Study on Ca++ Paradox in Skeletal
Muscle-Possible Mechanisms in the Development
of Ca++ Paradox and Its Role in the Pathogenesis
of Myopathies
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PR 5 & CEHIIENAR Ca® 23|28 LTEMT2MEE, YA N0 7 14 —f L OELE
FEEHEINTAL W, AFRE, HEPMEE CaY HAR Lo THEOKRRELEHET 27 », LHTR
shadCa™ NIFY IR, TROLLERBED Ca* BE27) —hoEECET &, Ca" MSHEREAAN
BEREWA LSS B2 HRNERB T LR 20 % N, BBI5ETHIEZFDOREBERATH 3
PIZDERRT LI, VA A —Rilh7 v MERESEE, Ca* &L BVER (Ca* 7Y —¥HR)TH
Wik, VS VETHER, Ca® 7V —EEERE T 28 (bE, BRAESWHE, B X UMEAA
A RERE LD BT BECARRORBUBFRF 0720, BRERICEL OBHis M, Ca* 7
) — I £ BRTRAECTIR, U vV VIEEN 15 SR 0ORGT, BINEEIE 60+11% (mean
+S.D.), HKERIT I 60+ 109 BT L7, BREMEELBEOBENENE Ca® 7V —BBOHDRE
WRFE LB L 7eFER T, Ca™ 70 —IIAD Y 784 V¥R, B & UEEREBIICE Na* A £ 11z
IEE, BERBRORANETE—BEBELL, BEHH [(Nat]-[Ca* ], REFIC X 284 Na* i,
MM Ca™ WMAMFEIIRB SN, Ca® 7 ) —IERER~EERCh ) =7 2 VY 2R, 271
Ca® 7 U —{EHD Mg " BEL2ED B, BERBOBEETIZELE & ng, ZERAD slow Ca ™
channel DBIG R A% 0 LRBE N, Ca® 7 ) —¥HIT, 3 b 3> R Y 7BEEBHIO carbonylcyanide-
p-trifluolomethoxyphenylhydazone (FCCP) 2¥EIILT, X I > FUF7A® Cat BEDAAMILIC &
BRIME TR & HARF L 7208, BIZIRTINY S - FEFEAYSITHE £ 389, FCCP Iz & D adenosine triphosphate
(ATP)BRIHE» SR EMES N2 BFEE L S hie, BN 4 Vi8R, Ca* 70 33
TT A REIMUARS 2 AL BT, BN 15 A4 kTP Ca 1IN, Nat i, KT ®o
Aotz Ca* 7)) —BRERE®H T, Ca* 7 ~EROLOERBECHEIEN Ca* BA 23, &
Na*t LB ENZ 7z Ca* 7 ) —ISHEERBE TR, Ca™ 7 ) IR0 A D EEFEAC L L, #IBK Ca* Ao
PREECHZ S, Ca® 7 —EH#ER+ (Nat]o [Ca* ] RHRIC & BHIBZHAD Ca® FiHitEL
ARENT, BLEXD, BRATOMIENERE Ca® HAkLs Car SRy 7 2an@rs e 835
PIZT B &3, REMFLLT, Ca¥ 7 —ERERT TR [Nat],- [Ca* ], %Y, VY7L
BEATTE [Na*]- [Ca” ], REMEMNEREET 2 LEL o1,

Key words Ca* paradox, Na*-Ca* exchange system, slow Ca" channel,
mitochondrial uncoupler, intracellular Ca* overload

BEE, BTHEOBNETE2ERETEHEIRA o Ho THIRES Ca* OHIBENNDBRFEAHEL,
74 —fE (muscular dystrophy) 5 J 3 SR EE Ca* {KEHSMET 0T 7 — ¥ a5 L S NIEE SR
RUBEO—D LT, HMIETS 0 REs WITbh, £hY YV —A A7 7y Bk 2R

Abbreviations: ATP, adenosine triphosphate ; EDTA, ethylenediaminetetraacetate ;
EGTA, ethyleneglycol-bis-(8-amino-ethyl ether) N, N’-tetraacetic acid; FCCP, carbonyl-
cyanide-p-trifluolomethoxyphenylhydrazone ; OCPC, o-cresol-phthalein complexone ; Po,
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EAERS YL, SRS E2AENEZ S
nTwam, Lnl, BECa” HAOBRYDG &&
L A ERREREAATH LI DT, £<0
BMANDHBL LA THBY,

