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BB OHREMEIEL TR, Mg BT v L s R B KON Na'-Mg® A HRis AR 23 HII N Mg 5 FE 40
IZE DI TN EAEFER TIEICEVRFI LIz, 7y hO B LS FHIZE S Mg® fir3E furaptra 238 AL,
FR PN BEEE Mo® R ([M™ ) 27 LT, — D F2BR T, BRI PN IZE A L7- 808 Na* f5 R 3K SBFI 12k
VAN PN IEEEE Na*® P ([Na']) ZHIE L7z, Mg® REBIfiE O = 3L —JH A D721 Na'-Mg® 23 i (AL 2 %t
TOMIEN ATP D% G-Z2F 7, Iha R T O A TdH25 FCCP (carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone) £7-IXE (LU BE{LIC LD ATP OREAZMNN T 25 KCN 25U TR ATP ZR51ES15E,
[Mg®]i 12 EF-U. M 3AE B rigor (ZFfa—7-, Rigor OURFEIZH DM TIE, Mg® ZA M L7-IE &M< ST,
Na* {2k TIHME(E S Mg? T A H U 1338 < (K9 90%) il S4172, KCN O ALER R[] 25485\ (60 - 90 %) 454
rigor # B ZETIC[MG? ] & L F-SEDZENTED, TO XM TIE, Mg* A H Ui B 1359 50%3 i <=, il
Fa AR M IR L 72 FRIC B AN 7o R — 2 E[Na')y O _EF-OEEICSOW TR L, MiliE A4/ 747 T
&% nigericin TLEEL | MifEAh = KT (150 mM) 44 CHRIAE N pH Z a4k pH (7.15) &P b t7=, 2o X572
FalZ 3N Th . rigor SoE FI231F5 Mg? 1R H Ll o Ml IR S e ds -7z, SBEHZEY[Na i ZHlE L7, il
Jagk Na* 285458, Bz 8-> C[Na 1E LR Um, LasL, Mg®* Tk & H UG 653 5 2 AT L 7= 9038 (Na* #% 5-
# 30-150) O[NA']; 1L 5.0-10.5mM THY, Mg®* #ifii%% 50%4Mifil3-5[Na'T; (£ 40 mM) L0 IK2>72, Mg*™ &
A LB 6 LRI N ATP 238 D IDIZIER L T A E G D721, FEBRIEE % 15°C 725 35°C O#iH T
ZAL S, W5 S A Uz, Mo?* T8 2 HH Ui 06 358 B 0D 3 FEE AR 170K (Quo) 13 1.56 & UL DTz,

HIH A~ Mg* DO ARSI L TP EI7R EBRATT o7, A4 MIOSME Na', & Mg 8 T+ 5. 25°C I
BT [M@? T 13 b L > 7228, 35°C TIEX[M™ T 1K EARANC EH U, FEFICEWIREEICEL-, MMz O
Tyrode IEIZHT L [Mg?']i 1Z_R—AT AT ED > TR F LT, BUE, ZO @ WEEREMEZFREEICL T, D ICBT
% Mg? DI AR 2[R E T HIEE R A TND,

1. ARE”

<7 R DA (MGP) 13, RS RE O T E S FE
(SRR TEFE TH D, Mg? 12 ORMBBNEESR, A4
F b HKEN Ca?t BhRE A A DU A I |2 5
B b5.25, FICEGRORMERICRETHY, MikaD s34,
b REIZBWTE DD THEZRFZE|ZEHT TWD,
L7273 C, M Ca?', Mg®* I B 13 IC Il S h
TEY., ZOHIE DO M XM BE Dk fE A X 7=,

k- Mg B BERITa—F3 TRF LAl
VAl IR E L OA IR EIZ Lo TEENT
HZENHLNCINTETZ, —F . ZLOEFHIFFIED
B Mg RZ MG AR R FRICBOEE R R B 5
BHIENBRFRENTE Y,

