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Structure of sarcoplasmic reticulum and activity-induced alteration

in its function

Masanobu Wada!, Shuichiro Inashima!, Toshihiro Yasuda? and Satoshi Matsunaga?

Abstract

Repeated contractions of skeletal muscle lead to a decline of force known as fatigue. The exact
cause of muscular fatigue probably involves numerous factors which influence force production in a
manner dependent on muscle fiber type and activation pattern. However, a growing amount of evi-
dence implicates alteration of intracellular Ca?* handling as a major contributor to fatigue. These
changes are known to occur secondary to reductions in the rates of Ca?* uptake and release by the
sarcoplasmic reticulum (SR). In this brief review, we focus on two major aspects: 1) molecular mech-
anisms of the Ca?* uptake and release process, focusing on Ca?*-ATPase protein and the ryanodine
receptor; and 2) several factors that may be responsible for dysfunction of the SR resulting from con-
tractile activity. Factors that might account for diminished function of the SR include a fall in internal
pH, increased Ca?* concentration, modification by reactive oxygen species, depletion of high-energy

phosphate, and accumulation of inorganic phosphate.
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F—7— KBRS, BRIUEE, EB), AL L
I. @IS

BAE, ESE TR 2 RIS B bE 5 TR
DERT] LEZREINTWAY (Fitts, 1994), = o
EZ B9 A IR 1868 4E D Marey (1868) Db
DIETHALZ LB TEAS, Pk, 1THRU R
bizoT, %L OMBRBEITHINES T 5 RHK %L H
LI EBNLTERIZL 2D 6T, iR
AAZALEODCTRBALED AW L B3Pk
V. BRI BT, VYT s (Cart) BE
RREHT HZE S TR BDIL, BIRBERHEEE
%3 #/MiAR  (sarcoplasmic reticulum; SR) T&
n, EE, EHOFEKREZ->TwWHEEZLND
%L DEMLOFT, FZZOHEOEIINEH &
nTws Williams and Klug, 1995; Favero, 1999).
Fox b 1996412 EBNIC L B H/MakoRiEDZE
L] LETL2RHZFEEL D (Wada and
Tsuchimochi, 1996), €D #H¥ %  DFE R H
HEN, ZOBEBROWEIIH /- 2RHELZ LD
ELTWABEIICEDNS., FZTARTE, &
ForEy 7 A%HuNT, Y & SR & OBRIC
DWTHE L TR,

I. B/ RatORE e

A. &FiEE

SRIGHFEMHMEELR Y MO LI HITMBLTEY
(Fig. 1), TS S A5 % KM (terminal
cisternae) &, FRLPHOEG%HEEYE (longitu-
dinal tubule) &\ (Fig.2). THEMEDHHHHED
PEBICHE DAL X ) LTI B RTWAHRE
#M1T/0E  (transverse tubule; TH) &y, T
AHEOFHH T, TEIEHT LR OEHEICH
HIELSEH S RTWAE, 200K 120
TEZRILLIICMELTEY, ZoFMIZ=
O AMEE (riad) LIFEILS (Ruegg, 1988).

SR D F 7 A FERR IS HIE N @ Caz DI T &
D, Koo Ca?* 13l H SROBENICEE S T
Wh720, HENO Cat IREIL 10 "M BUF ISR

et Cnb. Car O, B, WYAAh L)
3ODOMEREE LT A 72901, SROBERL AR
BB Oy YR EAPHFRELTEY, Thborh
TELZLOELTIE, ANVEIZAMNIY, UT
J Vv (ryanodine receptor; RyR), Ca?*4R
1i1% ATPase (Ca?*-ATPase) % &% HITH I &
T&5% (Fig.2).
SRNEDIEFRIEIIRET B ANV Z A ) ¥
W Car 4y /92 TH Y (Damiani and
Margreth, 1990), Ca**iZ AVt 27 T A ) ¥ 14
FU-) BEOHETHEL, WS TWna.

Sarcoplasmic

T-tubule

Myofibril

Fig. 1 Sarcomeric array of membrane system in skeletal
muscle fiber.
The sarcoplasmic reticulum (SR) forms tubules and
cisterns running longitudinally along the narrow
spaces between the myofibrils. The triad consists of
a transversely running transverse (T) tubule and a
pair of the adjacent terminal cisterns of SR. (from
Yamamoto and Maruyama, 1986)

%Newe ending

Terminal cisternae

SMyofibril=

Fig. 2 A diagrammatic representation of the major compo-
nents of a muscle cell involved in excitation-contrac-
tion coupling.

Abbreviations: SR, sarcoplasmic reticulum; DHPR,
dihydropyridine receptor; RyR, ryanodine receptor.
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R Lo TEMICHAET S RyRIE Ca> U F v
vANVELTERL, TE2 5 OB L TCat
PHEA~BHT 5, 72, Ca*-ATPase idfftiE
ERICHEEL, BHED» S SRNEANCa &5
%S5 Ca Ry TOREERIL TS

Ca?*-ATPase iZSROFELERERTH Y, &
MDA, SROEY VNV DB LE80%%
EH 5 (Dux, 1993).

B. Caz'IHiD A

TEICHREA 7V ZADEE LRI S B A5
ZhE, SRPLCaDPHHEINEZ LITEL S
HMHNTWIA, TE & SROKEME L ORICHLE
55 15nmiZ EDOMBEE TEMUL SO Y 7 F s
EDEHIZLTSREINED B DHh &S REIE
ﬁ%iﬁ?%@ﬁﬁlb@ﬂ’]"@&)otb:%)75‘%7‘29 LR
WHEBB T2, BETOREKEFTho T
v, LALEDES, ua—‘{‘f&ﬁzrﬂj@ﬁf &y,
YT F VBRI 20D F VST BH LR R % E
FHEHLEUTCWAZEDPHLPE Lo TE. 1D,
TEDREICHEETLZV Fuy VU284
(dihydropyridine receptor; DHPR) T& b, i
1 DIRBRDORYRTH B (Fig. 2).

1. Yeroey Y r2FZEk (DHPR) O&E
BTHEMSEETHNCTEEL2BETH L, 4
DO/PNFHFHRRIEL L FA TR ORI
ZDADODNFIZT F EDIZL Ttetrad & T
5. B4 DMV A4 ZIZDHPROGTFE L —F
LTHEDY, tetradit 4 2D DHPRGF 2 HHER &
NTn5BEEZ LNTW5 (Takekura et al., 1994).
DHPRAETEIZBW IRV F—T P —L LT
LT3 Z LA BDOOLNTWEA, Bl
L7-BROEALD, EDXHLdlbT, T8
DL pRECCaRBMEFERTLIIFvEL
T, SRNEREENLE ORIV TOFEMITHS
P o TR, LeLEDS, ZoMAiE
WNIEDATP DBEIMET T 5 &, SRH» 5D Ca*
BRI SN B Z DO LN THEY (Allen et
al, 1997), ATP% %I/ L7-DHPR % //\70)') M
BALDs, ¥ 7 FIVREIM S hDRE 2 R LT

WibLnDEkEZLNTWS (Westerblad et al.,
1998).

DHPRiZal, a2, B, y, 6D5OOHY 7L
Zy MPOEERENRTVWED, ThbdHibal
Y7Ly FAEEMICKEL TV 5 & DHPRAS
FE &N W & (Powell and Fambrough, 1973;
Adams et al,, 1990), 72, U VBLEh B EAL
EEREATVEDR a1l fTHHI LD
(Favero, 1999), S0 2200 712y MY Y
FIAREICWIBR Y V7 THH I LPREREN
TwWh, oy 72=y bOFENIOVTIE, &
L HoTWiw,

2. V7V rRER (RYR) DRH

1980 4K, ¥ TNV H a4 RTHAHRYT I TV
»%, BICUIREEZ & 5 SR Caz B F % ¥ & Vi
WETHIEFEREINIZ LD (Fleischer et
al.,, 1985; Meissner, 1986), Z®OF v ¥ A IVHRyR
EIHEND L)l o/-HETHAH. RyRIZIE 3
BEOT AV 7+ —ABFEL, RYRLIZEBH
12, RyR2ILOH1S, RyR3EMICRELTHY,
B AP L7-BETF PO I—FINTWS,

HEEORENTE 2 EFHEMETHE TS &, RyR
DO—HEHSRP S TERMIFTERLTWS X T
PEREIN, FORRPEOBIBTHEZ Eh
5, oIt foot &N TS (Inui et al.,
1987). RyR1G 4 200% 722y b P¥EF-TT
ERAETHY, 100F T2y FOGTFRE
13 560,000Da C& % (Takeshima et al., 1989). &
O T 2=y MI5035EOT I BSOS
hTBY, NEREHIXfootE%, CERMWAIZF v
YAVOROMERRLTWEEEZLNTNS