FHEE, ZOROBIHOAOERDE L 2HN
ELT, DEFEFEOETNVE L TR RENTNS
“Ca*® % Ry 72" BROPEEZEA LKL 2.
AEHIE, Zimmerman 5925, 7 v bO.LlEE Ca”
7Y —EECERL %, s Cat EBUEET
BEERTS &, O Car oML iz, FEAHE
R R MR, EHL.LHMEEE Vv T TR
43 —2 (CK)EHBROKEHEHEADDE L EH
BL, WRhahizbDTHb., #DHk, ZTORIBF
ZoWwTiE, Ca* channel, Na*-Ca* TR %2 &L
&L OFFFHBMIONTET,

—7%, BEGHrowTy, BECat MAIKX3H
B OB L EE TR, ERIICHEEN» & OFEE
Y Ca* WAZBITETAMMEONTEZ.Ca”
447717 AB18TY, R T E N KA VO, U vy
F Mz k B HHRAES, ¥ v IRAT URERIIC L
BEWEEYRZNTHD. Lal, WTFh L 3EEE
H, BRNEHiELELT2bDTHo7. £2T,
s OB LICHIEBNEE Ca® WALZLLOT
B e LT, Bfo Ca* /85 Py 7 ARKRMHFRE
#2603, Lil, BREHTHLLHRRZARRY
BIH S 20hMEEL %3, Carpenter 5%, Soza
S, BB THEID I B EMEL T, |
5 12 K & O ethylenediamine tetraacetate (EDTA
) - ethyleneglycol-bis- (8 -amino-ethyl ether) N, N’-
tetraacetic acid (EGTA) 2HHE L THRIHILTE Y,
IheFr— AR, EFEECar T sFL—
FMEFE'™, Na*-Ca* ZHRIEEER, BL U Na*
Zn4 4 rOMEESAEERDAERNDE Z L
PEZNE, FOREBEIC L AEMEJRETELR
weBbha,

ERETE, Ca¥ 7Y —EHRIERO D IIZRD
BE®D EGTA (0.1mM)FIMCL DT, 7 v MER
B EAEL, SEENELE L UMM 4 v BE
FleaiEEe LT, BRIHCBSY 5 Ca® X7 Fv 7
AES P EFRMCTHET 3 L, —E, LHOEh
FIREZBEDAS A VEAWERETL, YA Lo
7 4 —EFLLO Ca* -induced myopathy DF|& &L
7% S EEOREIC D SR EMAERE L.

MEE & UFE

1.8 #

A4 A& — (Wistar) 7 v b (250~300g) &b
EREEEA G, TERIC TR .

. ERER

Y > A OVEERERE, 122mM NaCl, 4.7mM K(,
15.5mM NaHCOs;, 1.2mM MgCl,, 1.2mM
KH,PO,, 2.6 mM CaCl,, 11.5mM glucose, pH 7.4
L7, Ca¥ £&znw) A (BITCat 7
Y —¥EIR) 1, RV s S5 Call, D% %,
&5 0.1mM EGTA 2L/, Ca™ 7Y —EH
ip Ca® WEIZ DWW, EGTA RIFIMRET, o
cresol-phthalein complexone (OCPC) # 12 T 0.0
mg/dl 2HEF, > TEGTA0.1mM PUNT 52
Lizkb, WEMBEZETTS LfEELLD, &
S Cat 7V -, V7 VIRICER OMLE
2Nz, £1RERTIEFCHEAZER L. 209
LENat LB EMZ 2 BEHRCE Yy o-—2A
(sucrose) VAW EIRINL TEBELHARL. 2=
7 = V¥ > (nifedipine) & 1mg/ml DEEH TS
J— VTR (=¥ 7 — VERINEABRINCRE x5 2
BV EREE), VS ARTRKERBES 4uM
U2, RBEEREE, #A (0 CO,=9%: 5)
&%, 3rCO—ERETEB .

. BRAEEFMIRE

EREESER (BRER20~33mg) %V Y7LV
TEH (1, perfusionl) LD DHERMEMRIEFIC
v b, BAEIEREIMNELNAFERRIEL,
HEEE HERChi ) RIFRIBO i oREB L L
7o) Wk ABAHIE (0.5 msec) W& CAAEEERIE (d-
W R 27 5 Y > 10 pg/ml HANTHPIHRERIE O AT
Kk L, SRS, 166Hz RAEHIBIC L 2 EiER
HEHFEL. VEDTE, 1D 2~TOHER
(perfusion 2, 3) % {TWiE@PEINKEIRS & 08k,
WEEEAICOWTIR Y v 7 VIREEER (perfusion 3) 15
BBOHIEEE LT, BAE L ARDOE R, A#
BIEST (100%) DR TRE L7z, %5, REBCET
2 30 ¥R (perfusion 2+3), AMEAZ ) > 7LD
HTERLES, ZOHBTRAOOE IRV L
PRERLL (B, £2 1), £, HMENESEL
v, BRSO EBERIEC & 5 BRAEEENS &
U (FREE %, ALERT, Ca®t 7 ) —YEIRERF,

maximum tetanic force ; Pt, maximum twitch force; Pv,, probability versus; RS, Ringer

solution.
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v VIEEERR T TR R .

