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Abstract

Low-frequency fatigue (LFF) is characterized by reduced tetanic force at low frequency stimulation
while tetanic force at high frequency stimulation is close to normal. The purpose of this study was
to examine changes in myofibrillar Ca*" sensitivity in rat fast-twitch muscle fibers with LFF. Intact
rat gastrocnemius muscles (GAS) were electrically stimulated (fatiguing stimulation; 70 Hz, 0.35-
s train, every 3 s) via the sciatic nerve until force was reduced to 50% of initial. Tetanic force in
intact GAS induced through various frequencies of stimulation was measured 30 min after the
end of fatiguing stimulation. A loss of tetanic force was significantly greater with low frequency
stimulation than with high frequency stimulation (a 36.5+8.9% decrease at 20 Hz vs. a 14.3+4.7%
decrease at 100 Hz). After the measurement, mechanically skinned fibers were prepared from the
superficial region of GAS. Skinned fibers were directly activated in heavily buffered Ca* solutions
to assess myofibrillar Ca®" sensitivity. Fatiguing stimulation did not bring about changes in
[Ca™],,, a Ca® concentration at half-maximum force (1.04+0.06 pM for control vs. 0.99+0.07 pM for
stimulation). When skinned fibers were subjected to S-glutathionylation by successive treatments
with 2,2-dithiodipyridine and glutathione, [Ca®'l,, was changed to a greater extent in unfatigued
fibers than in fatigued fibers. These findings suggest that decreases in myofibrillar Ca®*" sensitivity
are not responsible for LFF at least in an in situ fatigue model and that S-glutathionylation that
occurs during muscle contractions would offset the depressive effect of contraction to fatigue on the

Ca™ sensitivity.

Key words: S-glutathionylation, muscle fatigue, glutathione, skinned fiber

IR R RFR R A R SE R



ISR AIEE 408 P26 4R 3 A

I.# &5

s &, WKEDOETH LLIE—Eoik
NEMRTERL DB EERIND, BT
BT 5% L offf%ETiE, BRHEEHWTHO
Iz Fk L, 155 N/zflid O /g 57 O EE 2SR
flishT&7. CONEEHVEE, HG25EA
FIB OB T IR L, v ho
Wiy, WBOEEEAT50 Hz A TRk & %
5 (2T T, 1 JTRKEDDE SN LR &
BRI, s KR L TR 60% DL ORI
185 N5 JHOB B 2 AR B & iP5 2 L2
%) Edwards et al. (1977) 1%, @)k o R
2BV, EHERBIC X > TSN AEN X
D BRI & > TREES DRI OB K
EETL, CORBITERBRRT 52 & %23k
H L7 Dk, C OB EEY (low-
frequency fatigue: LFF) EIFEN S X917k o
7co LFF 13, MfE2RELLHTHRET L
L 75 (Chin and Allen 1996, Westerblad et al.
1993), M#EFZOEILTIE%E L, MBS
BRI OB TICE > TETLEEZD
nTwb,

IFVITATGRAYNETIF YT A TALD
& FG & T B A, BRI RIS B v
TEELREE LM HE TH %, Bruton et
al. (2008) (&, i & 4 0 X LRI 2K L7225 »
b DEGARMETIE, FERRMED Ca”" RS2 AL
TTrZ %KL, TOZHNLFF ORHED 1
DTHAHILEERELTVD, LELEDNS, 2
DOWFETIZHEE L 72— H W s TB
0, HERNTRHBEOBIZEAE L 2 0 EP AT
H5o

1% 1k 1 3% i (reactive oxygen species: ROS)
LiE, BEOLO L) USEOEVERFILE %
BL, MllEE LD ICZoEARNRHE L, 2D
L&D, MIRNNTEZBHIT5 2 LA, Wik
FOBRRD1OTHDLEZLNTVSMBIZIL,
Moopanar and Allen (2005) %, ROS @[ Z:#l
DT L > THPET VW SN2 &2 L