LA ETDOELDOWFFEICE T, MIKPBEEE Mg s
([Mg®* 1) 1M o078 Mgt T EE ([Mg?],) SIEIE L
SHERFSNTWDZEN D> TE, MNEN A A
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ThHIEBLEE MM 36 Z ORI IR BB L2 2 Bl S M
ICBWTIE, M Mg? 13 E AL K0S 2 DAl
fiad N~ EBREh XU, REBN A7 T A HH LB 28 2372 1 uiE
[IMg?]; 1E[M@ ], DR E 51T 2812 72D, LI
T, [Mg™] 1, T /LA TE L7 2 B A L REEh AR
HHUBRE D RT U AL THERFSN Qb EE 2B
%, T % . TRP (transient receptor potential ) channel
superfamily DA /3 —"T&H 5 TRP-M6 351K T TRP-M7 F
¥ AIH Mg? AR THHZEPRRIBS TN,
7z SLCA41 transporter family DAL /3—TH 5 SLC41AL
FLSLCA1A2 B MG? FEAIZBD > TODENI D
RENTWS 23 —F5 Mg Z< A -4 REB LA+
EFRESNTORWVA IFFEAEREZE LD /L —713 Na'
DFEANESSHNT MG %1k 3™ Na-Mg 22 Hfaiifins 2 S5k
ANTRL, ZORMERAHEZ R 2 99, ZokH7e
Mg® BT+ LML AIC LD Mg® HiAL Na'-Mg?
AL LD Mg? IRAHIUIE, (B 5H0 Mg Pt
B W TH BB > T D, B R 2
BOTIE, Mg TR MR A 8> CRRINES D, &
DEE. Mg TR NS Mg 3BT /L[
K%l CRMEIICTEAL, mAFPE[AS Na'-Mg™
R I IV PR END LB 2 B TND, ZDIHITTF
¥R BRERE DI [MGH ] DFIENC R > T\
Dy, FIHDOREREREEE IZ SOV TII R TH D, AH G
W2eCiE, ELLTLMMEE M EIE L TRV, Mg™ %
T RIS I KON Na -Mg? AZHalifi & (42 S Ha Y
Mg B EEFIFNCE DI b TOD)E AN Tk
RO fENT A R BIE LT,

2. MRAE
2.1 BE—iDHika

Wistar 527> b3 b3 bE &2 — LU R IOz
W, 77 RV 7 B a eS| BE R IR
(collagenase 0.2 mg/ml, protease 0.04 mg/ml, BSA 0.6
mg/ml) ZRETE T HZ LTI B — D E AR 2 5 BEL |
FERIHE U 7=, BSLE LB BE DO AT — LIC® LT v
VN—NTCTHBEL - A E % Tyrode i CHETRLT-,
HOt Mg® $5/~#E furaptra ¢ acetoxymethyl =27 /L
(furaptra AM)5 uM %% ¢e Tyrode ¥ C 15 7y [ ALER
T HIEITED, FAENIC furaptra ZE AL, 2 HED

2515 (350 nm & 382 nm) % 100 Hz THINE . CTHR A

furaptra Z JihiEc L, 500 nm o Y2 L 7= (Faso & Faga) o
Fagz & Faso Db (R=Fagp/Faso) I FE R IEDHMML N IR FE LT

EAFE, [Mg?] DRE%EE 2 6n 5 919,

[Mg2+]i = Kb [(R = Rmin)/(Rmax = R)] (1)

ZZT Ruin & Ruax 1. TREI Mg FEAEAE T, ffn
Mg™ IR IZH1TD R lECHY, Ko IEREEE R CH D,
MIENIZBITL2INDDNRTA=FEEZRD DD,
furaptra # E AL Milaz A4 /7 + 7RG WK
(ionomycin, monensin, nigericin, valinomycin) CAZLEEL |
FAINS D Mg?* 5 5 2 AL L7z, Bl O BE S A
Sk Mg?* JREEICI1T S R AR A RIETA)RIZH T
IFDHZEZIY, Ruins Rmaxs Ko 23R 72 19, iz k
DEFESITZIEH Tyrode i CO V-4 [Mg*] 1% 0.91 mM
T MO FETRELONIMEER W —EE R,
Furaptra [ZMSBAITEZR 35 Ca?t LbkE a5, MK
Ca® BEXEDO T LT A0 SOEHIEDFERRIT
F &L T Ca-free 514 F (0.1 mM EGTA f77£ ) TiT»
72(25°C) . MR PN IERE Na® 2L ([Na'T) OB EIIL,
#t Na* f87R3E SBFI & U /-, Furatptra S[RIERIZ,
SBFI-AM 20 uM % & ¢ Tyrode ¥ C 120 43 f4LEE4-
BHZECEY MR NIC furaptra 238 A L7, hESE 340
nm & 382 nm T 500 nm D YETRE (Fago & Fagp) D
(R=FagolFas0) 225, 70 (1) XAEUEFAL T[Na); 25t &
L7z, AN T D Ryiny Rmaxs Kp 1. 18 @ furaptra &[]
£k, #iBEZ Gramicidin D TR TR O—1fiA
F R AL FE 2 OBEEHIRR S Na* JREEICES
35 REE RN E RETHTUTDHILICLY KD ),
2.2 BABRICHTSHpH. REDEE

