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Effects of potassium channel modulators on the fatigue velocity
of mouse skeletal muscle
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Abstract : The density of ATP-sensitive potassium(K,pr) channels, that open as intracellular ATP concentration
falls below a critical level, is very high in skeletal muscle surface membrane and those high density may imply that
Kure channels have very important physiological roles. To elucidate a role of K,y in relation to fatigue, the mo-
dulating effects of potassium channel openers and blockers on the fatigue velocity(FV) of mouse extensor hallucis
longus muscle(EHL) were investigated in vitro. Twitch contracton was induced by an electrical field stimulation
(EFS: 24-48V, 20ms, 0.2-4Hz) and resulting contraction force was isometrically recorded. The twitch forces were
gradually decreased to 25% of initial contraction force(ICF) in 37.52+1.55 sec(meants.e.m., n=135), indicating
the fatigue phenomena. The mean velocity for development of the fatigue was measured during the period that
twitch force decreased to halfFV, ,5) and during the period from half to 25%(FV;,,5) of ICF. The fatigue was in-
duced once every one hour and the tissue response was stable for up to 4 hours.

In control condition, ICF was 5.8+0.12g (n=144) and decreased to 50% of ICF with the mean fatigue velocity
of 0.18210.006g/sec(FV,,05, n=135) and from 50% to 25% of ICF with 0.08410.004g/sec(FV,s .5, n=135).
Cromakalim(50pM) significantly increased FV,g,5(n=4). Glibenclamide(IC;>50pM), Ba®(ICg=10pM), 4-
aminopyridine(FVy 45, IC5=0.5mM; FV; 25, ICs=2mM) decreased both FVi,s and FVyg,,; concentration-de-
pendently up to 75%. TEA'(30mM), E-4031(10pM), tolbutamide(1mM) decreased FVy; 0,5, but apamin(300nM)
and TEA*(10mM) showed no significant effects.

Our results suggest that activation of the K,y channels may be major cause of K’ outflux during development of
the fatigue and the isolated EHL muscle could be an useful experimental preparaton in studying the fatigue
phenomena in skeletal muscle. In addition, the possibility of activation of delayed rectifier during the fatigue de-
velopment remains to be studied further.
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o2 P43 delayed rectifier K* channel?] %4}
Y ol K(ATPY3-27} &7 9] Aeld zHol] 8
% 7S @ A Aoldm dEu.
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g3 ¥ A A7ASE 718 rigorZ} fgkdrl. o
o o 5mM FEEZ FASET A XU ATPFE7} 80%
AE Fas! Ko] AE Yoz o FE= ="
ol# ¥ K9 #&2 KATP)EZE Af3td Yolue
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7] fste] ATPAAIAIAIE Mgt defolA o
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FAZNAE KATPYE-27F AEH A el Al
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729 Has FH T FELFT Y 38
FHYo| hhshe A4S T FAHZNAY ¥
ZEA4L dutH o JldH o2 Yoo ATPEEY
#av} g dEAHQ Bioltt. A% 2550 d
A K F571 §981A4 F7ks9 (in vivo)® A& FAZE
AAE A71H 2ol o FdH 54 Ko] 2%
the AHd(in vitro)'‘e] ¥ Fic). 8 o]2|% K B 5
9] 717} 5ol Bojyt FAZ AXEEA FaFe
Z Ygojul= A7H FEA4 9] Hll 3= Ay
gL o)gA FIME ¥ K'go] 5ol Hodgt
FAL ATEZHE] §38 YUoEE R Ay
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A e E AW AL HIE F4
= AE FEA 442 dANA FE= 98E s
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K(ATP) ¥29] open state probability7} Z7}3lch=
o] 3Qtate] w) Zoll 21ZH3 fast-twitch skeletal mus-
cleQ) vl-§-£9] 714R)5ut7ets 2 (M extensor hal-
lucis longus, EHLYS o] &3le] 429] 5] 24jq]] K
(ATP)Y&-27} A4%=o] K &9 F93 H=2= =
8319, & KATP) 28 &% K9 {5 2% 3
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e}l 7)1AAF 2 3 E0E Adsto] wEG ¥
WA olst REE utvlaigle. Sty og B
A=A EE AAE F whE A7kl 21923047}
29 2)(M extensor hallucis longus, EHL)g &&]3}
o sylgard Aejgt 8719 whebol]l Hog nYA|F}.
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9] }E2 24 AAE AEsle] FE-E Bol3Al i
o A& 238 20mlEFe] Ar)Fz2E $4 99
He otzd 2 Ald 22AA) o] aAsn £3A
o] ¥+ isometric transducer(F-60, Narco
Biosystems)ol] A7Zs}5ict.
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ErteE FaEeA 37T, 189 7€ A
1217 P Az H Y712 F<F o 308 vlc} gy
= 33 zgsd. 2719 wigw AFAoldl x|
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AWA 7| 5o Sulnte] A3 7|53 of 3k
€ controlZ Faa FHA, AMAZ|FAA FEe
AHE Hsleich &6iE 2087 HEY ¥ HEE
fubslr] g 239 AFAASE 713171 Aol 0.2Hz
(24-48V, 20ms)?} YL NE2 17 F< AR A5+
of Z2Fo) WA 3ol sl VAT 219 A
BOIES HEANF AN F9E 2HzZ, A
Q) ASE 4H2Z AUEE Folo] AN2E F247
t}.