TWwb, LHALedH, ROSIEFHOEREICK L
TYAF AT 5 E0 ) Cld e, FMHiC
FoTETIALBENPFEZELH S (Dalle-
Donne et al. 2007) TOBLED 1D, AT
L RYNVIEE RTINS FF H, VANVT A
P& 2 5 e THh 5 S-glutathionylation
AL E ZIZALNL, FE, HHHRAECS
N5 baR= > 112 S-glutathionylation 233843
%L, WiERHED Ca® EZ AT 5 2 &8
WEINTBY (Mollica et al. 2012), IS
AR BWT Y, Sglutathionylation (2 #2 K
TREADHEZ 5 2 EDHEINLD, TOHIT
DVWTOHEHFIFLZEIN TRV, I &
SAWIZETIE, RN TIGH S S 72z g e L,
1) LFF S AW, 5 5 M AE o Ca™ &2 1 28
AT 2 E P 2) LT 5 L3 i
S-glutathionylation 25 Z #1LIZB G- L T 2 215200
MG A EZHME L

0. KB&RA=

1. ERFMSLOERRT7ONI—I

AFFEOERTT b a—id, hERFEYE
BRERRTROLNIZHDTH S, FEBIZIT 9 M
i Wistar AHEPES v b 9 PEZ A7z, FEAUH
#&, Mishima et al. (2008) O 42 IS VWTHr o
720 XYMV ES—)VF M) 7L (50 mg/kg)
REEFICT, Ty PERMBICES, BE#ET7 v
bRV S —IZHE Lo WO ME IR
WYy, BRREWMEE (HALERR, SEN-
7230) = v, BEA A PEIERG (gastrocnemius:
GAS) 1245z, Mhlllfe % FHie L7z, SR,
7 v MRS =1 TH L 72iRITE (H AR EAL R,
TB-611T) # W CitskL 720

il 2 ORIFAEEE (1, 20, 40, 60, 80, 100 Hz) T
BRI R WE Licth, WiEss & BT 5 720 12
TR B (JEI5REL; 70 Hz, 0.35-s train, every
3s) BRAVMUMED 50%I12FES T TH 272,
TR T %, 30 5 ORI 28 &, W
T & R AR 53T A MO EE T o)) % W5
L7 AW % 9% 5 M E (stimulated: Stim) #,
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W E G 2 ThRWEM%EZ 3 >~ b a—)b (control:
Con) HEE L, WRIJUIEBMM A S GAS Z i
L7

2. AFVRT7AN—DEH

i L 72 GAS @ £ J& & 7> 5, Brotolotto et
al. (1999) OHEIHTE, AF TV FT 743 —
PR 72, WSS T, ¥rty e Hvii—
st HEE L, WiIEEEERMEL . 2oR,
WRRME R DN EE RO 1.2 f5127% 5 X 9 QR IEE
(Scientific Instruments %, SI.MKB-OXY) (2
WY T 7ze ZRHDIEEE, $XTITT4 ¥
T A NVHNTEF - 720

3. RSO Ca™ BB K

5 ERAE D Ca® & MEI1Z, Molica et al. (2012)
DOFFEIZHEDCTHELTZe AF VY FT 7 48—
% Ca™ MEE (Ca™) #%5%7% 2% (107, 10"
102 10, 10°% 10™° 10™ 10 M) 2B L,
B EMWE Lz, WE (measurement) & H
D [Ca¥ 1%, Bb#E (relaxation) i (<10 M)
LAk Ca¥ (maxCa) Wil (107 M) & %4
DEETRET A EICL > THEL, Hllo
RUTHED X, RS [Ca™ | RO WE HH L7z,
IR S, RKEN D 50% 55 5B [Ca™']
([Ca¥ ) ZEML, Ca™ E&ZMZFML 72 =
OFHmETIE, [Ca’'ly 2R IT & Ca™ =M
wz & #FE 3, Table 112, MWz iEROHMK
R L7z