Bl & 912, SRAEETIXCaztid, R
ELTWBA Ve T AN v &R LR TE
BENTWA, RyRPFEOTAECar iz ANt s
IAM) UOREHL, HRENEBHBEN, £
DR EEIZRYR 1 4720 B X % 24018 Ca*+
/msec & Vb TWw3 (Oetliker, 1982). SR#A%
Ca* %+ 2 72 REETIE, SRAEEHTRE L T
X Caz 12 10,000 L EE 2 Y, Ca*OBE)IX
COWMERAEIZ L BIEBICL o ThEh, BEZ
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NERICIEZAVF -2 LEE L.,

SR%* 5 ® Caz* it iid, SRNAED Ca2+ B A ED
DAbTix, RyRASBITIRREIC 2 2 WS & SP3BT
BRI 2212 X o TEICHEENBD, HENT
EDLHICLTRYROO - FHOZHIM S T
BOPITDOWTIE, DHPRMS DY 7 F v & Rk,
Il GoTuv, LALEDS, HIBEDSE
HFICE>IND &, RYRBEE»SHD 5 WIZHE»
LEICRDZEMLNTEY, BERNICIBNT
bZD &) RS RYROGIEICEES LCwaI
BErD 5. FlzE, SHEZBHTLEHZH>
BILHRELBICSRE RET S & Caz* DA
2Bz % EE (Wardetal, 1998), SR#% >3
7 2T 5 SHEDOIKED RyR DI HE %
RIZTEERTREETHS.

DHPRIEZ Caz*F % » ANTHH Y, Aiilastas
O Car* DA EBICHAT KB D 1 D TH 5.
COREE Mo T Ca SHPEICA Y, BHBY
DCa* DWEFDLTMIEEL L, FRIZFBL
TRYRPBHIOLSRICEL A Ca2* DA E I N
5., COHRE CaFRM Ca* it (Cazt
-induced Ca?* release; CICR) &\ (Endo etal.,
1970; Hymel et al., 1988; Lai et al., 1988). [ i54H
BTEIOCICRIZK o TCa*DBHBANEI 575,
BB OEE, Ca PELZVWEHETICBNT
b RYROEERET B Z &R0 LNTBY, BB
Tli&, CICRIZCa2* it E7/25 A H =X ATl
EVEEZLRTVS

C. CaztBlV);AHDL#E M
ﬁﬁﬁ‘”ﬁk?ﬁ(ﬂj ENzCa R B UTAIEICELY At
REEWHY 7 V82 H, 45T-8H#11,000Da D Caz*
ATPase'(a’o U, ATP 14 F ORI X - T Ca?t
2T % NS, Cazt-ATPase il & 5 Ca2* Bl
0 AR D S % Fig. 312/R L7z, Ca?*-ATPase
&, Ca?*ITH§ 2 FMBELHVRE (ED) LE»
R (B2 02o0ary g rA—vavrdl,
E1DipiE Ca* #E M3 BB EM = mveTns
Ca2* DR AAIL, HIWEBEICHETS 15 ?0)
ATP & 2 53 F D Cat* ¥ Ca?*-ATPase IZ#5& L
Ca** + E1 + ATPHAEERPHEEIND Z L9 5k

Ca2+

L—) Ca*-E1-ATP —A>Ca2+ -E1-Pi
l\ SR lumen
E2-Pi
Fig. 3 The reaction cycle of sarcoplasmic reticulum calci-
um pump.

E1 and E2 represent Ca**-ATPase conformations
with high and low calcium affinity, respectively.

Ca2+ ‘E2+Pi

b. RIZ, ATP OMKDBEIHRRT 508, H5FFIC
LD TEL 220048 WDHH, ADPIEFHBE
LWHET 5%, A VB (inorganic phosphate;
Pi) RELICKAETS. 20V yBibshizCa
-ATPase {Z Caz* H3%E& L 72k (Caz* - E1 - Pi)
&, U VAL A LIRS, U B b R
PR SN D & FREHZ, Caz iAo SRPIKE~D
B8, T4abbCa OWMERELS. 58, Y
v ERAL R AR Caz okt LTI o R ok
(Ca?* + E2 - PI) 1270, Caz* i kD o fak
L, SRNRECHEREST A &1 b, BEXNZES -
Pid & PidM#EE$ % &, Ca?*-ATPase i3 U'E1~
EEEL, Ca* Y ARADT A Z VKT T 5,
SRMED Ca2 IREAE T 5 & Ca?*-ATPase 15128
BTTHZEB/MbNTWS,. 2 OB % back-
inhibition & \» 9 2%, ZHIZE2 « Pid 5 D PiDiR
HEREIME T 5 2 LIRS B L ENTWS
(Yamada and Tonomura, 1972).

Ca**-ATPase D& — KHEEILT TICRESINT
WA, FOZREEEICOWTIEIAEZ A%,
JIF, Toyoshima et al. (2000) %, BHEHHSRD
WS T 264 Y 7 A PO —A LNV E W) R
OTRWATREE T L, Ca 05 & LZIRET
DSROVAAKGEEWAZHZ LITHEI LTS, &
%, B REOERIZL T, Ca*HitD A
ZAXALDFMPHAL Lo T THA ).
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I. A4 7 g e

A. RO LR

BRMLAEIBI NS &, HETIEZ
BIIAS 5%, FIEAEMEZ 5 & RS TR IC T
5. —EORIBIC X 2 OIE - Hgor 4 7 v
ZHIHE (twitch) &\, ZOBIUEICET S
B2 5, FkiHEE 194 7 112 150msec DL E %
B3 58 (slow-twitch; ST) ##E & 50 ~ 80msec
BETRTTLHA (fasttwitch; FT) #E#E& 10K
BT HIEWTESL, STHMIType RMES,
7o FT# A S type IIARAEL DI S, T L D
WZHT I A THEEL, BWEE Tl type IFRMEIXT
a &L 1B8? 23T, type IIAFHEIXIIA, IIBEB &
U'IID @ 3FEEICHG ¥ 5.

DX LIRS 4 TIF, BHECREL Y
53F Y EH (heavy chain, HC) 74 V7 #
—LADFEICL o CHhRED, BAGHHMES A TD
EHERRTIHCOT AV 7+ —45 (HCla,
HCI , HCIIA, HCIIB, HCIID) & Twb
(Peuker et al., 1998; Pette et al.,, 1999). Lfhid
typela &typel B2, —AEMHILS EHEET
DEMEI LR IR TWS, 7L, BK5IcHE
LT, type la HEIZFEAELZELTHITHE
PTHAHI L, FlEENs 5 HEEOMBHES A
TORERIERZ, HOBBICL-oTRESERS
TED2olk, BEICELIREBETHS.

B. Car*ifit « BUV IAZBEN DELY

FHARME DG - HARREENE, AR DR 72
k%L, SROCa i - LY ARBENICHE
Aa3hszedPameohnTdyh (Dux, 1993;
Ortenblad et al., 2000b), SRIZFHHRHMEDFRFEZ H
ETHAEERBED1DOTHAEVLS. T b
BT T Af  (soleus; SOL) & AMElLFTZE
JB#B (superficial region of vastus lateralis; VLS)
DCa B - MY ALRELX KT S L, AIEL
HABHEITBWT, WY AKEREICH 4 15, B
BEISH 2 EOBESE NS (Fig.4). IR
713 90 % UL LA type TIRHET, AMUAHIEETHS

3.0
8
8 254 T
Q
o~
S 20- T
O g
St
o8 15
IS
3 g T
= 3 104
[y
& 054 T
O %
0.0 2
VLS SOL, | VLS SOL
uptake release

Fig. 4 Sarcolasmic reticulum Ca** uptake and release rate
in the soleus (SOL) muscle and the superficial
region of the vastus lateralis (VLS) muscle of the
rat.