IV. BpfEERP A 7 > BEERIE

Ca® 7V —IEWERRY 7 VI CHERL 2R
(£1-2), V754~ (ouabain) @ Ca® 7V —
ERETSRY VR TEERLULE (B1-5) ©
s Ca™ , Mg™ , Na*, K* BE% Y 7 LT
30 4PEIEER L o EBAY (R1-1) oFhesdtbl

TVRT O FEERICE S 2 WEITOBHRK A 4>
ElizowT, Ca® 7 ) —ISWIEREE (1 —-8),
ENat LB %027 Ca™ 7 V—BIEBEIE (5
1=9), 77,34 YiICa” 7Y —IEIREREE (&
1-10) #t0EEE (R1—1) LEELE 14 i
BRI DL T, EFERBONERALESIZ0.4
M ¥y A a—2+1mMEGTA-10mM b Y R4EEE

. 2512, Ca* 7)) —¥EIR 15 SrEERER, U (pH7.4, 0~2°C) T¥i¥, DO THETTow b,

Table 1. Summary of experimental groups and sequence of perfusions

Group  Perfusion 1 Perfusion 2 Perfusion 3
1. RS —— RS —— RS
2. RS Ca"-free solution+EGTA —— RS
3. RS Ca*-free solution+EGTA -~—— RS
+nifedipine (4 xM) +nifedipine (4 M)
4. RS Ca*-free, high Mg"(12 mM) —— RS
solution+EGTA
5. RS Ca"-free solution+EGTA —— RS
-+ouabain (1.7 x 104 M)
6. RS Ca'*-free solution+EGTA normal Ca*,
low Na*(72.5 mM)
7. RS Ca'-free solution+EGTA —— RS
+FCCP (0.5 pM)
8. RS Ca"-free solution+EGTA @
9. RS Ca''-free, low Nat(225 mM) —— @
solution+EGTA
10. RS Ca'-free solution+EGTA —a

+ouabain (1.7 x 10~ M)

RS, Ringer solution; EGTA, ethyleneglycol-bis-(3-amino-ethyl ether)
N,N'-tetraacetic acid; FCCP, carbonylcyanide-p-trifluolomethoxy-
phenylhydrazone ; @, Perfusion 3 was not done.

Table 2. Changes of contractile properties after various perfusions of muscle

Experimental

Group Pt % Po 9% I};tV. GroupPZ(.)

1. 100£0 1000 (n: 5)

2 60+11 60£10 (n: 15} - -
3. 6513 58+6 (n: 5) N.S. N.S.
4 65112 67L6 (n: 5) N.S. N.S.
5 21£38 27%2 (n: 5) 0.01 0.01
6. 33*12 34%13 (n: 7 0.01 0.01
7. 3£3 75 (n: 3) 0.01 0.01

Numbers of experimental groups correspond to those in Table 1. Forces ex-
pressed as percent of those recorded prior to the Ca*-free perfusion. Po, maxi-
mum tetanic force; Pt, maximum twitch force; Pv. Group 2., statistical compari-
son of the means with Group 2. achieved by Duncan’s multiple comparison test.
Each value represents mean+S.D..
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COMREE AEREDE L, 2B, %o EGTA
Wi (ImM) 2w T, MESAEO Ca” BES
10 MBITFICL, »OEONMN S EfCHEL H /-
A OOBEE L Uz, RICHIRA % 140°C 12T 60 R
WK, REEEE N NBAS RS, FEEE TS XN
EEWCTHE, HREMEEYSZIDCat, Mg*®,
Na*, K* BEEHEH L,

V. #EaHALIE

Bonle T =7 IZTFHE L EEERZE (Mean+S.D.
)y TEL., 3BULOEHEOEDORER, TS
##% Duncan D EHE L £1T\, p<0.05 2 HEE
Hhreli.