4. S-glutathionylation Q&2

S-glutathionylation A% Ca®" J& 32 Y12 e 1E ¥ 5%
2%, Molica et al. (2012) @ FEI2IED VTl
5E L 72e MiTERREMED Ca®' % M sE L 72214,
AF Y RT7A4=%100 UM D 22- VFF T K
) ¥ v (22-dithiodipyridine: DTDP) % & & &
W50 M, W T5 mMoOELR VY FF
> (reduced glutathione: GSH) % & & iB#IC 2
SrEEE#E L7. (DTDP-GSH L), =0k, il
MM D Ca™ V% B Ol L7z DTDP-GSH
L8 R O [Ca™ly & L 1% @ [Ca¥ly @ % (A
[Ca®l,) #% S-glutathionylation M %2k H & L CaE
flil7z0 ZOFFAMETIE, AlCa™ T, AV E Wi,
DTDP-GSH AL & i 2 S-glutathionylation %% <
FHELTWAEZ L% b, DTDP-GSH ALFELC
Wz, 100 mM DTDP (100% =% J — )
W) B X 07100 mM GSH (K-HDTA #&# IS
W) 2A Ly 2 LTBE, Thbx LiloiE
275 &9 MBI CAMT 5 2 LIk - TIEH
L7zo B, AF U F7 74— H72lE IR
i (25C) Tifo 720

5. Wt

WAl E L, P = BHER 2 TR Lz &M
B CORHEIRN O R OMEIZIE, —IChCiE
DG H\izo AR FHEIMG SN
41, Holm-Sidak @ FiEIZfE > THEIF WA E
PEEBGE Lo AF Y F7 74 N=Z 725285
I2B1F % Con H#f & Stim HEM OB OBEIZIE,
IS\ tRE R V72 B, AEAKEILS %

Table 1. Composition of solutions used to determine myofibrillar Ca®" sensitivity.
All solutions contained (mM): Na“, 36; K*, 126; HEPES, 90; ATP,,.., 8; creatine phosphate, 10. The pH of all

solutions was 7.10.

2+ o
solutions l\fngl NB“ E((;nrll‘ﬁ;ma' H?ﬁﬁ;om [C?M])fm
K-HDTA 1 - 50 107

MaxCa 1 50 - 1077
Relaxation 1 50 _ <107
Measurement 1 50 _ 107°9-10%
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1. £HOREBERD

Fig. IA ISR b o R II £/ o —#l %,
Fig. 1B \ZIES MR T 30 0128 2R % 0%
SRR O MR § 5 EG TR L7ze JESTRIENC
BWT, BHAMHED 50% I T 55 DI
L7z HE I 1E 266 =36 B CTH - 720 IR T 15
B2 EHFMEEICH T 2R OEAE, 1
Hz T 624+89%, 20 Hz T 635+94%, 40 Hz
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BIUA0 Hz I L CHBERREEEZ R L7,

2. B EREOCTRZTHE S &KV
S-glutathionylation »* 55 B #5 # & Ca*"
BRI RITTRE

Fig. 2A 128807 -[Ca”'] M %, Fig. 2B 12 [Ca™']y

%5 L72o [Ca¥'ly 13, Stim BT 099007 pM,

Con BT 104006 uM TH b, WIS HE %
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Fig. 1. Effects of stimulation on the tension in the intact gastrocnemius muscles.

A: Time course changes in tetanic tension with fatiguing stimulation (70Hz, 0.35-s train, every 3 s).
The dash line represents 50 % of initial tetanic tension. Data is from one sample. B: Ratio of tension
after stimulation to that before stimulation. Values are means = SD (n=9). *P < 0.05, vs 1 Hz, "P< 0.05,

vs 20 Hz, ‘P< 0.05, vs 40 Hz.
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Fig. 2. Effects of stimulation on myofibrillar Ca®" sensitivity.

A: Hill fits to force-Ca®* concentration ([Ca®’]) data. [Ca®] is expressed as log), scale. Open circles, Stim;
filled circles, Con. B: [Ca®]5, values. [Ca®'y, a concentration at half-maximum force. Values are means

= SD (n=6).
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Fig. 3. Effects of DTDP-GSH treatment on myofibrillar Ca?* sensitivity.

A and B: Hill fits for force-[Ca*'] data before (filled circles) and after (open circles) DTDP-GSH
treatment in Con (A) and Stim (B). [Ca®'] is expressed as logy, scale. C: DTDP-GSH treatment-induced
change in [Ca®']5,. Values are means * SD (n=6). “P <0.05, vs Con.