Values are means = SD. (Inashima and Wada,
unpublished data)

type IFMETHR ENTB Y, HWHDEW I type
IHRHME L type ITRHEDBVNE AR T LN TE 5.
Z D & 9 2 type [ & type TTHGE & ¢, SROHE
BERLBFEED 121k, SROFBEDERITER
Wb LilHY, HESRIILED S SROFE
i, type T3 HRETHLDIH LT, type
IIAHETIZR 9% T 5 (Davey and Wong, 1980).
type 1#iifED 5\ id type LMDV 75 4 THT
SROBEEICEVDASLNDE DHP LD MPIZDWT
X, YL R TwAbII TR, L
LA, type UA, IIBB & OVIID MHERT < ik
i - AR IC R & RERD R\ &9 5 Larsson
etal. (1991) O|MEEZERTHE, DL d
type IBHEDY 7 7 4 TRICTIEEREVIER VD
DEEZOLNS,

C. Caz+-ATPase D&\

1. 32578

Caz*DELY A& 1% Caz+-ATPase D X 12 X o T
HENSL D (Fig.3), D% 57 OFFMASR
DCa R EY TR EZRECERTHILICR
5. BB X 1T, type LM & type IIHRME L T
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BSROFEEDEADRR LA, ZNITMZSRD
WV BHAET 5 Caz*-ATPase DRI D ERNH 5 72
» (type IMMED H 2% \), FikiEicEENS
Ca>*-ATPase D ¥ VX7 BEOEFEHICHLZ L
2B, BARRZREMEE LTIX, Leberer and Pette
(1986) ARISHMALERN T A FHVC, type IR
MV type IMEDR 6 D VT HEATVD
CEERMELTEY, ZOEVIITRMERICARD
NAMEREDERLITIZ KT 5.

2. TAV T+ —4

Ca?*-ATPase ¥ ¥ 327 12idB o074V 7 +
—ADHY, FOFEERDTHE, sarco (endo)
plasmic reticulum Ca?*-ATPase DW&FETH %
SERCADHWOLNA Z L 4% v, SERCADT 4
v 7 +—»,i%, SERCA1, SERCA 2 3 X T"SERCA
30 IFBICKIEN, &4 Rip HABIHRRKY
WA LTwWb (Table 1). SERCA1ZiX1a& 1b
o 25EENRDH Y, Lo type IFHEICEENS
A%, SERCAlaid# L 7zEECOA, —7,
SERCA1b 3FEIICOARFEIH L T 5 (Brandl et
al., 1986; Brandl et al., 1987). I ¥ v M DA,
SERCA1al3 1,001fHD 7 I JERERE, ORI
Tw5. SERCA1blE, SERCAla® 7 I/ BELH
OCEMIZ, 70 (Dux, 1993) HBiz8> (@
A, 1998) O7 IV EPLEIMELIMEZ LT
W5, Z?DSERCAla & SERCAIbDT I J BROK
DENIZ X HIREEOZERICOWTIE, FERICHY
ENBHIZEE->TWRY (Dux, 1993).

SERCA1 & [flk%, SERCA2!Z% 2a & 2b® 2 FEIH
2H Y, 2aldtypel a BLOT M, —7H, 2b
BORIES, M roMicEeLTaEnd

Table 1. Sarco (endo) plasmic reticulum
Ca**-ATPase (SERCA) isoforms
identified in mammal

Nomenclature Distribution
SERCAla TIA, IB and IID fibers
SERCAlb Neonatal fast muscle
SERCA2a I« and Ip fibers
SERCA2b Smooth muscle, brain
SERCA3 Non-muscle

(Burk et al.; 1989, Lytton et al., 1989). &3,
SERCA2ai%, SR TIEHAPEHICBVTHZ
DDV HEREN D ED DS (MacLennan et
al., 1985; Burk et al., 1989; Lytton et al., 1989).
¥y F ®SERCA2aiX 997D 7 X ) BRFRED O 72
n, NEHEH»S 9935 T COEH)IESERCA2L &
4@ TdH H. SERCAL & SERCA2 & Ci, &0
15%\27 3 ) BEFIOMERDH B0, £OIRE
BNEKFTAIITONS.,

RN TA SN 5 SERCA3IE (MacLennan,
1985; Burk et al., 1989; Lytton et al., 1989), HAkiZ
RELTWAEDITTIER L, HITSERCA2b & &
DBIBEINL., ZOTA V74— 21, M7
VE N, KGOS WE LR, RS
O LMD Bz voSRillleoh T, Cazt Al
BEY 7 F e UCHBEREICRE CBES LT
Al BVWTE L AI T LS (Wuy, et al,,
1995).

SERCA2 2 & &r SROBEIZBWTDA, BT &
22,000~ 25,000Da® 5 AIEIRD ¥ 37 BThb
% A% T 23 (phospholamban) PfFfET 5
(Jorgensen and Jones, 1986). 52D 7 I/ MRi%
EPOBRENTWLIDS V37 ORI, +
LT OB ERNRICHERSATBY, ®H,
SERCA & &5 LBERTEMEZ BIf L T 5 2 & A4
5N T3 (Jamesetal, 1989). FAKT FIN¥
BAMPERAERF F—EH L VIZANVET 21 ¥
K F—Eh oA TY YBRILS ,
SERCA2 ST 2 L 5 L, BERDCa XY

AP L, EHAHEIT % (Jakab and

Kranias, 1988; LePeuch and Demaille, 1989).
DFER, SRICK 5 Caz LY AAEER, #2511
WMinTsI EPHEINRTWS (LePeuch and
Demaille, 1989). ZREAREHIA N2 O K 3 b
7 LU VRS LB o BB 0,
ZDFRAKRT YNV OY YR LRI X
h, LHOWREENELLIEFEROLIDOT
#»% (Dux, 1993).

KAKS VNV OR) VEBLIZ LY, BOREE
WHERIMH S ehd, TOF 870
SERCA2 DT MY 2 MK 7 & LT R 5 2 & 48
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T&5% (85K, 1998). SERCA1757% % SRIZE
W, RART UNUPFELZCEBE LT,
type IIARMECTIZZ DRBWTEEL TR T L7201,
B Tl % Ca* ICHL ) AAANRER S NS 720,
BALOBRIZBNT, 20 V87 2k BEEEEN
HOLEWEZE S TVo2dThHrEELLN
Tw5 (Dux, 1993). &8, RyRIZEH L T
SERCA L iZE 7% 1, type IHHEIZ b type ITEHEC
bEAKDOTA YV 74— RyR1D) PEHRALTE
D, TFHEMERIICA SN S Ca BUREREDEWE,
BIZZOZBEROBN L ZRICKESHB DL
Bbhbis.

V. hL—Z2TDEE

A Bakbrr—=27

EEE OB RITTHEERET 5
FHED 122, HEXET HMRICERZ I M
7, BRI AEE LS EmENIcIUESE5%h
EXdHD., COFECLINSIEY Ve LOERE)
WMOBERGZE 1+ AU ESh72 0 IUE S 25T 5
&, FhRRHEL type IIARAED & type THHEN& & 4
TRITTHZ SN TWD (Pette, 1992). &

DEBHED Y £ TRITE LTHEINSELIE,

Zh ¥ Cfasttype I 4 ¥ VEH (HCI) BHIES
NTWHRHEICBNT, TOTA VT4 —20D
EEAIEE D, b o Tslow type TH 5 HCIDYE
BENBEIERDILICERPHS. HCOT
4V 74 —LDREROERFL L HIZ, SRICHER
LD EE RTEO D DB A SN, BHEE
1t& L Tix, SERCA2a B X UIKRAFT VN H35E
Banasisichazkds, $h, BENLEELRE
L TIZSERCADHE R Z DEZDIERF BRI TS
ZEBBHITSND (Lebereretal, 1989). & 512,
ZDXH)%SERCADEALE L BHIT, RYRBILV
DHPR®D % v 37 20T 4T 5 (Ohlendieck
etal, 1991).

type IIARHED & type TRHENDOBITHHEZ 513
EDOBLWEHARE N L —= v 7247 &, Z0OR
EiZhsndon, BRAMTALIL DD LHE
L7 bdsisk &b Z L A%Green etal. (1984)

WKLo THRES N TS, 5 IERAKBREERE
DHIB0%DIRET 1 H ARMIZB L RET ML —
V7% 15AMT vy MCERL, SMULGHIRELS
IZBWT, type I#HEDEME & HIZSERCAD ¥
VST BVHEIBRI LI ERBELTWA,

type ILARKED & type LRIENOBITHISEZ 5D
i, FINED VI ABOTEBELZ M-
PRINTBEOATH A, T, BEfTHLNILS
M=oV I TR, LX) LEASETLEDOT
H5 I H. Car*-ATPaseEMD 5 \id Ca LD 34
HEEIZDOWTIE, EKTT5LT5HEL Kim et
al,, 1981; Belcastro, 1987), Z b Lz E T 58E
A% ) (Madsen et al., 1994; Green et al., 1995),
—HLRBIELN TR, e d ZOME
WoOWTHRETL, 1HOZDI V=7 %108
Moy MCEF LS Yy PORKHIZBNT,
Ca?*-ATPase iEiME 4513 %, Ca**HLY AAEEDS
SUIEKT L7z k, THbbiiELIFT AR
ZRODTVD CRERER). WIEMETRZ AR
PELNZHEBICOWTIE, (1) SRICELH
s8N ARIHBMES, H— L BPBEInE
W3 by K1) 7R fast type HC (HCIIA, HCIIB
BXUHCID) &L LidE L b0, PL—=V
77a A= VDb P RECH NG EITE
THIE, (2) HfHES 4 712X o TE{LORRAE
BERELHZE, BB (3) SROML—FEY
T A PEEOEHPLBICL > TEEPDLHI LR
ERHERINS.