[Mg* i, [Na']; Z 30 E 35 7=l L7 3 DO
HRESC pH IZHo TREBAZIT D Retr D, €2
C, furaptra 3 LU SBFI O 28K pH &l 2 FE ~
(228 2 Ty e BE FHC TN E L7z, Furatpra @ Rpins
Rmaxs KoL pH6.5-7.7 DEEFHTIEL AL L LT
(Fig. 1A), F7-IEE% 15°C /5 35°C £ CE/LxEBLE
furaptra @ Kp ITH BIAK L7z (Fig. 1B), £ TAGE
BRI, ZNHDIEEICLS furatpra D Ruins Rmaxs Kp 2
{bZHHIEL7=, SBFI ® Na'lZxf9 % Kp 1%, pH 23 7.2 2
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Fig. 1. Effects of pH and temperature on furaptra fluorescence parameters: Ruin, Rmax and Kp. In A, the solution pH was
changed between 6.5 and 7.7 at 25°C. In B, temperature was changed between 15°C and 35°C, while solution pH was
kept at 7.15. Spectrofluorometer measurements in 1-cm quartz cells.

5 6.8 FTIRTTAZLICES T, K 15% N+ AZEn
Do T=O T, RN T VR = AD EER TIXZ DAL
ZAHIELT7,

3. IR
3.1 Mg™ R&HLEREITH S 2R ATP NDE S
I 72 AR A Na'-m Mg™ VAR ICIRIE L CHl
FANIZ Mg™ Z &ML=tk Mgt Na* 245358,
Mg®" R A HH LB REATEPEL S, [Mg™) 132 1K
T95 99, Mg* ZR AT O =R L —JHEL
TIEL. N DIRADR RS EEEEZHNDLD, ATP DI
KD FRIZ LD — PR 2B 5 LT D0 )
IARATHD, 22 TOAHHIRIZIW T, fAN ATP %
ZALEET Mg> B A Ui 63 FE 2 e e U7z, (O
Jad ATP BEAEIT, Iha RUT COMLRIV L FRILIZ A
FEZANIEFICRENIEDRHSLNTND, £ZT, b=
YRUT OB TR B 5 5 D a5 3

W& P CHIKRIN ATP Z Ak 1B S IR & Ml E Mg™ &
A Ul 5 A e U=, Sha RU 7 ORI &l ¢
% % FCCP ( carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone) £ 5- L CHIIEPN ATP % /20 (25 fif
DL, FMA XA E rigor (ZRfa> 72, ATP IZHIIEN Tl
EEAE Mg? LA LTIRRE (Mg-ATP) L L TIFAEL T
B, ST ATP 2DiliEBEL 7 Mg?* 12XV [Mg™]; 1%
2.5-3mM B EFETEH L, Rigor IREEICHDHIEIZ
Sk Na© 28545281250 Mg? kA H Lia%E4
AL Uz, IEHHIIC Mg® 2 &AL C[Mg*'] 2% 2.5
-3 mM PRI ERUIZHED Mgt TR A H Ui 0% ok i 4
arbr—LELT,

KCN (5 mM) [Z3ba > RU T OERLIY U BREIC XS
ATP DREAZINHIL | 120 4> THIKAPN ATP 2B S E2,
FCCP, KCN DWW 1LD56 | rigor DIREEIZ 824 fiel
T Na" I2E > TR LS Mg?* B HH Ll 1 350 <
(% 90%) #NH| 72, KCN ORLERIRFE] A3450 (60 - 90
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C. KCN-treated
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Fig. 2. Effects of intracellular ATP depletion on the rate of

changes in [Mg?*]i. (A) a control cell loaded with Mg®*, (B) a

cell in rigor after treatment with 1 uM FCCP, (C) a cell in rigor after treatment with 5 mM KCN.