AlBeE W = : AR KATPYEZ XAl
glibenclamide(Sigma)?} tolbutamide(Sigma) 123 u]
A2l K FZ A} TEA'(Sigma), BaCl(Wako
Pure Chemicals) & 4-aminopyridine(4-AP, Sigma), 41
2] delayed rectifier K F2XdAz L&A E-
4031(Esai), small conductance Ca*-activated K $-29)
e8] A1EAIQ) apamin(Sigma)g e} K E-2 7HHA|
Z¥ cromakalim(Rhone Poulenc)g AR8-313c}. TEA',
apamin, BaClL,= 32} S-froll, 1] oh& FEES &
X 100% DMSOo|| =< stock solutiong- & ¥ 7z}t
2] Bulz 3]4sie] A F-H(2mi)oll EF3e] WEH
Bate] AQA) ALt stock solution] HLFEE
apamin 60puM, BaCl, 6mM, 4-AP 0.6mM, cromakalim
20mM, E-4031 2mM, glibenclamide 20mM, tol-
butamide 0.2M, TEA* 6M ¢]%ic}.

RE FEEL 20ml A7|zell 1000 7HIAS
o] H}EEEE 7ARH] stock solutiond THESl o
kg gole] Ruj7l Qg Bl 1%E dA @A &
ek ¥ Aol A3 Krebs' solutione] =42 o}
<37 Z}HmM). NaCl 118, KCl 4.75, CaCl, 2.54,
KH,PO, 1.19, MgSO, 1.2, NaHCO; 25, glucose 11,
pH¥ 7.40|c}.

FEAE| Wy : K Ald MgAlt A 25
2087 H 48 Foll A7] AFE 7hsbiAl 7158 A%
sk 7] 2319 20%2 F4E W7AA 3L Al
&3lo) 7] 5319dc). 3 71 5e] B A58 HER
33 A £ 1A7F B 3 E-E Sk o] HEA
Foh. AFHA7 & 71 5E 308 HH o8 334
AFsgon 3080 FHart 2UFHL FELE
385 A A Al Agsigleon 23R g
& AEL 7158 T AR ARLUA
tiF g H2rl FEEU7] aiFol] THIAA
£9 o] 7193l ez ¢#F BaCl, 4-AP, E-

4031, cromakalim-& 2R 7| Fol|l4 Asxe AAE
A s, 33 MIAF 308 A S FEFavl 27)
FEoE HEFHGUE Aol vl 2 s A
A 715 F3le A AU} glibenclamides}
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3 =3¢ Wzl
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&37] 7tA Y AZRE FTous?t Flosnx® AAsR
(Fig 2), ¢] FX& olfslo] Z27|3F4Ax (Fatigue
Velocity), FVO/O-S‘Q‘I' 1RSSR, FVO.S/OJS% 39|
FAell gJste] AR o wl2e] HEZ 4gh