DHPRIZDOW TR 1 BIOMEB LI NTBY,
ERMFBICBVWTERIBMOSGA L 13#z, &>
NTORBEBIEMLZZEBRDONTVAS
(Saborido et al,, 1995). NVt Z A Y > BH D
WIZRYRDOEITOWTIE, BIlbBA LN o7z
ZEMWRENTWVWSY (Klitgaard et al., 1989),
DHPR D4 & MG s D72, WL w
LT 0ICX, EHRELDF-FENET
HULENRDS.

B. 27U vB&UEEHIL—Z=F
EHThbE T A, &2 XET 5 EE)H
RARRIDSR T 2V P F VICEM LA BHEEOER,
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HEEERT5 e, HBHBROSZOBREICBY
TEMBCDOIRMBEE TR TEALIET LI EHFREDH
nTw5b (Gundersen et al., 1988). SRIZDOWT
BT TIZ 7 L, Ca2*-ATPase D ¥ Y37 BEDHE
Mas&H SN, FOREXENTH S ERMEHICIE
FICHT 5 LV ECi#ET A (Gundersen et al.,
1988). RiZ, b L —=¥ 72X o CEEIHREM
BAERETEA VSV AOEENELLTHOTHN
X, BRHIEO L) RIEHENLFERICLIOR
{Th, SROFEFHLEREL &5 2 LAWHEL B
LEEZLNDH, EBEZE) THA) P

ZHICEY A RITIFR I, BENZ RFLTR
TH00% <, BIZIE, Ortenblad et al. (2000a)
e MEES IS B W T, ¥ 72 Barnard et al.
(1970) iXENVEY POHEFHIIBT, ALY ¥
b ML= A Ca B IAHEED B\ i Ca?t
ATPase {2 BIL 8¢ A EHZ - hnwZ L %
HELTHAE. BHEL—= v 7200w Th R
Thh, SROER (Alway et al., 1988) H 5\ i
Ca?*-ATPase i (Green, et al., 1995) {2 F L —
SV I AEARBED SR TWi, HE—DF
44%% Ortenblad et al. (2000a) P|METH Y,
SIZATY Y=o v 7% 5EMTo 2 b
SEEBHIZBWT, RyROEB L U Caz i HEE
BEWMLAZLEBELTWS. ATY VM #
HhL—==v7izonTh, AN L—=V 7
DA L ABRERIP L, M- v T &l
7 &R BEICRE LB R E AT LEYRD
5.

V. —BEOESHOFE

A. CartBUV)AH & K UHHEEDDEAE

BEH LA HTIESROBEBIET LTSI L
X, ZLOMRICBTRDONTE 725 (Fitts
et al., 1982; Byrd et al., 1989; Gollnick et al., 1991;
Luckin et al., 1991; Booth et al., 1997; Green et al.,
1998; Williams et al., 1998; Yasuda et al., 1999;
Ortenblad et al., 2000b; Matsunaga et al., 2000),
EHEFERTLEHELREVPHERMTELR L7720,
JEH DR L SROMEEDOEALL LD X 9 Bk

WZHDHOME, BITHRICIED W THE - BEs
B EIITELRP ol ZORBEICOWTHEC
§ 57D Ward et al. (1998) iEHEH Lk oo
DORETHHIZ 18 100msec (100 Hz) DOESIEH %
1 #1422 H (2.0 trains per second; 2.0TPS), 0.5
EH (0.5TPS) BXr02E (0.2TPS) » 3FEHHD
HET, BHSWEEOH20%IIETT 5 TH
WTaew)ERETo. £LT, 20%0KT
12 F CE L FYERIL, 2.0TPST59%, 0.5TPS
T261%5, 0.2TPST1014BE KE L B o724,
Caz*Hl 0 A& B L OMHHEEX, COEEORM
THFEBERTLAZLZ2BBLTwS (Fig.5).
%o DRI, OEIRAPRELZ-TH, K
H LB TIREND SROBEDT LIS T W5
CLEHRTALDOTHY, HiEFOERDOI %
b —HASRIZH B Z EWRBEINS, FEHE
¥ CHETES v o v IR EOBEITbRAS
HEENC Lo T, BERHNMOBE L AR, SROK
BOAEAT AL HESNTEY, Thot
Table 212 F & D7,

B. CartElV) 1 A#BE
1. KRFEA X VIRE
Caz*-ATPase lIKZEA * VIBEICH T 5 KISH
MREL, pHA 712562128 T5 L, HHEE
60%LL BT T 5 (Stienen et al., 1999). K
A4 VIBEOLRICHESTIDL ) RELFED
HEEE LT, U rBILPHAE (Fig. 3) oF
BEEMERT 5 2 & (Mandel et al., 1982), B
& O°Ca?*-ATPase ® Ca>* fEE AT B W T Caz* iZ
3 ABAMEAMK T35 2 & (Inesi and Hill, 1983)
D2oWBITFONE. BEOBNER LT LH
HNOPpHA 65U TIEKTT A EHH Y (Metzger
and Fitts, 1987), 0¥ 4 TOEfE-TAHALR
5 Car* W ) AAEDOBAIC, pHOELBES L
TWwBHDEEbhS, LALAEFES, KpHIZ
BiE L% pH6.8 DBMICE T &, AEIZCa®
-ATPase {EMEANEHES 5 = & HMandel et al. (1982)
Lo TRENTEY, pHOE TS ¥ 87 128
B AITEY D720 ThIT TR LIRS
nas.

BPOER
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Fig.5 Changes in rates of Ca?* uptake (a) and release (b) in control (open bars) and fatigued (solid bars) muscles.
Experimental muscles were exposed to a fatigue protocol in which tetanic contractions were electrically evoked by
100-msec train (100Hz) at 2.0, 0.5 or 0.2 trains per second (TPS). Stimulation was continued until force was reduced to
~20% of initial. Values are means * SE. *P < 0.05 vs. control. (from Ward et al., 1998)

Table 2. Effect of exhaustive exercise on skeletal muscle sarcoplasmic reticulum Ca**-ATPase activity and Ca** uptake
and release rate

. Ca™- 2 2+
Reference Type.of Time t‘o Species Muscle ATPase Ca-uptake Ca™-release
exercise  exhaustion .. rate rate
activity
Gollnick et al. Kicking 2.8 min Human VL 42% )
(1991)
Byrd et al. Running  4.56 min Horse MG 50% | 43% |
(1989)
Matsunaga et al. Running 306sec . Rat VLS 19% | 16% { NS
(2000)
Green et al. Cycling 60 min§ Human VL 33% |
(1998)
Booth et al. Cycling 72 min Human VL 21% | 17% {
(1997)
Luckin et al. Running 105 min Rat GAS 40% |
(1991)
Favero et al. Running 115 min Rat GAS 22% |
(1993)
Inashima and Wada Running 253 min Rat PL 229% | 17% § NS
(unpublished) SOL 43% | 38% | 25% |
Fitts et al. Swimming 7h Rat VLD NS 26% |
(1982) SOL NS NS

§, Subjects performed continuous cycling for 30 min at 58% VO: max followed by 30 min at 7236 VO:max, not to
exhaustion.

Abbreviations : VL, vastus lateralis ; VLD, deep region of vastus lateralis ; VLS, superficial region of vastus lateralis ;
SOL, soleus ; MG, middle gluteal ; GAS, gastrocnemius ; PL, plantaris ; NS, no significant difference.
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Ca®*-ATPase Z M S 2 WHDOER D EZ O 5.
Lamb et al. (1992) &, pHAMET 95 & SR 5
Ca*' DT A LI hBZLeHMELTEY,
HIEFICAE ) Ca2 BLD JAABEIK T IZ, SRIEIZxH
% Ca* BERMEDOTLENHEE LTV AR D BRE
TEZWV,

2. ATPH AL OB

fluorescein isothiocyanate (FITC) &, 77 =
YR VAT FRERMICEET Y ¥ v EREC
BHEMNICEASTLIRETH S (Mitchinson et al.,
1981). Luckin et al. (1991) B X UfLeberer et al.
(1987) 1, RRNHEHZITHE-EHEOEN
ZBWT, SRIZXTAFITCOEAEMMET LA
Z L&D, HIEENIC X ) Ca2t-ATPase IGTEAME
TI 2D, & 237 O ATPIEEEALAYT 5 0D
Bl 2T 57:0TH ) LERLTWA.

