Na' 52& 2243 A(Adrian 5,
1970) A 22 FRA o] oA A Hr}
Ag7HA 2HZ9 A It APEo] o] 7oA ¢
5

1} B slde AN 3
A gk Aol AgE BEe FRY 4Y 27 2

thebet A3e molm 9,

T3 AdE 238 JehdyZ|E §br] wioj
A7) APy BHAA B o), &2 2§ FFoz 248 2 Futrlo ATP ¢
ZZ4 Az A3 ATY ATPY %= 7ZA¢ AFS xEgd yAaAaEe 230z Qs

ATP-9&4 K 27 €84 =31, o2 As Fdge] 2 F=o] T-ARAZ A=HE
A7l 59 Aol ZAjE 24T Aolgte A(Westerblad?t Allen, 1993)7F A 71 = ATt

T =
AdEAN K EZE dgdoz Ag T2 AL £ Y A9 GBS Agsta 24
& 453l 2§ AXUY Ca¥ 52 2oz A XY Ca 5 #slel
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B Afde (F)TTYA FIATLAEREH BFEL 457 0]/H25~35 g)¢] ICR A4F
g 45 TR ol AEsdY. B4 AFHe] AFE 2FAA AN F FZe] £7A
olgl Ko IHEE AAF F wWE-IA=Z(fast-twitch) TZH2Y  FA A Z(extensor
digitorum longus)& B3} ATE o] ZTHL BHFAY FH§ fast-glycolytic(FG)
fast-oxidative(FO) @ slow-oxidative (SO)7F 60% : 37% : 3% 2 T30l AoiA HZ
o9 91738t al(Egginton, 1987), 27171 o} FE AT Aldte] & Aol U E
BANZL HEL WA AMA 5% O, 5% CO2 ZAFE EP7I2Z A
Krebs solution WelA 37 T ZAoz 38 AHAE QAAZ Fo = Hu|F(SZ-ST,
Olympus, Japan)S S3iA EZFAAdA FeigH oz &4d KEEL A AYA
At

2 4949 2 %8

B Agd A& Krebs solution® &A-2 NaCl 118 mM, KCl 475 mM, CaCl: 254
mM, KHPO,; 1.19 mM, MgSOs 1.2 mM, NaHCOs; 25 mM, glucose 11 mMeo|® NaOHE
ol-&3te] pH 742 ZA3sto AMgstgint, 28ln £8E I3 T AEd 48 57
#38led Krebs solution®] FBS(Fetal bovine serum) %2 10%2 X3t ch

2 YA Aed FES b 2

AEY Ca¥e #2387 Y3t Ca® indicator] Fluo-3 AM(Molecular Probes, USA)<
ALgatgE=d, #7189 DMSO(Dimethyl sulfoxide)o] =o 5 iME L2 FAZ FE
At WEAZ F Ca¥ ¥EF A et



ATP &4 K F=2d oz dg3ed A& FEZAe AdA(blocker)?! 100 uM
glibenclamide(Sigma)$} 78 Al (opener)?l 100 UM pinacidil(Sigma)< # 2] 3} %t}

3. 9% A 2 A% ATE $Y 29z 72

g 332 FES Krebs solution(37 T, 95% O, 5% CO2lA AAHAIZ F dET,
AP 1 (glibenclamide A& #), 2T O(pinacidil )2 YFo] AEE AP
o},

4-Well dish(NUNC, Denmark)®] Z}Z+el wellel Krebs solution 900 g4} FBS 100;427‘3:'
AT 2~374Ne] Rd 2TAD ERL YE F, 5M Fluo-3 AME A2t 458
CO: Wi %7](Forma, USA)l A loadingAl Zt}. Loading A& % 268 A3 A|FoA Z+ Z’f
o] Az Tl et ATP-E4H K' 52 tid Ad93d FES Aysded, dzdel
£t f71€v<el DMSO(Dimethyl sulfoxide)$HS A3 Pz, A4 Id+= 100 uM
glibenclamide, 483 OolE 100 pM pinacidile Ztzt 2087 A A ste A AFA
oo FHE Fd3sHt. Fluo-3 AM9 loadingS $3F wide] ¢ & N2 & Krebs
solution® 2 33 o] AFHsAI, Z4zte] AHwrd 54 FEo] AHE AAME Krebs
solution®. 2 &4 SHZE FLA717] 943 A7148 A A F(electrical field stimulation)
S 71etE . 292 A7AFL S48 Stimulator(GRASS, USA)E ©]834 4 Hz, 20 ms,
30 V& 3&3 A& Ad.