ERIFA SN D572, Fig. 3A IZ Con #, Fig.
3B |2 Stim # (2B 5 DTDP-GSH AL & i # Dk
71 {Ca* li#i %, %72, Fig. 3C [N A[Ca™"];,
% R L 720 A[Ca™y 1%, Stim # T 0.302+0.04
uM, Con #T 0.369+0.03 uM T&H 1, Con #EIZ
K LUTSmHETIAELRKMELZ R L7z, &b,
BB IR 72 Tl e, A RTREDH S
DIEFRHEDTTAES B o JERHRAME DM TR % b
Wiz, fHLZZTy FEIRICHLT, 2o
FEBTOH Y TVEIE6 & o7z,

N. & &

AWFZETH W72 IE 5T, SR ok
TNOFHIMIZ BT, RIJFEH %R 2 BEIH
DORAFEDMR T &, FIBET & T L CTiRIIATR &
CIETFTAHZEFROLN (Fig. 1), AERET
VT LFF 284 U7 2 LSRR s dze S E T,
LFF " 2 2 K & LT, HihREr»s o
Ca™ I E DR T & % W I FMED Ca™ &=z
PO T 297”1 ST &7z (Westerblad et al
1993, Molica et al. 2012) L2 LAABSIN5D

ARIE, HEEL oM — e (f >y 2 b
T 7 AN=) RGBS, BRI 2 BT
Bhd 5 VIZEBN LR BELET AL DOTH
D, HENTIO L) RS (Ca* KibED 5
WiE Ca¥ BZEWOKRT) 2RI > TV L 20H
PIZOWTRE AN TH 5720 &2 TARIFFETII,
AR T S8 728 % v, LFF I Ca™
VOB OWTRE Lz Zh, A5
P77 AN—THORZZMBEIZELZY, Ca™
EEVEZZEL L v LB SN (Fig 2).
WA, EHBAEICEE LTS bRV 10
133 H DY A7 4 ¥ F&H:\Z S-glutathionylation
MEAETHE, PR I OREIEL, &
JEAE D Ca™ EZMEATTHET 5 2 PGS h
Tw 5 (Molica et al. 2012), AWFZEIZB W T,
S-glutathionylation 7% Ca® J&% 112 BT 5
Z5M 7=k 2%, DTDP-GSH MLiEIZ X % Ca®
EZEDZLDFLE (A[Ca™]y) &, Con B X It
N Stm HEOHH/NE W g shz (Fig
3)o TR, Con #f& HEL L C Stim ¥ T,
DTDP-GSH AL i 12 S-glutathionylation %% <
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DOMER=ZVITHEELTWSLZE, F72, Stim
BHTCa MZUDPLEALL EdhooDld, [H5
POER] K BCEEZTHEDKT &
S-glutathionylation (Z & % &2k D JTHEAFEHT L
TR THLILRETEHDTH 5,

Andrade et al.(1999) %, f ¥ % 7 + 7 7 £ )3—
% 100 uM O BERIL KT % GLERICBE#ET 5
&, WiHRAED Ca™ EEZMIMET T 5 2 L 28
BLTBY, BZUOKTZ2HETE T510
TR & LT, BRIUKRROTERA DTSN 5,
UL %7 b7 74N —=%Hw, A—s3—%
FYRIALY —EHEOE VT v MEKHT
&, LFF IS 5D Ca” RO T 28
U BH, EEOKV Y Y 2 TIRRZIZZEIE L
W Z & %757 Bruton et al. (2008) @i,
CMEEHTLLDOTH D, THITHLT, A%
VERT7 7 AN=FERCIgETIE, WEBEKEC
EoT, BEMRIE LW EPHEIh Ty
%o Murphy et al. (2008) (%, #BEILAK®EE 3
FruEyEELERIS, ARV RTrAN—%
RIET 2 L EFUME TS5 e 2BIEL, ¥
57 N7 7 AN=TIE, #ELKkEELEIF 0L
VIZEHEENDF LORIE (72 bV RIS)
LY, e FRFIMTIIHINNEESR, O
ROS BEZMEDK T 2FHRLL72OTH A ) L
BHLTWb,