BHOZD L) BB L IR, FEME -
HREEER E T o729 v b DER T, ATPRE
AL 5 ATP OB ITHITTTHEL TV B 2
LPRE ST A (Inashima et al., 1998; Yasuda
etal,1999). T k& LAERIE S A EKIILH
LTIV, ATPREAIMIASY A FADR
BRIV E ) EHRORBEREIMEF L2 &,
HBWVIEHRAKT V82 D Cart-ATPase 15 M)
WRDTERL, ATPOBFEHBEML 7 & 5 128
BN LR EREOERE L THEIRS.

3. EMEEE

(1) —EfbER

TEMEBEZEFE (reactive oxygen species; ROS) &
%, BEOBR LY NEEOBCBERLAWOR
WTHY, Zho0BOPFERESTERIEL,
ErDBREOEELZ L1067, BEIRBLOE
WZE o THERTREDOTH L KHE, EEN
TRBREZHAT HBRICBVT, TOROSHE
WAERENTED, ERITEEL T A5HIA
Tid, ROSOEARIHEZEIITTAZEPMbN
Vw5 (Reid etal., 1992).

L7VE=Z6 LY bV vy ~\OEHEREIC
BWTHEERENSL—E{LEFE (nitric oxide; NO)

IZROSD 12 TH5H. ZOBREMETSNOL
BB 21, neural type, inducible type B X O
endothelial type ® 3FEEHDO T 4 V 7  — L WEE
L, type II#EHEIZ 1 neural type 853 A LT\ 3
(Kobzik et al., 1994). #HIUHE VRO NO
DBEPEE SDIE (Reid, 1998), Ca*-H IV EF
2 ) YEERB I OBERLIEET 5720 TH 5,
NO BFEZWIIHHTH ) P TESITIERLL,
MMM DIREY 7 NV ORE R R LTnE L #E
ZohTBy, ML, mAicEBEn2zNOII
MEZIRSEDL X IHEPIT S (Reid, 1998).
L Lzats, SRISHLTIES ¥/52 kRIS 5
ZEIZEY, ZOREBERERTIELZLFADS
T 5b (Wolosker et al., 1996; Ishii et al., 1998).,

ATPRERICERZREZHEI IVTF V¥ F—
¥ (creatine kinase; CK) &, #iEMME, I ba
YFUT7HBEVIESRE EDOBHBEIHEALTHFEL
THD, SR Ca?*-ATPase id Caz* LY AAKIZHE L,
SRIZHEELTWACKIZL Y, BFMICEELSH
LATPZE L LTHIALTVWEEEZLRTVWS
(Rossi etal., 1990). L 72%%5 T, SR Ca**-ATPase
PR ZT R T, CKIERSMET T Ids
oo s ni {2k Y, SRCa*-ATPase ®
PERBIIMR T A 2 LIl b,

NODSRICH LEDHEEZEKRTH AN =X A
DWW, invitro DEED ST 5 MK
H3nTws, flzid, Ishietal (1998) BXU
Belia et al. (1998) %, NO i Ca?*-ATPase % Ei#
158552 &%, —J5, Wolosker et al. (1996)
I% Ca?*-ATPase iIZIZBE L 2 WA CKiGHZ KT
SEBIELERDTWE, EHEH5DAH X LN
L TWBDPIZoWTIE, BEDBERETIEH
LTI RS, Miicd X, SROBEEICH LT
RAFAEALTCwAZ LIZHENERL, £F
PIZBWTHRETANOWERLTCa ] D A
BHREMHIH ST B EEHEDL D 5 (Matsunaga
et al., 2000).

(2) —BfbEZRUSNOETRERE
In vitro D EEEHE CId, NQ PO ROS ik Ca?*-
ATPase {EH# I+ 5 Z £ 12L& T, SRDCa*
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B AAEOEKRE 2O TILRINTVS
(Scherer and Deamer, 1986; Favero et al., 1998).
Ca*-ATPase i vV AT 4 ViRE26HZFATEY,
IhHD) H20MED free SHEEE LTHFEL T
% (Hasselbach and Seraydarian, 1966). ROSIZ
L % Caz*-ATPase & DT i&, SR free SHE:
ORI EES Z & (Favero et al., 1998), H B
EYANT 4 FREEGORTHTHL Y FE LA
b—As, KT L7z Ca?*-ATPase {f{ %= BE S &
AEFBEEATHZ L (Scherer and Deamer, 1986;
Favero et al., 1998) Zz EBRHENTHY, ROS
IZH#EE T 5 Ca?*-ATPase {ftE DK T, EMEALEE
VERICEE RS2 SHEFRILEShHZ &
EoTRIADDEEZ HNTWA, Faveroet
al. (1998) 1%, SR% ROS~EET 5 &, free SH
FEOBAVINZ SRIZHHT % FITC DR EMMET
L2 %BOTEY, RO ATPHEEBLOE
FHIZROSHMEE LTV B EELYDH 5.

Ca>* L)) AAAH DA L1z, ROSDORDOEEL
VeI Caz* o U CidRERNICE < Z & 2%
LN Twb (Fevero, et al,, 1995). ZNIZRyR%
RT3 SHESBRILENSE E, Fv Y 3R VDIH
W B720THBHEH, TOHEEDDLReid et al.
(1992) &, B - [UHEEMPSIERICHEET 57
BHIZiX, ROSOEFEENSUHTH S ) LBXTW5,

4. Ca" il

a2 BRI S€ 5 &, Mgl Ca i
EREELYELBIonZIRESSERES NS
(Allen et al., 1989; Carrol et al., 1999), ZD%E1L
WKLo TEOPORENERREHELZTLHI L
ST b (Duncan, 1987). #lz i, Ca?*
EEERE T F 7 — ¥ Th B NI VHCa
BEOLFRICX - CTHEEILENS &, HERES
Y8y (Z#, buR=UT- I FaRIFYY)
PRI BRESY 8y (EAVFV, FAIV, a-
ToF=v) RENESHEENS (Reddy et al,
1975). Fiz, 72 FUREI VNI THY, Ml
FEOWEZAHTHRELE) XV Vi,
Ca*BENSE L LT 7T /IR UINT 51EH
2REOL DI D (Yim, 1987). Ca*HSRIZKIT

THEIZOWTIE, 504 M Ca* i 15BHESR%E
BETHESRPLDCa DM 5 Z L 4°
Lamb and Cellini (1999) Xk o THE SN TE
Y, EBNC X B Car D AARBEDETIZ, Cat it
FELALESELTWAEIENEZLND,

C. Car*fgHigEhBP DER
1. ATP

BEABIC L VRFEERY B LUEDIPMETLD
D% bR E 7z, Allen et al. (1997) D#k
BIZEBRE, HOIRVOLE ST 5 L ATP 2
T ALEWTH B caged ATPZRIH L, Hila
WOATPOEREZ —BD ) bIlED 5 & (Fig.
6A), INHERF OMBLA Caz I B L ORI 258N
THIELERBELTEY (Fig. 6B), ATPDIRE
DX T %8 Ca?* MM BEIR A ORE T 5 = & AR
®N5A. DHPREB XU RyRIZ ) v EBILERAL = o
THY (Melzer et al,, 1995), =M AHEEMNT
CRET HATP ORI L o TI NS DOEALATY
CBLEND Z LA, TESSRRADER: Y
FIFVIEZEILETEETHH ) Z LI,
Westerblad et al. (1998) 7S#E# T 5#Y TH 5.
ATPEENRTICLY, ZOHMOBEEICAES
HULboLHER SIS,

2. Zyya—s5v

BROZ) a—7 VBENMKT 5L, BHES
NBENB LU Ca MHEEMETT5Z &MWL
P27 o TV AAHY (Chin and Allen, 1997), = ®
BSRHROATP DB E N L72bDTH5H. L
PLEML, EHFREESHEHRTD, HRNDOATP
OBEEIZ3AMMBEICE TLMET L Tniw,
CDEIZATPase D Km £ D &5 »ITHE <
(Leberer et al., 1987), Ca**HiEE DA 2SATP
BEMETICERLTEZZETIMAL—RF
BT 5.

SR %> =D H A & DO RRALIC IS M REE R R
L (Enteman et al., 1980; Brandt et al., 1990),
DHPR & RyRE D ¥ 7 F VRZEIZLE L INhD
ATPIE, ChEMSROBEIHEESLTWwA T Y O
— U EMEL, RITNICELATLDOFHVS
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Fig. 6 Effect of photolytic release of ATP during the final phase of fatiguing stimulation.
A, continuous force record of a fatigue run. The ATP concentration was increased when the force was reduced to
about 40% between tetanus 125 and 126. B, selected and averaged free Ca** concentration and force signals from
numbered tetani: left, tetani 1-4 of the fatigue run; center, last two tetani before increased ATP concentration (124
125); right, first two tetani after increased ATP concentration (126-127). (form Allen et al., 1997)

NTWBEEZLNTWS, LdoT, &L
NNV TIRATPDOREDKTIZBE TV, 7
U a—4 g LI T, RFTICATP O
BEEIRELETLTVwEIIDLERNSAS
(Westerblad et al., 1998).