4. AXEY Ca¥ $E9 34 2 BHY

2924 AFZATel Fd AF vz ¢ F AdTY SHZ ZES T2Y doA &
"] B (LSM 410, Carl Zeiss, Germany)& ©]-8&3}<] excitation laser 488 nm, emission filter
BP510~525% Ca® ©]m A& FAM(scanning)dtd Ca” ¥ =& 7|28 Yk (Fig. 1).

ag3: ANAS FFe AXY C vE AEQ WE FFL 71=287] Ystd 20
Ao w 3R7 A& o2 FAMscanning)d F Fluoview version 2.0, Microsoft Excel
2000, 28] SigmaPlot for Windows version 4.0(SPSS Inc.)g ©]&3le 4 % X2 3}
Atk 3 SPSS version 8.0(SPSS Inc.)& o] &3l Ag Ao & t-HAAZE AA3H,
P< 059! A4 o 2942 IR

m. 2}
L A% A3 4% 242 AXU Ad4 Ca = 54

a5 e el

Wzs 2 2 A¥7d dstd Ca” indicator® Hgd & B4 FBS %
el Ca® olMAE

A 2azg A7 98 A7H AFASL e T 22 AT
AR, A MEURY AF Ca¥ FEE 7234

DMSOTE A WzTe 4%, TASZ F2 Ustel A% A3 7] Al AX
Y Ca® ¥E: #HF 3521 + 9078 UEygou, A% AF AZdE AXY Ca¥ =7
1447 + 20428 Jeldo] AZAZ Fo Ca¥ v =7 59384 EA Jebwgrh



ATP-9]&4 K EZ adAl(blocker)! glibenclamideE A ald AdT o JdolA A
B A A AEY AdE Ca FEE 403 + 8272 JEIY 3, AF AF AFo= Ax
W AdE Ca® FE7F 24018 + 111322 284 A4 Jebgr}

o83, ATP-9l&4 K 52 704 (opener)?) pinacidile A AP Ool YolAE
A AF A AXY Ca™ F=7F 3264 = 69290 AF AF Ao 8969 + 9122
9% F7HE B

A AR AT A AEY Ca® BEE vz vla BA43 A3} glibenclamides
At AT 12 2T vt FoAsA 2 $X& YEl 3, pinacidils Mg 4
AT O B2 Td vlste ¥ ATY Ca¥ 52 2ych 281 Zze 4374 9
9 AF AF JFd et AXyY A3 Ca¥ vES yzzd vz 2As A7 =3
glibenclamide® Hzd APF [ Yz B & AT Ca¥ =& Jelyx,
pinacidilg & A I+t YT H3ld &2 AXY Ca” ¥ES BYow, olgd
Aol FodES YEFWTh(Fig. 1)(Table 1).

<Table 1> Relative [Ca®"); before(Pre) and after(Post) fatiguing
electrical field stimulation

Pre - FEFS Post — FEFS
Mean (N) SD Mean (N) SD
Control 35.21 (31) 9.07 144.7 (9) 2042
Group I 4403 (6) 827 240.18 (13) 11.13
Group1l 3264 (12) 6.92 89.69 (8) 9.12
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<Fig. 1> Relative [Ca®]; before(Pre) and after(Post) fatiguing
electrical field stimulation(* : p<.05)



2. A% AT F AL AZY e A3 Ca¥ = W3

gz 2 72 A2 thste Ca¥ indicator® 23 & EF o2
A Z2AZ QXU Cad¥ 59 ANHQ W3 AL 7|23

& A714 AZATS A AFRH 02 1AL

A2 BEEY st ARG AT AFRE 7|F53% AXUY Ca” FEE URTF 2 2¥
T BEFAA AaAez Zadte BAFYE BRAKFig 2). &, A% A5 A% 49 3% 37
o AETY Ca® FEI HERFm=9)NAE 14470 + 2042, 77.67 = 25222 JEtgi, 4
FZ [ (n=13)o) A& 23948 = 11.32, 21168 + 17009208, AFF(n = 8)NAE 8969 +
913, 70.77 + 131824 EE& HEENAM HAAAFT ZFo |3l 3% AH Fde AFEY
Ca® %9 F9% 74 A4S Ve irhFig. 2).
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<Fig. 2> Relative [Ca™]; after fatiguing electrical field stimulation for 3 min in the
control, group I, and groupIl.