FVous(8/5cc) = (ICF-0.51CF)/FT o4
FVos/025(8/s¢c) = (0.51CF-0.251CF) /FT o502
ICF(Initial Contraction Force, g) : £7]535L
FTy05(Fatigue Time, sec) : £715&517} 1/28 g4si717t
28] A2
FTys/025(Fatigue Time, sec): FHI7} 1/2004 1/42 4
s}717kA) 2 Ak

oFE9 A= 4wl DMSOY 33 -7+ 100
RS AAX s 2 2he 7IFELE sl A H
Soll= FVO/(LS'?"' FVos/0257 b 743 B8akg Al
ASole F7HE F-Ehg Wigs et EAH
o2 vlasigct.

7t FEE HERFUSE iyt JEL Student's
t testE, T 2H A} YA Fe)-e ANOVA testE o)
B3t Fo4sl= Aol E HAsIE 2w p<0.05 91 7
$-oll9t group?Zt gkell §-218k Ael7} U3 A
et

a4 o

2IAX| Sk 7 |RHHEI (M extensor hallucis longus,
EHL) m2#de] §4 : A7 =—HE (M ex-
tensor hallucis longus, EHL)Z fast twitch muscleol] &
sl 20ms, 24-48Ve] AAASE 71 wf o
FHSI o)== A& (twitch) ¥H-& Kt ol ¥
A& AFHEE 1Hz ol4eg F7HIFH A)7to]
Aol w2l F5o] izl HEEYg g Hylen
(Fig 1), o] &4 Alert 28 5% 98 Jebyt
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thFig 2A). EHLZ9 X7] 422 5821012
(mean+SEM, n=144) o]glon x7] £&ge] 128

EARAL  AZH(FTop0s) 16.43+0.56sec(n=
135), 1/4% ol E717A S AZHFTo0)e 37.52+ 6f O 4Hz
155sec(n=135)0]gic}. AN B WolA] 71 &¢ 24 v 2
ol Sjstel M2 S HFEEF Aol & AT} BV
o/o.s"E' 0.1821:0.006, FV,,j/.,_,;‘E- 0.084+0.004g/sec(n
-135)2 A4 3ol 9|4 EHLY H2& 7)) wg
TEREAS} $719) 19 W2 f5o2 FEHE A
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Contraction force(g)
S
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& & 4 SIch(Eig 2A). ,L
Y z2FoA Fz{tke] AAALE Yot Y+ T e I
& A Aoz Soukg F gl AuztA w2 10 10 20 30 40 50 60 70 80 90

€ =23t Bl 27|92 R94E% FV, 0 AW
A, FHA, AR 22 0.173+0.02, 0.181+0.02, 0.
1801£0.02g/sec(n=6)E groupZt HFgte] 3-8 2}
ol A=A gUrHp>0.05). I HUEE,
FVys025 Q% 42 0.083+0.01, 0.081+0.008,
0.06810.007g/sec(n=6)2 MR | ZA] &5} o
T ZAaHPAT EAHe2E f-24e] gsickp>0.

Time(second)

B
05, Fig 2B).
Prsl Sole Sz aus ] Fo/us
MGAL] Eihe HZ2FEEEE 7L Aes Vo0 /0.08
el 4= 917] s #oll controlg 2Hzoll A 7153151t} of — oz0k T
Z7 )4 FV0,/0.5% 0.059+0.009, FV0.5,/0.25% 0. % L rI. FL
02410.006g/sec(n=6)o| =4l 4HzollA 9] 2% F oas}
e 92 22 92379 vz fiEsr 9 %
:z 0.10}
* 005}
0.00
1st 2nd 3rd
10sec
glibenclamide FTos Fro.zs Fig 2. Reproducibility of the skeletal muscle fatigue in-
’ duced by electrical field stimulation. A. Fre-
quency dependence of the fatigue. The fatigue
Fig 1. Typical recordings showing the fatigue developed more rapidly at higher frequency. B.
phenomena(decline of the contraction force Reproducibility of the fatigue induced by the
with time) and the effects of glibenclamide. electrical stimulation(20ms, 24-48V, 4Hz) in vi-
Twitch of a fast twitch skeletal muscle, ex- tro. The fatigue was induced once every one
tensor hallucis longus(EHL) was iduced by hour and the tissue response was stable for up
electrical field stimulation(20ms duration, to 4 hours. The carly and late fatigue velocities,
48V, 4Hz). Note that the fatigue tims were FVos and FVgs, were not changed sig-
prolonged by the preincubation with gli- nificantly during the period of 3 trials(p>0.05
benclamide(50pM) for 20min. from ANOVA test, n=6).
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22 A g3kch(Fig 24).