3. Y VB (P)-
TR TR O Pi DRI, type L

T6mMULT, type IEHETImM LT TH 545,
AR E T TI1E 30~ 40mM 2N % (Cady
etal,1989). PiOEEFET S L, HEHEMHETIE
Caz I3 2 MR I + ¥~ ATPase G D&
TZEMEZ S (Godt and Nosek, 1989; Stienen
etal, 1999). Z D7 DIZHARIET HEDNIET
T 5B, RIET ORE I BEHMEOEEORE
2 T3z, SROCa HHEEMET 52 &1
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bH 5.

Ca** U DK T IX Pi DRSS HBIWE WG ET
LA O, PIDEED10mM T12%, 20mM T
299{& T % 5 Z &%, Posterino and Fryer (1998)
Lo THESNT WA, PiCa a4+
AVERT A AN AL, ROLITEZLLR
TwWh., HEEFOPIOBENEE 5 L, PilZSR
WEENE A AR, FIIBEICHFLETSCar
BEL, RBEWERERTS. Ca-AVtksTX |
Y UEAEREERBE, PildCar AL T
Wh7D, ZOLBRMIEENS CaiZHICH
AEhizl K, ZODICCa HIHMET TS &
WHADTHA. SRIZIE, ATPERFEDPI M T >~
AR—F —PHEET B EIRINTBY (Fryer
etal, 1997), ZOFF ¥ AHK—5—#, PidiSR
IZHATARBED 1 DOTHEHLEEZOLNTVA.

V. 8bHlIZ

Stienen et al. (1999) %, PiDiEE D&M & pH
DETOEL S S Cazt-ATPase X KT 3 €5
A, MAEZRABCAENTS L, £4DOERTHROE
% FEABRIBALONIZ L EZAD TS, K
SOIE, IGETHISRZ 28EBOE{LOMENE
FICE Y, SRNOBEMEILINLY, HHVIX
BMENZDTIHEEVHLIERBRTHLOT
HHD, TOEDREEH S ORI S PSS T
BaIFohizw, PL—o v ZOBEICONT
X, EZELREADR LODED, EEIDL
FTHIEEDE I BRAAZXLPMEHL TV EDH
BEICIE R > TB5T, SHRINLDFIIDONT
3exiT) LEVH 5.

X B

Adams, B. A., Tanabe, T., Mikami, A., Numa, S., and
Beam, K. G. (1990) Intramembrane charge move-
ment restored in dysgenic skeletal muscle by
injection of dihydropyridine receptor cDNAs.
Nature 346: 569-572.

Allen, D. G., Lannergren, J., and Westerblad, H.
(1997) The role of ATP in the regulation of intra-

cellular Ca?* release in single fibres of mouse
skeletal muscle. J. Physiol. (Lond.) 498: 587-600.

Allen, D. G., Lee, J. A., and Westerblad, H. (1989)
Intracellular calcium and tension during fatigue in
isolated single mucle fibers from xenopus laevis. J.
Physiol. (Lond.) 415: 433-458.

Alway, S. E., MacDougall, J. D., Sale, D. G., Sutton, J.
R., and McComas, A. J. (1988) Functional and
structural adaptations in skeletal muscle of trained
athletes. J. Appl. Physiol. 64: 1114-1120.

Barnard, R. J., Edgerton, V. R., and Peter, J. B.
(1970) Effect of exercise on skeletal muscle I.
Biochemical and histochemical properties. J. Appl.
Physiol. 28: 762-766.

Belcastro, A. N. (1987) Myofibril and sarcoplasmic
reticulum changes during muscle development:
activity vs. inactivity. Int. J. Biochem. 19: 945-948.

Belia, S., Pietrangelo, T., Fulle, S., Menchetti, G.,
Cecchini, E., Felaco, M., Vecchiet, J., and Fano, G.
(1998) Sodium nitroprusside, a NO donor, modi-
fies Ca?* transport and mechanical properties in
frog skeletal muscle. J. Muscle Res. Cell Motil. 19:
865-876.

Booth, J., McKenna, M. J., Ruell, P. A,, Gwinn, T. H,,
Davis, G. M., Thompson, M. W., Harmer, A. R,
Hunter, S. K., and Sutton, J. R. (1997) Impaired
calcium pump function does not slow relaxation in
human skeletal muscle after prolonged exercise. J.
Appl. Physiol. 83: 511-521.

Brandl, C. J., deLeon, S., Martin, D. R., and
MacLennan, D. H. (1987) Adult forms of the Ca**
ATPase of sarcoplasmic reticulum. Expression in
developing skeletal muscle. J. Biol. Chem. 262:
3768-3774.

Brandl, C. J., Green, N. M., Korczak, B., and
MacLennan, D. H. (1986) Two Ca?*-ATPase
genes: homologies and mechanistic implications
of deduced amino acid sequences. Cell 44: 597-
607.

Brandt, N. R., Caswell, A. H., Wen, S.-R., and
Talvenheimo, J. A. (1990) Molecular interactions
of the junctional foot protein and dihydropyridine
receptor in skeletal muscle triads. J. Memb. Biol.
113: 237-251.

Burk, S. E., Lytton, J., MacLennan, D. H., and Shull,
G. E. (1989) cDNA cloning, functional expression,
and mRNA tissue distribution of a third organellar



456

Ca?* pump. J. Biol. Chem. 264: 18561-18568.

Byrd, S. K., McCutcheon, L. J., Hodgson, D. R,, and
Gollnick, P. D. (1989) Altered sarcoplasmic reticu-
lum function after high-intensity exercise. J. Appl.
Physiol. 67: 2072-2077.

Cady, E. B., Jones, D. A,, Lynn, J., and Newham, D.
J. (1989) Changes in force and intracellular
metabolites during fatigue of human skeletal mus-
cles. J. Physiol. (Lond.) 418: 311-325.

Carrol, S., Nicotera, P., and Pette, D. (1999) Calcium
transients in single fibers of low-frequency stimu-
lated fast-twitch muscle of rat. Am. J. Physiol. 277:
C1122-C1129.

Chin, E. R. and Allen, D. G. (1997) Effects of reduced
muscle glycogen concentration on force, Ca**
release and contractile protein function in intact

mouse skeletal muscle. J. Physiol. (Lond.) 497: 17-

29. ‘ ‘

Damiani, E. and Margreth, A. (1990) Specific pro-
tein-protein interaction of calsequestrin with junc-
tional sarcoplasmic reticulum of skeletal muscle.
Biochem. Biophys. Res. Commun. 172: 1253-1259.

Davey, D. F. and Wong, S. Y. P. (1980)
Morphometric analysis of rat extensor digitorum
longus and soleus muscles. Aust. J. Exp. Biol.
Med. Sci. 58: 213-230.

Duncan, C. J. (1987) Role of calcium in triggering
rapid ultrastructural damage in muscle: a study
with chemically skinned fibres. J. Cell Sci. 87: 581-
594,

Dux, L. (1993) Muscle relaxation and sarcoplasmic
reticulum function in different muscle types. Rev.
Physiol. Biochem. Pharmacol. 122: 70-147.

Endo, M., Tanaka, M., and Ogawa, Y. (1970)
Calcium induced release from the sarcoplasmic
reticulum of skinned skeletal muscle fibres.
Nature 228: 34-36.

Enteman, M., Keslensky, S., Chu, A., and van
Winkle, B. (1980) The sarcoplasmic reticulum-
glycogenolytic complex in mammalian fast twitch
skeletal muscle. J. Biol. Chem. 255; 6245-6252.

Favero, T. G. (1999) Sarcoplasmic reticulum Ca?*
release and muscle fatigue. J. Appl. Physiol. 87:
471-483.

Favero, T. G., Colter, D., Hooper, P. F., and
Abramson, J. J. (1998) Hypochlorous acid inhibits
Ca’*-ATPase from skeletal muscle sarcoplasmic

fEEH»

reticulum. J. Appl. Physiol. 84: 425-430.

Favero, T. G., Pessah, I. N,, and Klug, G. A. (1993)
Prolonged exercise reduces Ca?* release in rat
skeletal muscle sarcoplasmic reticulum. Pfliigers
Arch. 422: 472-475.