V. 2%
2] &3 o] HHEAQ &% olFde FAZY Aol ZAAdA Hed, o3 292
AN AAHA FES) e 2RAA AFPE 59 supolnh,
AT Z5Ed QolA, &4 uwMAse] BAsE 2 2%aRE AU Ca¥



°of FH MEUW Ca” TEZ FAFORN o] Fojdrh ZTFFo] wEgd weM I
(force)®] A4t so] AAHoR FAsted, oud ZHEE AFAMEGE 238 &
SAX Uy HslzrReg sQEE Aoz Ay Iz 9driBigland-Ritchie =, 1983;
Duchateau®} Hainaut, 1985; Vgllestad <, 1988). 2929 HE Y83 7AEE FH3lx
2 o7 AFEo] oFoA stout, AEU g 94 st o 4 JAAEC] &H
Aoz Bosta 7] WEdd oo digt & 71HE AAE7| e o2 7HA ol F g ol
Art. oA & AFHEC] ESAFANE EF3T FA/A ZHE A S o=l AolA
B& AHeo] o) o H h(Fitts, 1994).

2 dist 7teAd dE 7HE F9 duve H2 88 289 FEAde £54
gde 283 FHIANY F AL FEY Ca¥ FEE AT £ UvkE sH4doltHAllen
%, 1989; Eberstein® Sandow, 1963; Lee 5; 1991, Westerblad®} Allen, 1991; Allen %,
1995; Fitts, 1994). °]8gd AL Tdd I FolA  aqueorinely  fura-29F Z&
Ca*'-sensitive probeE< ©]4€34 AXY Ca¥ =22 =48 AJL E34 =9z 8%
o] a3 AAA7 2% B2 RES Ca¥ §8 Tl BHF B YL FAfo
2N HEHEE dA HJArtHAllen 5, 1989; Lee %, 1991; Westerblad®} Allen, 1991;
Eberstein® Sandow, 1963; Grabowski %, 197é; Liannergren® Westerblad, 1989).

T 3] JHEEA I EAY AZUR #H 9 WsEe] 54 dAdES JAddE
2307} A A F A HChase®t Kushmerick, 1988; Cooke %, 1988; Dawson %, 1978, Godt$}
Nosek, 1989; Miller &, 1988; Wilson %, 1988). o]&]3F AL in vivo(Dawson %, 1978;
Miller 5, 1988) 2 in vitro(Chase®} Kushmerick, 1988; Cooke 5, 1988) 2328 T3 &
2 FgoA AEY &7 FAAA Aot o] A Atole] DG BHgo] P
2 AA=H 5 Aot

olgld Ca” #8 ZA Aol Au HEzs AXeA WA ¥k, Dawson T
(1980)2 diAkR&3 Ca* fElg BAANE 7154 dE 2924 ATP/} 835 E 2% 1
B9 Ca” ¥ZE AXNSHT. 28I Smith 5(1985)7 Rousseau 5(1988)& =% 189
Ca® 8 5259 Ao 4L oldxd FEHLH=Y B W3z MdPadant. £
Ma 5(1983)2 pH #4E ATy Ca° #3 Fole AHAA AAoz AN vl
Bruton %(1998)# Chin 5(1998)2 A XUl AFIHE #ddA o] vt AP2FAE AANSA
. ’

o8 A A7 AFHE(Grabowski 5, 1972; Allen 5; 1989; Jones T, 1979)o4 H A
E kgl Zo] AT Ca¥ BEE 24297 9P BIANL AT 3, 292 99
7170 T8 aarge AFELE A9 AA7} gl

A2 ZHR ZZA AAFHoz B 49 Ko fFo] HAIATE AL o7
Aoz #ax dai(Lucier® Mainwood, 1972; Hink 5, 1976; Hirsche %, 1980, Sjo
gaard 5, 1985), & ¥ K'o] 238dA 93 T-AaAge A= FEFZHAH Foie 3§
Ak ZeolE BAANITE FFo] o A7E T3 A71E v AH(Sjegaard T, 1985;
Sjegaard, 1990, 1991; Renaud$} Light, 1992).