B i

1.Ca" 2 —BEER-L>»EREEYHTL
(M1, M2 -%2-2)

BREICBLT LI Ry 7 ABBEEID 3 50
KonT, BERS - IEEIEAL - B EEAE(L %

Io——— Ca -free solution

B UTHREL 2, BUERNICDLTE, Vs
NIRFEER 15 M (R1-2) BT 2BIUEES
(maximum twitch force, Pt) i3, #LEBHID 60+11%
VAR, #7558 (maximum tetanic force, Po)
L ALEERT D 60+ 10% BT L 72 (p<0.01; n=15),

BEREORMREE L i, BABETORESELT
BWEHFEAND 20, HIWERIORKNE(LEB -7
(M2), zOfR, VX VIKEETE LSBT
HATD 61+ 9 B LAET L/zss, M5 9B Tid 58+
9%, 10 2ETIx 59£11% &, BEREZVThoORE
ZHEELTYH, BEOEBRASNEL 572 (n=15
). L7edioT, BRECBIT2/.37 Fy s ABRE,
HHEMR1SEHECERRT 2 L FHEIN:, BPE
fitid, Ca" 7)) —HEEREES L) VP LVKE
15 251, RBOET HHERENOEENS 5N
7w (1), #ILBEERE, MBEAO-77£2.3mV
(n=20) »5, Ca™ 7V —BKER 1~57H Iz~
66+6.1mV (n=20), 10~154> H iZ—55+8.8 mV

120

100

Twitch (% control)
[«-]
o

[+
(=]

ll

1

o Ringer's solution s

0 5 10

i
15 20 25 30

Time (min)

Fig.2. Changes of twitch during the Ca™ -free period and the reperfusion period. Forces are
expressed as percent of those recorded prior to the Ca* -free perfusion. ®——@®, Group 2.(Ca ™
free perfusion); ©——0, Group 3. (addition of nifedipine).
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(n=20) LB ERLE (p<0.0D. U1l
BEAEBS~10SEOHETIZ—82+4.5mV (n=
20) X @AMV (p<0.01), 10~15 B
i3—61+4.3mV (n=8) B\EURSBLERLL
(p<0.01) (K 1).

. BREEGLEALBESOBIMEAHEL

1. =7 2YEY @uM)BENCLELEES (B
2, ®3, £2-3)

Ca* 7Y —HBERT, BLUY 7 VIREER
tiz, slowCa™ channel DBIS23H 5 » D
iz, Ca* *ﬁﬁﬁﬂ@—:71“)ff/m%ca* 71—
BT~ EERLC T TR . BRE, VY
NEERR 15 2% (1 - 3) OBEIUE, BEEIR
2R HAERETD 65+13%, 58+ 6 % (n=5) #xL,
Ca* 7V —BEOHDMEHF L OMICEEEZ2RD
Ripot., £z, VY SNVEEERESR» S 15083
TIRENCEIGERNE LT DL TRIE LR Y,
Ca* 7V —BROADUEH Lt FREEN 2oL
(2). LizdoT, Ca®t 7V —IAWEHERF, 8LV
Y U VEEERROVLTRORIC S, FERE
Ca* HE¥Flc X 2HE2ZT RV EEEFIhL,

2. BMg* (12mM) - Ca* 7V —E®THLE
LiBE (F4, £2-—4)

Ca* 7V —¥EWERH, slow Ca™ channel OB

Group 3.

ExHz0R AL D, Ca* 7V —ERIC slow
Ca* channel 70 wvh—& LTE< Mg* VDR
ZEOLMEEMAT. BRI, V7 VIEEER LS
S (21— 4) OB, MERNDIZENTLE
g 65+12%, 67+ 6% (n=5)%m=L, Ca* 7VY—
B HONERE L O EREERR DR P o7, L
e oT, Ca* 7 Y—EWEF P slow Ca*
channel # 70y 7 T 3FEITE>ThH, FERE
- A AL . - I

3. w4y (LLTX107*M) EINTAEL 7235
& (M5 +-%2-5)

Y oS VIREER S, [Nat]-[Ca™ o REBHE
BLTWwarEFARDZ Y, Ca™ 7 ) —BHERRE,
(Na*-K*) ATPase HHHEER THH V7 /N1 2%
WINLTz. FORE, Vo7 VIREER 15 9% (&
1—5) QRIE, HEHERTEZ W THLERD 21+
8%, 27+ 2% (n=5) &, HRAETIZ Ca®* 7V~
BEOHOMBRZEL, —BERHER-7 (Hi
p<0.01).