Alctdle] Xt : Fig 19} ofelf BE-S glibenclamide
(50pMYE AH X Aeoll4] HZE |3t 7392l
F&8o] ZAse $571 9] ¥l B gzAde]
A2 Ads 1 932 & F ot Fig 32 oy
dde) AY ARE TP Aee KAIP)ERS 4
97Ql A Z 4#HA glibenclamider} 712} 7]
_04 ﬁ]g %‘%&Ea FVO/O.& FVD.S/{J.ZS 5’-"[:—% %i 9]%
Ao ygio] ¥29 {ig AdAHE ¢ 5 Ut
(Fig 13 Fig 3). ¥713 o2 glibenclamide 100uM-&
2087 A 83198 o 27|43 40.14+£6.25%(n=
4) T2 ZAAFE L35t I wiEol 100mM o}
49 EANA o] AaE Aol I A71A %%
t} 714 H2RYEEE dheg oAlsl glibenc-
lamide?] ¥ 50pM |42 Helt}. tolbutamide
£ 1mM FEAN FVys s 4448% FEAFAT
FVposts TRAIE 2012 A7) 2 3 didE 3§
7FA13 e Table 1).

100
O FVyus
sr ® FVosszs
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B
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g 251
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glibenclamide, pM

Fig 3. Effect of glibenclamide on the development of
the fqatigue in mouse EHL muscle. The effect
of glibenclamide is expressed as the percentage
of the difference in fatigue velocities, FVy ;s
and FV,;,, between the vehicle and gli-
benclamide treated muscle as described in
'Materials and Methods'. Each point is the
mean+SEM of more than four observations
from separate muscle preparations.

100 -
O FVous
® 75 ® FVossmas #
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ot
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1 3 10 30

BaCl, tM

Fig 4. Effect of barium on the fatigue velocity in-
duced by electrical field stimulation(48V, 4Hz,
20ms). The effect of expressed as the per-
centage of the difference in fatigue velocities,
FVy,0s and FVg,, between the vehicle and
barium treated muscle. Each point is the
mean £ SEM of more than four observations
from separate muscle preparations.

BaClx= H]50]3Ql K2 XAz & Ay
TEEH o2 vE FUEEE AR on(Fig 4),
IC,;& 10pMo|%lew], 30uMoll4] glibenclamide
100pMof} sl A8 B ot 3mM TEAE 5|8
FHEEE FVyoa 16.97%, FVos 05 14.25% T
Z7HAZch. 30mMoll e H & ST FV, s
21.52% FVos 006 21.75% Uhg A7) A0E B
of Fxol wal Zgol Zolrt U B} 4-
aminopyridine(4-AP)& 0.3-3mM Aolofl4 u)Z44t

SEZ EEEHOZ FARHTHFg 5). 4-APE X

719] H2fudEsed i HAIANFHIC,=0.5mM)
ol gt AAEER 49 AstA Jeldd (IC
50=2mM). o]}5= glibenclamidet} Ba*¢] 2283
o] =], F 254 2700 4-APol] &34 JAl= =
KE27}1 o] gol 843 8% dlXga Q). 4-APe
3mMollA] glibenclamide 100pMolu} BaCl, 30pMol|
Adsls H9E B3ch 3mM o JellA = 27e3a
£ Ao 0.1mM oAl ol Aatele vt



Table 1. Effect of K' channel blockers on the fatigue velocity

Effects on the fatigue velocity(%)