A B dAFdMe FE32 gdYd aEE2 EXste AeR €2 (Spurce T,
1985) ATP-9&A K ¥=27F 2927 fidd ZAdA 8A43H 2FFAg AXY
Ca® ¥ = W3ld] BExg st 2 RojMe] ATP- &Y K 29 7154
Aeg oFstmAt AT ATP-o &4 K Tz Fa3 843t xzze] ATP #A



(Noma, 1983) 2 pH A &H(Davies, 1990) So)2Z 0|83 AL ZyzZ A9 AXUy &
73 Wztelx Rdc).

g o] F2E ATse dEAHY 43 HH 22 Patch-clamp 71 (Hamil 5, 1981
Weik$} Neumcke, 1989; Michel &, 1991)¢] lou, A9 232 43 BHsod &
TEAXLZEEH ATP-E&A K 529 85 7ISsed Jdolxde B 7HA AdHo &
At & A2 YRE FLAIV At 2FE5E FEAZ B § patch pipetted} 2
A5 AET Alol9] gigaohm seale]l &£4EHo @Y oL TR 7|Fo] EVEEA,
inside-out patchE BA3A W AXU FFo] AAE). 283 patch clamp &7 3}l
AE ATP-9&A4 K 28 4717 fstd AX Y ATP 558 1M FF22 F
A stojol shx|wt, AA e AEUW ATP F5& 23 &5 SUNE mMZ FAHEZ A
g &3 A9 2ol AT Spurce F, 1987). @A B HAF)AME  fluorescent
Ca”-sensitive indicator® #23le] A XU Ca’dl loadingAl 71 A&y (Westerblad 5,
1990)& ©]§3tr.

AEW Ca® =& A3y 93 ¥ FE e dd ZHFE oj&d Uy
(Andrade %5, 1998; Westerblad %, 1990), ©¢ &8 ¥ 44 (Baker 5, 1993), ¥9 %

(surfae membrane)& 7]AIH o2 AAF skinned fiber& AF&3E WY (Lambdt
Stephanson, 1990; Larsson® Salniati, 1992), Zdli wAZFAZIAY &S SHIE
(sarcolpasmic reticlum) X && A123lE 9 (Favero 5, 1993; Ward &5, 1998) So} 3t}
oA AMES 9dd 28 2 WL AdHoE EEUt fojstn, £ HAAFAMY &
e HAxst & F Ude FH Avh

a8n & dFdA SIRE FEs7l 93k AL AZAFY FIA8 97
32 FAZ TR distd AT AL wUZ 33 BHE L3P wol
49 ZAAE JehlA Fgoenz AZAAFo] vt AL &48 2R &
P AU

B AT e 43 AL SH2A ATP-9&4 K F27 F42 AXu
A7H AzAge] FolE zYsted Ca¥'e] AXY FEE PPz 2N F gloF
B A7 A4 dAEAT B AYPolA dizdd AT 1, 23 AP OAA
HEAY AZAT FFo) AZY Ca” F=7F FostA Srte e, AT AT A
T Ca® B/t AZAS Ad Hlst] FosA F5E He A T TG, 2H
Z & gz wstd AFAF A% AXY Ca” vE9 7 AL fosA ®e
FAg B Wi AP Oe dETd Hdod AXY Ca* =9 37 A= F93
2o £3E Yl & ATP-2&EA4 K 528 4983 A SdeE F2-25 A
A7A9 K'9 #&0) #asez g A&7 @50 TS A Got AFAF
o] AMXW Ca” =7t ¥ YedA H3:, ATP-9&4 K $28 MLAHL F$d
olg} ¥to] @Ado] dojd Aoz AZE 4 gt