4. {ENa+(72.5mM) + E¥ Ca® BRTERL
7oBs (M6 +%k2—6)

Y v VREERSD, [Nat]-[Ca™ 1o ZHRHE
Bl T3 2FNL 0, BEREBRICE Nat 08
EMzte. #OSR, ENatE¥ Ca® HWETORE

Ca'-free perfusion and
reperfusion with nifedipine (4 xM)

Ptm !
Pon E 1
30 g
: -t

[es
—

40 msec

400 msec

Fig.3. Ca* -free perfusion and reperfusion with nifedipine (4
4M) (Group 3. in Table1). Tensions recorded prior to the
Ca™* -free perfusion are shown on the left side, and those
after 15-minute reperfusion with Ringer solution are shown

on the right side.
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#1538 (R1— 6)0BIE, BMEEhEzhe 5. FCCP (0.5 M) #inCa*™ 7V —¥¥ECQLE

AOERTO 33£12%, 34+13% (n=7) &, Ca* 7 Lrs (M7 -%2-17)

) —EIRD A DML U TRIETIZEETH - SharyRY7ADCa* BYAHBEEICE 235

72 (32 p<0.01). Fv7 ARKEIEFRZBHFELTC, Sbav PV 7B
Group 4.

perfusion with Ca' -free,
high Mg (12 mM) solution

Ptm ! Isg
—

40 msec

Pom E I
30 g
o

400 msec

Fig. 4. Perfusion with Ca™ -free, high Mg*® (12 mM) solu-
tion (Group 4. in Table1). Arrangement of right-and-left is
the same as that in Fig. 3.

Group 5.

Ca -free perfusion with
ouabain (1.7 x 10°* M)

i ! ! ]:6 g
—
40 msec
Po
[ 2
400 msec

Fig.5. Ca™ -free perfusion with ouabain (1.7X10"*M)
(Group 5. in Table 1). Arrangement of right- and-left is the
same as that in Fig. 3.
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#%#FTH B FCCP % Ca™ 7V —¥EMWPICHML 5% (n=3) wETLx,

7, FOER, VS NVIKERER 15 2R (R1-T), . AARBRRAY A 7~ REE & & DFEALIRIC & 5 1L
BB 8 ~10g £ LR (HMIRRE) ¥ 5 &3, 1. VU VIREER 15 SR 0BMiam s + e
BUE, BWERIRZATHALER D3 3%, 7L B (#3)

Group 6.
reperfusion with normal Ca*,
low Na' (72.5 mM) solution

Pt :[ 6g
]
40 msec

~

IEX
fmeee]
400 msec

Fig.6. Reperfusion with normal Ca*® , low Na* (72.5 mM)
solution (group 6. in Table 1). Arrangement of right-and -
left is the same as that in Fig. 3.

Group 7.

Ca -free perfusion with
FCCP (0.5 IuM)

[es
-

40 msec

Isog

peed
400 msec

Fig.7. Ca™ -free perfusion with FCCP (0.5 ¢M) (group 7. in
Table1). Arrangement of right-and-left is the same as that
in Fig. 3.
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BRFICBVTYH, 37 ¥y 7 ZRKUIMRNAD
Cat BEWACLD RHT 20 E2HARZEHNT,
Ca* 7V —IEWERE, VS ARTHERL B
(5 Ky 7 RAE), VPN CEMCat 7 B
ik, VS VIRTEERLE (V784 ViR
N5 Ry 7 A, BXUNEHOM TR A 4 >
BESLELELLE E1-1, 2, 5). 20E,
N5 Ry 7 ABEHBALEEL T, wiFhoq4 4+
BEICHLERRDL o7z, LHLT 784 YN
IRy 7 AFTCE, MR UMEA Cat ORI
(n=8, p<0.01), Na* O8I (n=8, p<0.01), K*

DA (n=8, p<0.01) %7,

2. Ca* 7V -—BREREROHMIRANA A+ B
EEL (&4)

Ca* 7V —ERERF [Natl-[Ca* ] THaR %
U7 MlEs Ca ™ FHBESERL T2 0B %
Bopicgddicw, Cat 7Y —ERBHERTOL
HRPY 1 A VBEEIZ DOV T, WBEE Ca* 7Y —
BBEOSLHDOMNERE (Ca* 7 Y —EHE), {5 Na*
(22.5mM) «Ca* 7V —BWCHLEL-# ({E Na*
BB OMITHE L (R1—-1, 8, 9). 20
#®, Ca™ 7V -BHHETRNBECLL, SR

Table 3. Total tissue contents of Ca*, Ma* Na*, and K* (umol/g dry wt), after reperfusion
with Ringer solution (15 min)k

Control Experimental v.