Fevero, T. G., Zable, A. C., and Abramson, J. J.
(1995) Hydrogen peroxide stimulates the Caz+
release channel from skeletal muscle sarcoplasmic
reticulum. J. Biol. Chem. 270: 25557-25563.

Fitts, R. H. (1994) Cellular mechanisms of muscle
fatigue. Physiol. Rev. 74: 49-74.

Fitts, R. H., Courtright, J. B., Kim, D. H., and
Witzmann, F. A, (1982) Muscle fatigue with pro-
longed exercise: contractile and biochemical alter-
ations. Am. J. Physiol. 242: C65-C73.

Fleischer, S., Ogunbunmi, E., Dixon, M., and Fleer,
E. (1985) Localization of Ca?* release channels
with ryanodine in junctional terminal cisternae of
sarcoplasmic reticulum of fast skeletal muscle.
Proc. Natl. Acad. Sci. USA 82: 7256-7259.

Fryer, M. W., West, J. M., and Stephenson, D. G.
(1997) Phosphate transport into the sarcoplasmic
reticulum of skinned fibres from rat skeletal mus-
cle. J. Muscle Res. Cell Motil. 18: 161-167.

Godt, R. E. and Nosek, T. M. (1989) Changes of
intracellular milieu with fatigue or hypoxia
depress contraction of skinned rabbit skeletal and
cardiac muscle. J. Physiol. (Lond.) 412: 155-180.

Gollnick, P. D., Korge, P., Karpakka, J., and Saltin, B.
(1991) Elongation of skeletal muscle relaxation
during exercise is linked to reduced calcium
uptake by the sarcoplasmic reticulum in man. Acta
Physiol. Scand. 142: 135-136.

Green, H. J., Grange, F., Chin, C., Goreham, C., and
Ranney, D. (1998) Exercise-induced decrease in
sarcoplasmic reticulum Ca?*-ATPase activity atten-
uated by high-resistant training. Acta Physiol.
Scand. 164: 141-146.

Green, H. J., Grange, F., Goreham, C., Shoemaker,
K., and Grant, S. (1995) Failure of high resistance
and submaximal exercise training to alter sar-
coplasmic reticulum Ca?* ATPase in human mus-
cle. Med. Sci. Sports Exerc. 27: S66.

Green, H. J., Klug, G. A., Reichmann, H., Seedorf, U.,
Wiehrer, W., and Pette, D. (1984) Exercise-
induced fibre type transitions with regard to
myosin, parvalbumin, and sarcoplasmic reticulum



FHIGED & /AR 457

in muscles of the rat. Pfliigers Arch. 400: 432-438.

Gundersen, K., Leberer, E., Lamo, T., Pette, D., and
Staron, R. S. (1988) Fibre types, calcium-seqester-
ing protein and metabolic enzymes in denervated
and chronically stimulated muscles of rat. J.
Physiol. (Lond.) 398: 177-189.

Hasselbach, W. and Seraydarian, K. (1966) The role
sulfhydryl groups in calcium transport through the
sarcoplasmic membranes of skeletal muscle.
Biochem. Z. 345: 159-172.

Hymel, L., Inui, M., Fleischer, S., and Schindler, H.
(1988) Purified ryanodine receptor of skeletal
muscle sarcoplasmic reticulum forms Ca?*-activat-
ed oligomeric Ca?* channels in planar bilayers.
Proc. Natl. Acad. Sci. USA 85: 441-445.

Inashima, S., Yasuda, T., Inamizu, A., Wada, M., and
Katsuta, S. (1998) Effects of exhaustive exercise
on sarcoplasmic reticulum ATPase: comparison of
short- and long-term exercise. Jpn. J. Phys. Fit.
Sports Med. 47: 63-72.

Inesi, G. and Hill, T. L. (1983) Calcium and proton
dependence of sarcoplasmic reticulum. Biophys. J.
44: 271-280.

Inui, M., Saito, A., and Fleischer, S. (1987) Isolation
of the ryanodine receptor from cardiac sarcoplas-
mic reticulum and identity with the feet structures.
J. Biol. Chem. 262: 15637-15642.

Ishii, T., Sunami, O., Saitoh, N., Nishio, H.,

' Takeuchi, T., and Hata, F. (1998) Inhibition of
skeletal muscle sarcoplasmic reticulum Ca?*
-ATPase by nitric oxide. FEBS Lett. 440: 218-222.

Jakab, G. Y. and Kranias, E. G. (1988)
Phosphorylation and dephosphorylation of phos-
pholamban and associated phosphatidylinositides.
Biochemistry 27: 3799-3806.

James, P., Inui, M., Tada, M., Chiesei, M., and
Carafoli, E. (1989) Nature and site of phospholam-
ban regulation of the calcium pump of sarcoplas-
mic reticulum. Nature 342: 90-92.

Jorgensen, A. O. and Jones, L. R. (1986) Localization
of phospholamban in slow but not fast canine
skeletal muscle fibers. J. Biol. Chem. 261: 3775-
3781.

Kim, D. H., Wible, G. S., Witzmann, F. A., and Fitts,
R. H. (1981) The effect of exercise-training on sar-
coplasmic reticulum function in fast and slow
skeletal muscle. Life Sci. 28: 2671-2677.

Klitgaard, H., Ausoni, S., and Damiani, E. (1989)
Sarcoplasmic reticulum of human skeletal muscle:
age-related changes and effect of training. Acta
Physiol. Scand. 137: 23-31.

Kobzik, L., Reid, M. B., Bredt, D. S., and Stamler, J.
S. (1994) Nitric oxide in skeletal muscle. Nature
372: 546-548.

Lai, F. A., Erickson, H. P., Rousseay, E., and Liu, Q.
Y. (1988) Purification and reconstitution of the cal-
cium release channel from skeletal muscle. Nature
331: 315-319.

Lamb, G. D. and Cellini, M. A. (1999) High intracel-
lular [Ca2*] alters sarcoplasmic reticulum function
in skinned skeletal muscle fibres of the rat. J.
Physiol. (Lond.) 519: 815-827.

Lamb, G. D., Recupero, E., and Stephenson, D. G.
(1992) Effect of myoplasmic pH on excitation-con-
traction coupling in skeletal muscle fibers of the
toad. J. Physiol. (Lond.) 448: 211-224.

Larsson, L., Edstrom, L., Lindegren, B., Gorza, L.,
and Schiaffino, S. (1991) MHC composition and
enzyme-histochemical and physiological proper-
ties of a novel fast-twitch motor unit type. Am. J.
Physiol. 261: C93-C101.

Leberer, E., Hirtner, K.-T., Brandl, C. J., Fujii, J.,
Tada, M., Maclennan, D. H., and Pette, D. (1989)
Slow/cardiac sarcoplasmic reticulum Ca?*-ATPase
and phospholamban mRNAs are expressed in
chronically stimulated rabbit fast-twitch muscle.
Eur. J. Biochem. 185: 51-54.

Leberer, E., H.-T. Hirtner, K-T., and Pette, D. (1987)
Reversible inhibition of sarcoplasmic reticulum
Ca-ATPase by altered neuromuscular activity in
rabbit fast-twitch muscle. Eur. J. Biochem. 162:
555-561.

Leberer, E. and Pette, D. (1986) Immunochemical
quantification of sarcoplasmic reticulum calcium
ATPase, calsequestrin and of parvalbumin in rab-
bit skeletal muscles of defined fiber composition.
Eur. J. Biochem. 156: 489-496.

LePeuch, C. J. and Demaille, J. G. (1989) Covalent
regulation of the cardiac sarcoplasmic reticulum
calcium pump. Cell Calcium 10: 397-400.

Luckin, K. A., Favero, T. G., and Klug, G. A. (1991)
Prolonged exercise induces structural changes in
SR Ca?*-ATPase of rat muscle. Biochem. Med.
Metabol. Biol. 46: 391-405.



458

Lytton, J., Zarain-Herzberg, A., Periasamy, M., and
MacLennan, D. H. (1989) Molecular cloning of the
mammalian smooth muscle sarco (endo) plasmic
reticulum Ca?*-ATPase. J. Biol. Chem. 364: 7059-
7065.

MacLennan, D. H., Brandl, C. J., Korczak, B., and
Green, N. M. (1985) Amino-acid sequence of a
Caz* + Mg?*-dependent ATPase from rabbit mus-
cle sarcoplasmic reticulum, deduced from its com-
plementary DNA sequence. Nature 316: 696-700.

Madsen, K., Franch, J., and Clausen, T. (1994)
Effects of intensified endurance training on the
concentration of Na, K-ATPase and Ca-ATPase in
human skeletal muscle. Acta Physiol. Scand. 150:
251-258.