E dpoa ARANTS Edte Yoz 292E §2A7 A 28 Terence 5
(1993)c] FHE EIN=ZEQln/min)oA D EE e TF53H £5& HE3to Z9HEE
23 AYNME Ca& f8 B2 7159 AFHY Az Add Ax=ze Ca” #37
23t A E AASHAY. Westerblad®} Allen(1991)9] Aol = EfFe 9
AHe olgstd 2z Fv)9 AEY Ca¥ Bx9 729 248 (tension)?] #A Alo]
BHFo) H¥PHoz =Y. 282 Grafe 5(1990)0] &J3tH HAHA £ ZFL
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18 A7IRF F<tolE glibenclamide® * gt ATP-9|&4 K B2& Adsiyg=
Zgo) AL vXx Fevan sPeH, ol T I FEHA & 2AAANE
ATP-9 &4 K B=27 8%3x %1 J2 zdd4 g48ES ¢ F v =g
Light(1994) 59| @7 E ATP-2&A K' =29 A IHZ F¢dd d& #a
F1eAe g FAAJA FAE A= E3AA L, glibenclamide’t 232 o|Fo 59
3Eo] FolE FLIde 2AE Aoz ATP-AE4 K F29 FFo] ZHze 3
Eo| #o8 Aol AteStTh.

A% AZF AFd F719 AT Ca¥ 59 AZAQ WYL ES J1EE A gz,
AAT 1, 487 OoA 25 Z4se 23S Jetuidoh o8 da 4L o342 o
2 #3989 Ca'ol A AsHE Aoz A4HEd, 53 ATP-9&#4 K 528
ANH o2 FAsA & dzFAA FAsAT. GeA IR A ATP-9&E -
27} 43 28 dAHE 29 JE FAHNME JFS WA F USS ¢
283 gz2e 2 AYFE I, AYZOAM AXEY Ca¥'9 347 JAFE RoF Ho}
Ao W2 E %56}71 et A 4@ AAAT) FAZ TR vt &4
A FAeS FFE F Udh

E AFdAE 2929 99 AxEA ATP-9&4 KEZ %3 AXY Ca¥ =9
o AP 2HE Fol A4¥L AP, Hrt¥dez 25 FH(type)ol 4E ATP-
&Y K T2 Ay Age Fdstn g AXY dAEERY Js@ANE o
ok & Aot}

-h

r

>

V. 48
E AFAe 2429 J2d3L A78YEH SHAA oA AFATE &3
2 24 ZFEA ATP-9&XA K 529 %o AXY Ca” X0 vAEs 9FS
ARE F3 Ao 248 #7182 DMSODimethyl sulfoxide)$HS Agld oz
tOE

T, ATP-9&4 K 52 39349 glibenclamide® A3 AdT 1, ATP-9&4 K
Z ALAQ pinacidile Ae)d AP D2 Jre] 924 AZAT ©E AEY Ca™
o HslE ZAsYeH gy Z2ES 4

1 22, AEF 1, 48T 09 AEd Cd& $EE 2924 44 Hd nlsto
292 AZAT Fo BF fodA S £ Uein

a8y 2924 AZAS AF XY Ca¥ vx9 7 ¢ HluodE FAF xels
el 293 [ DMSO%He Ad gzl vlste fodA & AZU Ca” ¥
EE Yz, 4¥2 I= gz2dd vate $8A4 2e A2 Ca¥ ¥ 58 vedrh

2. J2F, AFT 1, 2831 AJZ NN 2324 AFAZ o]F 9 Z7hd AEW Ca”
FEF A dEHos Zadte AFS Yt odd AEY Ca¥ vEY pBa A
g dxzddA M @A-Eda, A 1, AT 0 ¢22 YEsT

olZ ¥ AFEL F3 ATP-&4 K F29 BFo] TAZ AZXUY Ca® #dd 9F
2 HE £ A3, AFAT o)F9 Ca¥ F5 AP NAATE AR A4En

AgH oz, ATP-9&EA K B2E 229 29z 24X ZAsH FE-+5
AdZAARAY 7HGHQ Felg zHPFozy 2FAY Ca¥ TR AT wAE Ao=

A
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