(n: 6) Group Control

Cat* 8.3%0.4 2. Ca®-free perfusion 9.3+1.4 (n: 5) N.S.
5. Ca™free+ouabain 12.4%0.9 (n: 8) 0.01

Mgt 38+1.5 2. Ca%-free perfusion 37+1.8 (n: 5) N.S.
5. Ca%-free+ouabain 38+2.1 (n: 8) N.S.

Na* 1007 2. Ca“-free perfusion 9013 (n: 5) N.S.
5. Ca'-free4ouabain 142+8 (n: 8) 0.01

K* 254+17 2. Ca'free perfusion 243%35 (n: 5) N.S.
5. Ca"-free+ouabain 20911 (n: 8) 0.01

Numbers of experimental groups correspond to those in Table 1. Pv. control, statistical com-
parison of the means with control achieved by Duncan’s multiple comparison test. Each value
represents mean=+S.D..

Table 4. Total tissue contents of Ca* Mg* Na*, and K+ (umol/g dry wt), immediately
after Cat-free perfusion (15 min)

Control Experimental Pv. Pv.
(n: 6) Group Control Group 8.

Ca* 8.3%x0.4 8. Ca'-free perfusion 5.9%£0.6 n:7) 0.01 -
9. Ca*-free+low Na* 7.3£1.0 (n:7) 0.05 0.01
10. Ca'*-free+ ouabain 5.6t1.0 (n:7) 0.01 N.S.

Mg* 38%1.5 8. Cat* free perfusion 37+1.7 (n:7) N.S. -
9. Ca'-free+low Na* 38+1.6 m:7 N.S. N.S.
10. Ca'*-free+ouabain 37x1.4 (n: 7 N.S. N.S.

Na* 100+7 8. Ca"-free perfusion 118+18 n:7 N.S. -
9. Ca"-free+low Na* 4316 n:7 0.01 0.01
10. Ca*-free+ ouabain 16623 n:7) 0.01 0.01

K+ 254117 8. Ca'-free perfusion 239+35 n:7 N.S. -
9. Cat*-free+low Na* 227424 m:7 N.S. N.S.
10. Ca*-free+ouabain 188421 m:7 0.01 0.01

Numbers of experimental groups correspond to those in Table 1.
Pv,, statistical comparison of the means achieved by Duncan’s multiple comparison test. Each
value represents mean+S.D..



1180 L

Ca* B4 (n=7,p<0.01) 2Rk, —7, {ENa*
MIBBETIIEHIIEN Ca * BEINBRCLLEED
WP (n=7,p<0.05)23% djchs, Ca* 7 ) —¥EHK
Bz bERRRSBBEZ 6N TR (p<
0.01), # L CH#EIEA Na* B xR b LB
(n=7, p<0.01) ®2FD7z,

BB, TR0 T4 YENTHEL ZBE &
5.322—5), 27N VEM-Cat 7Y —ERE
Firh, $MRAA Nat BESHEL ML TR 2 hErE
Behicd sz, Cat 7Y —BRERERTOH
WA A Y BETLIZDWT, XHHREE, Ca* 7V —
TSHERE, Ca™ 7)) —VAWIC Y 784 Y REIL 2B
(9734 VURINEE) ofTHEEL: (R1-1, 8,
10)., ZOFEE, v 74 vERIIEETIR, HMAEN Na*
BB LI (n=7, p<0.01), Ca® 7
Y B R T S, BEOEM (p<0.01) 23D
Shiz, % L CHMIEN Ca® BEIEBEICLE LI
A (n=7, p<0.01), K*#E b BB ICLL LR
(n=7, p<0.01) AN,