A5 b7 74°3=TIFCa" BZMEDOET
MHEF LA (Bruton et al. 2008), AR TILHE
AT DM TIE, FARDIIL AT S Vi
WELTE, BHREEREE 527 b774
JN—) TI&, 1) S-glutathionylation 23584 L 12
d vk, HbH0viF2 ROSOEEIZL B Ca®
EZMEETORERIREVI EDREL SN D,
S-glutathionylation J84:\CWHTH B 7NV ¥ F5F
VIBEEEDMEL, A Y2 VT A N=ITB
W, ZVEFF yafilsbRNmi L, D o
I R ENZEIEEZIZ V. 2) @
SADTER ENBBIHIZO VT, ®WIBRILKFED
B M DS LI BN 2 L 2 BT S &, A
HBHEERNOFRMEE LA V52 7 7 43—

T, IEHC & 2 8K SE OB A~ DB H A
AL W DS SN D,
CZEFTHBRTELLIIE, RWFETIE, F
MAHED Ca™ IEZMEDILT 28 LFF O H Tl 2w
CEERRBT DHERIPEONS, Lo, Hi
RO )1 OOERT b LHNIE»S D
Ca MWEmDIE TS, LFF 2R L T3 &%
25N 5 (Westerblad et al. 1993), 4%, Ca®
BRI T AN THAE LTV LG, 4
LTWABEFTHIEED L) e A = X205 L
TWEDONPEEIZOVWTHLNIZTLLENRD
bo F72, AWETHWFEBRETILVTIE, HEHK
WNTITo 7z L idvz, R T IC CERAMEIC X -
TG S FEEHWTE Y, s E»
7BEAS, AN b DL S HETH oL
SV, S, Yoy I REOHEITbRS
TEBYC BT 2B LM T RETH A,
AEFGETIE, AN TG S B2/ 2 g L L,
LFF 2 e Ca™ EZ MO T2 M5 LT
WABDPENE, AF Y FT7 7 A N—% S THE
L7 BoNTFELS, 1) FEHMED Ca® &
ZHDOEKTFALFFOKHE TR wa &, 2)
S-glutathionylation ? % 24 %% Ca*" 2 M DK T
ZHHILTWD 2 EAVRIB X N7,

V. #& &

ARHFED HIWIL, RN T S 725 % 144
&L, D HERES (LFF) 384:mFC, #hEH
Mio Ca™ EZVENEILT 525, 2) BT 5
LML, S-glutathionylation 25ZHIZBY5- L T
WAEPEDPERFETLIETH o 9BEED
Wistar RHEMEZ v b v, G (Stim #) 12
AR X B IE SR A B L, R T 30
SBRICHEER 2B L EREar ba—
(Con) ME& LTHIWz, F/z, PSRBT 21
RS D)) % Rl 4 ORIBREE T L 720 fii
L72WEER D A% Y 7 7 A N—Z/E L, 9%
J7 M # B X 0 S-glutathionylation A% J& # #
Ca” M RITTRBICOWTHE L, BT
DFERER T2,
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1. PEFRBIC BT, PSS o2 miiito
50% AR T 9 % DI E L7z HE L, 266+36
WThHo7.

2. JEIHIMAET 30 /e TIE, IRIGEHE & ik
T 5 BABOBEAMR AT &, 6T &
BLUTHRIPKRECETTHIEROLN
72

3. [Ca¥]y, (KB D 50%735 55 [Ca])
d, Stim M & Con L TERIIFED LN
o7z

4. A[Ca*s, (DTDP-GSH AL i & [Ca*]y, & AL
%O [Ca®'ly, D7) &, Con B & HX Stim
DT B/NE o7z,

PLEORERES S, 1) i EHHED Ca™ &2k
DO TFTHPLFFO KK TIiE & wI g 2
S-glutathionylation @ %& 2E 2% Ca*" & Z P DAL T
ZHHEILTWD Z EATRBE N,
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