Drug Concentration N
FV(]/D.S FVO.S/IJJS

TEA 3mM 1697 +6.1* 14.25+8.15 3
10mM 8.561+6.45 -145+8.26 6

30mM -21.52+11.48 -21.75+12.82 4

Apamin 300nM 15.41+20.07 -3.151+6.32 3
E-4031 10pM 35.36+18.37 -32.33+7.79" 3
Tolbutamide 1mM -6.421+9.19 -44.48+15.59* 5

The increasing(positive) or decreasing effect(negative) on early and late fatigue velocity is expressed as the per-
centage of the respective control in each experiments. Valuse are given as meanztstandard error of N observations
obtained from separate mucle preparations. Values different significantly form zero(p<0.05) as determined by
Student's test are indicated by an asterisk.

100

0.08
( O FVous [
L E: control
sl ® FVisis 0.07 - cromakalim
£ } 006 |
B 8
K » 0.05
g 50 F g
] 0.04 | .
8 S ' '
8 -
25l 8 0.03 J
o
B op02f ’
01
ok 0
" — . 0.00
0.3 1 3 FVyss FVos 025

4-aminopyridine, mM

Fig 5. Dose-dcpendent decreasing effect of 4- Fig 6. Effect of cromakalim(50pM) on fatigue velo-

aminopyridine(4-AP) on the fatigue velocity. city of a fast twtich skeletal muscle, EHL. The
The fatigue was induced by an electrical field fatigue was induced by electrical field
stimulation(48V, 4Hz, 20ms). The effect is stimulation(20ms, 48V, 2Hz) and cromakalim
expressed as percentage of the difference in fa- was applied for 20min before the induction of
tigue velocities, FV, 505 and FVi5.025 between the fatigue. Vertical lines represent the s.e.m.
the vehicle and 4-AP treated muscle. Each of 4 separate experiments. Asterisk indicates
point is the mean+SEM of more than four small, but significant difference(p<0.05) in
observations from scparate muscle pre- late fatigue velocity, FVi,,; determined by
parations. paired Student's t test.
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2 3 Foll 232 2 HAEEE F7HZ

3, A3 Q) delayed rectifier XFHA|Q] E-4031&
10pM FX0A FVyos 35.36% WHg S7HA1Z12H
FVys 028 32.33% uhg 3r4A15 ). ¥l (Apis mellifera)
59 @ 2oz 1809 ol A2 olFolT
peptide’®Q] apaming Ca*-activated small-con-
ductance K’ channel?] A&)3 ¢l X412 424 A+
o £ A8 AE 300nMollA . 3] 2R §-29
A9)1E &g v A] ggle}(Table 1).

7Hx| Cromakalime] Z-& : Cromakalim-2 tHEH
9] KATP)EZ /WA 2A FHINAE cromakalim
£ KATP) $20l] BolHog z-&}w(Ky=220pM)
Ca**-activated K' channeloll= 28314 g+ Aoz
A H P, B AYollA] 50pM cromakalim-g 208-7F
AMA G S 3719 HEREEE (FVos0s)E 2A
gt §A8IA F7HA7I= AHE BelchFig 6). ¢
500pMo] R FEAE 7] FHEIE 40%(n=2) HF
#EAF T (ABAAIEA ).

L

KATP S22 &%, ABME Foll4 ATPEEY
Faoll W i, HeH WiEE she Aoz
gdelA Uek . & A¥olAEe FH T H2A]ol Mo
T THAXZREY K fE3E2E YRz} vhe
22| EHLE o] g3l A28 4E dovle 2l &
Y F WA KE2 2AFEE9 288 §7lstod]
T Z fdoll KATPYE29] #4387} 2A] fost
2 S Helsigict

EHLo| 37k fojgk Rojgle] AHBAUA &
9 REE BoiF AL 4ol 729 §E& 93
2831 =274 (20ms duration, 24-48Ve] AF7xE,
4Hz ASHIE)e] 22 da ojde] g U3lA
AkEE YT 2B E2 GEEY HSHUEE
ol that J3ke vl M 29] FER Al 23 =3
9] et $7)7-59] o] 4Ee] 9ol g Ao of
Y opEe] o)Al Aol 2% AU & 5 Ut