% %=

Ca™ /S Ry 7 AZBIT2BFCa* MADAH
ZZAZDVTRE, LDETRELOFRBHD, V>
FVIEEEREEO Ca* MARKELT, ERKRDS5
OMEZ ENTNBE, E1id, Ca®t 7 —EIRER
RS Cat OB It LD, EEBATOE:
BID, Thicks Ca® BEFMANB IS LWIR
B2 TH D, ZOF XL, EET, neonatal
heart®®, 8L UfCa* 7 —EKCVED Ca™ 2H
L7882, X7 Ry 7 ABRKMMI 6N 2 LM
Bz, EEEROHBLEEShEEORECLIVE
fiFeshTws, Lhl,Ca® 7V —BEH~OMM
A4 EmImz Ly, EEENOKBHIIHELESNTY,
85 Ry 7 ABRIMz s o7 & OFREY
by, ZEEFZI TR Ca® BEAMACEEDITNT
FEELEZzwEELOND, BE21E, slow Ca"
channel 2/ LTO Ca® WMABTHS. 2hid, V>~
FLBEERRBC CaY BHAFE2EMNT2 I Lk
n, —EIZ Ca* OHIFIAFIASY, LHEEOEET
HLERLE - 4 7o C 2 EREYY, RWATP -
creatine phosphates L~V DE T304 2 & e
EORBRICETL, Lnrl, IN6DOFERIZIFLAY
B, VU FNVBEBERE1~3AETTHY, Znld
ik Ca™ HFAFERIBE L OMIERZRA»26NT
Wiz, &2, slow Ca* channel IZIfEN Ca™
BN & DTEMLanaHE D2 bbby
T, slowCa™ channel 2:8->T®dD Ca™ FAW, Y

H

U NEEEREOVIBCE NS LEZ N, &
72, Ca™ IEHFIDSI BRI NIAPINVFTELR
X, Na*t EF L THMBIFERESH 25 2 &%, Ca*
HERFE Y S ABICEML T LI L OmEI s
522 k&b, slowCa™ channel 28 Ca™ HAD
FERELIIE LI, B33, [Natl-[Ca* 1, %
W|AENALTDOCa® MAHRTHS. T2bbCa"
7 ) — R I HIEEMN Nat (33800, Ca™ EEY
L0, ST Y P VECERERT % &, [Na*]-[Ca" ],
TW|FENLTHBERNAD Ca" @FIBANS
TREWHIELHATHZW, LxCa™ 7Y%

RO Na M0, FRERH I EE L &

nTED, ZOBFEEL L TiE, Ca” channel ##- T
® Na* HiA®, [Natle- [Ca® ], ZHRIC L 5 Nat
DOFA®, B I (Na*-K*)ATPase DIEMHETICL
3 Na*® OfifasgetiEE O HE S hTw5, Ca®
channel #38» T ® Na* fi AL, #IZSNERO Ca” B
EH 10 MBEECHY T2 L HRATIHETHYY,
BREFCBVT AN, LHTECa" 7Y -
BRERTOMBEA Nat BinoFER V&2 oh
THH®, Nat channel HEFOT Fa N FFv >
(tetrodotoxin)*®% Ca™ 7 U —¥E¥WF WM THH
Japy Na*t EMnl z s Nz ol 2 &9, —7F,

slow Ca™ channel 7oy #—Th5 Ca™ IEHAR
Mg* 2% Ca® 7V —RCEMT 52 Lok,

WEA Nat i s e 2 e "ETHEA T s h
Twa, 72, U A AEEEREZ[Nat]-[Ca” ],
THRSE T B I L2 RTHERELT, Ca” 7
) — VSRR Y TN A v R ERML CHIEA Nat
EHEMS € Z|AEO®L, )X VRBERRCE
Nat LB Nz THENAEO Na* 2B s 2%
Bz kD85 Ny 7 ABRIIEEMLL, —FHCa”
7 — VAR EE IR (K Nat JLER % i 2 5 o
kDo Ry 7 ABEsELEENZ 2 EnHITHH
3, L LU 7Lk, Mlam Car s
BT, HIKEN Na* h0 - K A BA L H oD
H&o9ig, [Natl- (Ca” ], BRI FET 5.
ZT, B4 ¥ LT passive diffusion iZ £ % Ca ™ #A
s HiF 5 b, ik, ATk D slow Ca”

channel, £ & 0% [Na*]- [Ca®™ ], RHaREMNLTD
Ca* WAMY v FVIEHERORRICE I 2HRT
HDEOWRLT, BHCHRTIHFKELTL BAS
NTW2aD, Txbb Y v 7 BEEROFHC Ca”
BEFICHEAL, TP VRYTIFCa” WO
Bloic ATP ZBRICHELY, $hitav Y
TEHELBEEN LY, &5, Ca” -ATPase 15
£, 343> ATPase iEHE(LY, Bi/MaEA~D Ca”
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Twb, TOH ®MNH3nixCa® HiFiz k29
T A7 4 U= EEML, Ca¥ KENHPERSDF
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DA TES b oD 8 NbE WIEZHTH B,
m5 L LTREME»S>DCar WA, Fhbb
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ms Ca®™ BWMAT ZEEEMSY, 5L U0 4 > BIRKE
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s Ca” MRATEEVLIERFEVRHIFSNL TN
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BN Fikix, MEA»S OBECat HATH
D, BHAICIZEEL LT [Na*),-[Ca™ ], %R, %5
iEE E L T passive diffusion 23885, 2 hizREs
RBERE L U TOEEERN O S8 MRS S me
EBHizmz2b0LELBN S,