Mandel, F., Kranias, E. G., DeGende, A. C., Sumida,
M., and Schwartz, A. (1982) The effect of pH on
the transient-state kinetics of Ca?*-Mg?*-ATPase of
cardiac sarcoplasmic reticulum. A comparison
with skeletal sarcoplasmic reticulum. Circ. Res. 50:
310-317.

Marey, E. J. (1868) Du mouvement dans les fonc-
tions de la vie. cit. in: Mosso, A (15)

Matsunaga, S., Tsuchimochi, H., Inashima, S.,
Hazama, T., Niihata, S., and Wada, M. (2000)
Alterations in function of sarcoplasmic reticulum
after acute high-intensity exercise. Jpn. J. Phys.
Fitness Sports Med. 49: 139-148.

Meissner, G. (1986) Ryanodine activation and inhibi-
tion of the Ca?* release channel of sarcoplasmic
reticulum. J. Biol. Chem. 261: 6300-6306.

Melzer, W., Herrmann-Frank, A., and Luttgau, H.
(1995) The role of Ca** ions in excitation-contrac-
tion coupling of skeletal muscle fibres. Biochem.
Biophys. Acta 1241: 59-116.

Metzger, J. M. and Fitts, R. H. (1987) Role of infra-
cellular pH in muscle fatigue. J. Appl. Physiol. 62:
1392-1397. )

Mitchinson, C., Wolderson, A., Trinnaman, B., and
Green, M. (1981) Identification of a labeled pep-
tide after stoichmetric reaction of fluorescein
isothiocyanate. FEBS Lett. 123: 127-130.

Oetliker, H. (1982) An appraisal of the evidence for a
sarcoplasmic reticulum membrane potential and
its relation to calcium release in skeletal muscle. J.
Muscle Res. Cell Motil. 3: 247-272.

Ohlendieck, K., Briggs, F. N., Lee, K. F., Wechsler,

FEIE A

A. W, and Campbell, K. P. (1991) Analysis of
excitation-contraction-coupling components in
chronically stimulated canine skeletal muscle,
Eur. J. Biochem. 202: 739-747.

Ortenblad, N., Lunde, P. K., Levin, K., Andersen, J.
L., and Pedersen, P. K. (2000a) Enhanced sar-
coplasmic reticulum Ca?* release following inter-
mittent sprint training. Am. J. Physiol. 279: R152-
R160.

Ortenblad, N., Sjogaard, G., and Madsen, K. (2000b)
Impaired srcoplasmic reticulum Ca?* release rate
after stimulation in rat skeletal muscle. J. Appl.
Physiol. 89: 210-217.

Pette, D. (1992) Fiber transformation and fiber
replacement in chronically stimulated muscle. J.
Heart Lung transplant. 11: S299-S305.

Pette, D., Peuker, H., and Staron, R. S. (1999) The
impact of biochemical methods for single muscle
fibre analysis. Acta Physiol. Scand. 166: 261-277.

Peuker, H., Conjard, A., and Pette, D. (1998) a -
Cardiac-like myosin heavy chain as an intermedi-
ate between MHCIla and MHCI £ in transforming
rabbit muscle. Am. J. Physiol. 274: C595-C602.

Posterino, G. S. and Fryer, M. W. (1998) Mechanism
underlying phosphate-induced failure of Ca?*
release in single skinned skeletal muscle fibres of
the rat. J. Physiol. (Lond.) 512: 97-108.

Powell, J. A. and Fambrough, D. M. (1973) Electrical
properties of normal and dysgenic mouse skeletal
muscle in culture. J. Cell Physiol. 82: 21-38.

Reddy, M. K., Etlenger, J. D., Rabinowitz, M.,
Fischman, D. A,, and Zak; R. (1975) Removal of Z-
lines and alpha-actinin from isolated myofibrils by
a calcium-activated neutral protease. J. Biol.
Chem. 250: 4278-4284.

Reid, M. B. (1998) Role of nitric oxide in skeletal
muscle: systhesis, distribution and functional
importance. Acta Physiol. Scand. 162: 401-409.

Reid, M. B., Haack, K. E., Franchek, K. M., Valberg,
P. A, Kobzik, L., and West, M. S. (1992) Reactive
oxygen in skeletal muscle. L. Intracellular oxidant
kinetics and muscle fatigue in vitro. J. Appl
Physiol. 73: 1797-1804.

Rossi, A. M., Eppenberger, H. M., Volpe, P., Cotrufo,
R., and Wallimann, T. (1990) Muscle-type MM cre-
atine kinase is specifically bound to sarcoplasmic
reticulum and can support Ca?* uptake and regu-



HHIGE) & /Rt 459

late local ATP/ADP ratios. J. Biol. Chem. 265:
5258-5266.

Riiegg, J. C. (1988) Calcium in muscle activation.
Springer-Verlag: Berlin, pp1-300.

Saborido, A., Molano, F., Moro, G., and Megias, A.
(1995) Regulation of dihydropyridine receptor lev-
els in skeletal and cardiac muscle by exercise
training. Pfliigers Arch. 429: 364-369.

Scherer, N. M. and Deamer, D. W. (1986) Oxidative
stress impairs the function of sarcoplasmic reticu-
lum by oxidation of sulthydryl groups in the Ca?*-
ATPase. Arch. Biochem. Biophys. 246: 589-601.

Stienen, G. J., Papp, Z., and Zaremba, R. (1999)
Influence of inorganic phosphate and pH on sar-
coplasmic reticular ATPase in skinned fibres of
Xenopus laevis. J. Physiol. (Lond.) 518: 735-744.

BARM (1998) Cat* R v 7—HEB L /Mafh—5 ¥
N7 B, R, W3 43:1610-1621.

Takekura, H., Bennett, L., Tanabe, T., and Beam, K.
G. (1994) Restoration of junctional tetrads in dys-
genic myotubes by dihydropyridine receptor
cDNA. Biophys. J. 67: 793-803.

Takeshima, H., Nishimura, S., Matsumoto,AT.,
Ishida, H., Kangawa, K., Minamino, N., Matsui, H.,
Ueda, M., Hanaoka, M., Hirose, T., and Numa, S.
(1989) Primary structure and expression from
complementary DNA of skeletal muscle ryanodine
receptor. Nature 339: 439-445.

Toyoshima, C., Nakasako, M., Nomura, H., and
Ogawa, H. (2000) Crystal structure of the calcium
pump of sarcoplasmic reticulum at 2.6 A resolu-
tion. Nature 405: 647-655.

Wada, M. and Tsuchimochi, H. (1996) Dysfunction
of sarcoplasmic reticulum by exercise. Jpn. J.
Sports Sci. 15: 279-285.

Ward, C. W., Spangenburg, E. E., Diss, L. M., and
Williams, J. H. (1998) Effects of varied fatigue pro-
tocols on sarcoplasmic reticulum uptake and
release. Am. J. Physiol. 275: R99-R104.

Westerblad, H., Allen, D. G., Bruton, J. D., Andrade,
F. H., and Lannergren, J. (1998) Mechanisms
underlying the reduction of isometric force in
skeletal muscle fatigue. Acta Physiol. Scand. 162:
253-260.

Williams, J. H. and Klug, G. A. (1995) Calcium
exchange hypothesis of skeletal muscle fatigue: a
brief review. Muscle Nerve 18: 421-434.

Williams, J. H., Ward, C. W., Spangenburg, E. E.,
and Nelson, R. M. (1998) Functional aspects of
skeletal muscle contractile apparatus and sar-.
coplasmic reticulum after fatigue. J. Appl. Physiol.
85: 619-629.

Wolosker, H., Panizzutti, R., and Engelender, S.
(1996) Inhibition of creatine kinase by S-nitrosog-
lutathione. FEBS Lett. 392: 274-276.

Wu, K. D, Lee, W. S., Wey, J., Bungard, D., and
Lytton, J. (1995) Localization and quantification of
endoplasmic reticulum Ca?*-ATPase isoform tran-
scripts. Am. J. Physiol. 269: C775-C784.

Yamada, S. and Tonomura, Y. (1972) Reaction mech-
anism of the Ca?*-dependent ATP-ase of sarcoplas-
mic reticulum from skeletal muscle. VII.
Recognition and release of Ca?*ions. J. Biochem.
72: 417-425.

IAE— - FLINTAE (1986) M. fLEERA - BHER,
pp.1-124.

Yasuda, T., Inashima, S., Sasaki, S., Kikuchi, K.,
Niihata, S., Wada, M., and Katsuta, S. (1999)
Effects of exhaustive exercise on biochemical
characteristics of sarcoplasmic reticulum from rat
soleus muscle. Acta Physiol. Scand. 165: 45-50.

Yim, H. L. (1987) Gelsolin: calcium and polyphos-
phoinositide-regulated actin modulating protein.
Bioassays 7 :176-179.