Delayed rectifier, Ca™-activated large-conductance
K’'channel (Maxi-K), ATP-sensitive K channel(K
(ATPYE2)% 7198 o2 Agish ZHgol YU BaCl
o 8 HZHEEE} FE EH oz Fale
bl o] AL A 24 YARE e ol T2 K F2
Ae AlAshH BaCle| A7t FtoHold Fog
u]§o| Hol K §-2ef HolHoz Agiozs 4

2 % oz AR FAT0IA gibenclamide
£ A-channel, delayed rectifier, Ca**-activated K* chan-
nelolli= 28312 kom? KATP) 20 AdgHoz
2281}, Glibenclamide= F72-Zoll4] micromoles
Z9] FEolA KATP)E-=ol thet A Ntass
Kooy %22 AL 50% AL FEE O
19uMQl K(ATPYE29] AdHQ xdAolct. Cro-
makalim¥ 27 Zoll4 KATP)EZol Ho]3og %
S ez dEA Ud®. & AYdA gl
benclamideol] o]3l] ) Z{WEET} FrofEXog 7T
45]9ler] cromakalimol] oA F7iHE AdE
B3t o2l A= olF 2l 23l HEA P
81 o] 2F27 KATP)E2Y 7FsAle] 3¢ 4
A&t b A7) A}(100V, 2ms duration, 0.1Hz)
of o&) R AYHA FHLF Bl glhi-
benclamide 1pMoJi} cromakalim 100pM-& 25 =5
Holl Jg nA e Ao AR, & o] A
A 2t fEEHA ge EE deeAde K
(ATPYE27F 84357 geve A4S Y.
ol AL KATPY&27t ¥ 27} #5594 ¥v
AEo] -5l e B4R gl 921 §
ExE A vl24 F43EE SAo) vk
< A2 & SlA Bt glibenclamide7} 100pMeilA]
2k 40%, cromakalimX. 500pMoil 4] 2F 40% X7}t
£ FAAZ AL o)F GEEo] FA A 100uM
o|4ell= KATPYEZ o]l & ohg Kol 2§
g 75AS AARI). 4-AP+ delayed rectifier, A-
channel, K(ATP)%20ll 288l AghAlolc}. 4-AP2]
K(ATPYE 2ol et 282 A1ZolA 0.5mM™, Hizt
celloll A 2mM™, F2Zoll4 0.3-10mM XA HE
QAFoll4 KATPYE2S] YAEE FEAEHE Z
£AF| A ME wlgEods T3] 79 10mM
o A5 K(ATP)E-2oll thet &80 . 28t Al
XA pHE Z7HZE o AIE yollA 718 & 4-AP
o Ay} Zasin whE A¥F pHE 934 4-
Are] ma7) Flgvhe A2 4-AP7L Al¥ER QK
9] pH7} 24319 cationic formo 2 Walo] HEo}H-S-
2348 ¢ A e AdE gEEDT. £ AdlA
4-APE ul9-A FHEZY HRPUEEE FEAEH
2.2 ZaA)1F =) o] A= 4-AP7) rigordl K {4
& v}A] E3pgivhs Castled} Hayletto] R3] ul3
o] 2 off ciA FE4eist A4 ulelA e o 24
ol X 4-AP2] HIE= Zolrl A& FBlFH, ol
widl 4-APS] A} H29| 27 v A Yepd A
AL F3 B, Hzo] dul 52 H2A IFAE
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e diAg73 e widel wet g4%sle K529 §
$7} hE& AT Sl

TEA"E 1-100mM ¥ o)A A type K channel, Ca*-
activated large-conductance K* channel(Maxi-K), Ca®*-
activated small-conductance K* channel(SK channel),
KATPY5-& vl dgx o2 2jclhaiAlet Maxi Keoil ci3t
Aaest 7 ks KATP)ol it 2H-8-2 o]
o3t A& A et FATA ¢ KATP)oll
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