AW, ThoLcBT 2ERR L 2 0MR %
SEZ, BEHCOVTREERAR, 27, Sy b
BRSO\ 5 R BTSSR 1 (Pt), 5888RS (Po)
ZiLEHEEEL, Ca™ 7Y —WEIRERE, ) L SR
THERT 3 L, BhdshZnlfaidtm (&2 -
1) LEe, Pt,PoET (M1-%2-2) &L,
BRBTH Ca® NI Ny Z7ABBINI B L 58
Sz Lz, AB&EIE, (Nat-K*)ATPase iGHIHE
BThao 704 %M (81 -5)LT, Ca*
7 ) —ERERTICHEA Nat BEEED -0 (&
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HBVIIE Nat - EH Ca™ MR TEERL (%1 -
6), [Na*];- [Ca* ], Z#F %N L7z Nat IS
i, Ca™ MIARMAZEAET 2 Lics 0, —BEE
tszzencsn (s &2 - 5, BLUXE6 -
R2-6). 44 WED, 7704 VIEMTHEFL

BT Car WM EFE-T W (E 3 Ca®
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BHRMBEIC L2 b0 LRI NS, &85z, Ca*t 7
U—ERERER, VS VEEERENORATH
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MEBEZ E5NE, ZheDERE, BRE S Py
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) — KB R O slow Ca”  channel #4F L 7z Na*
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ETOMIERRE 2587, BRETOFRFES
PRET AIERES NP o7, & B, Soza 51K
BRI Ry Z7ACBWT, =72V > (100
uM) %, Ca* 7V —¥# (EDTA 14.6 mM &0
ERE» S Y S VIEEERR b DERMT s Ik
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RPENFEFLTWEWVEFEENSE, 20213,
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channel #5->T®D Ca® WMANEELZEHE 2RO L
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H57%51E, Ca™ -induced myopathy I D 53
ZEMNEEEND,
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Study on Ca" Paradox in Skeletal Muscle-Possible Mechanisms in the Development
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Abstract

The functional and structural damage of cardiac muscle subjected to Ca* -free perfusion
followed by exposure to Ca* has been well documented as the Ca™ paradox. The present study
concerns an approach to ensure if this phenomenon could occur in skeletal muscle, and also to
search for a clue to understanding the pathogenesis of Duchenne muscular dystrophy and other
myopathies where intracellular Ca® overload has been reported to play an important role in
muscle deterioration. Rat diaphragms were perfused with Ca* -free solution for 15 minutes,
followed by 15-minute reperfusion with Ringer solution. This procedure caused twitch and
tetanic forces to decline. The contractile depression associated with increased intracellular Ca*
was augmented when intracellular Na* gain was induced by the addition of ouabain to the Ca* -
free perfusate, or by lowering Na* concentration in the reperfusate. The phenomenon may result
from Ca™ entry through a [Na*]-[Ca™ ], exchange system during the reperfusion period.
During the Ca" -free period, intracellular Ca" was decreased, and this was significantly
suppressed by lowering Na* concentration in the Ca* -free perfusate. The data indicate that
Ca* efflux occurs by enhancing a [Nat],-[Ca™ ]; exchange system at the Ca* -free period.
The involvement of slow Ca* channel seems to be unlikely because the decrease in twitch and
tetanic forces was not prevented by adding nifedipine in the Ca% -free perfusate and the
reperfusate, or by increasing Mg" concentration in the Ca* -free perfusate. Passive diffusion,
which essentially takes place during the late phase of reperfusion period, may not participate in
the phenomenon because the depressed twitches remained at the level which had been reached at
an early phase. The mitochondrial uncoupler, FCCP, was added to the Ca™ -free perfusate as an
inhibitor for mitochondrial Ca* accumulation leading to subsequent cell damage. It induced
drastic decline in tension and sustained contracture, suggesting that FCCP acts a consumer of
intracellular ATP. In conclusion, the phenomenon of Ca* paradox occurs as a consequence of
enhanced [Na*t],-[Ca™ ], exchange system during the Ca* -free period, and subsequent
intracellular Ca* overload through [Nat],-[Ca™ ], exchange system during the reperfusion
period.