)V BA . rigor ZRISTICMgY) B ERSEAIEN
T&D, TOLHRHIMTIZ, Mg® kA H L EE 135
500% il Sz,

AR AR AME IR 358 MBI ATP R LISMCE
K& I AL N B 2D, ZO—2ELTHIIEAN pH 23 7.2 0>
5 6.8 BREICECTRT T2 HIMATVR—22), #l
NN T S R = ZAD AT 272012, Mlllaz H A
A7 %7 TdD nigericin THLHEL , Mifast & KT (150
mM) §4F TR pH A A fiast pH (7.15) & ks
W7, ZOIHMaIZ BT, rigor S T ICBITS
Mg Bt LI O IR ER S e ho 72,

BIOATREMELL T, ATP OFEBIZEY Na'-K* Ko~
IMEIETHZLI2ESTINay A EFT228nE 26N
%, [Na'l; o 513, Na* OBEE) /) 28 S8 Mg®* i
BEERHIHIT 7, B A% SBFITEY Mg?* I 7 H L
EHOINaY ZHIE LT, MENT R — ADE R
EREL T, SBFI O 51Tk % pH OB AH E
L7z, Mgk Nat 2% 54 5&, KA iB->C[Na'); 1%
FRU, LosL, Mg iR A H Uik s BE 2 AT L 7= 4)
H (Na" $¢5-# 30-150s) D[Na']; (74 5.0 - 10.5 mM
THY, Mg®* ik % 50%4MH 3 H[Na'T; (K9 40 mM) L9
{&Dxo7=,

3.2 Mg R&HHLERICHT HBEDEE

Mg®* B H LB 26 L6 L TR ATP 238 D K51
TERLCWB0E T 57212, FEBRIEE % 15°C 5
35°C D#FHTE LS, sl E 2 HE Lz, Mg® ik
F-HHY Ui 308 388 P DR BE AR A7 1T, Q10=1.56 D IR T
T4 THZENTE(Fig. 3), Qo PMEWZ &L,
D Mg R A H Ui E 5y 175 ATP A EHEIK ST 5
Q type ATPase LIX 5720 | ATP 232 DA O (s (A
DA ~OFEEEITV U BRL) 24 LR BRIl 6 %
THEHL QDI EERIET D,
3. 3 Mg” BRARBOIZER

HIf~D Mg?* DI AFEEGICEIL Tid, TRP-M6 HX%
N TRP-MT7 F¥ /L% Mg TiE AR T HZ LD TR R
TS5, SLCAL transporter family ©—->725 Mg it
MBS TOBEVIRED RS TG 29, D
TIE, AIASME Na* 550 F ¢, RSt E Mg? 12k->T
[M@®]; A EFT A2 enmES TS 2, Zo[Mg?;
ERITRERAAENIEF 12, 25°C TIXFERITEW
73, 35°C TlHIT-EN LB TED, ZOIREIR AL
FREEICLC, DAFICHITD Mg? Ot AR AR E T&
LAREMERHY . TR EBREIT o1, ZTORER%
Fig. 4 \Z°7,
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Fig. 3. Measurements of the rate of changes in [Mg?']; at 15°C (A), 25°C (B) and 35°C (C). Typical traces are shown in

A-C, and plots of the pooled data are shown in D.

i) ok PN V [ 3i A70F SEH b ST R Q)
HIRBEA L TO Mg™ DA KT HZEAnHIES
N, FI-AEAME Nat (295281280, Nat ITIRIFL
72 M@?* B A LER A DM S 200 C L ML NIZ A
L7= Mg* I2k->T[Mg¥]i B LR 502824528
WTEDHILT ThD, 25°C 12V T, Mfas/ME Na© 55
T TIM™] @ kR ER SN~ T- (Fig. 4A)

%< ORIET, TeLAIMG? T 1T I T35 A
(27 (Fig. 4A DA D), Furaptra % Mg?* 7217 C72
< Nartb b NSRS T 5720, Z0 BT Eo[Mg?;
DOIE T, BZFOME Na'lcLb[Na']y DL F &KL T
WHHDEE X TND, ZFUTK LT, 35°C Tk, £<D
I TlI-> X0 L7 [Mg*); L F-38228n 7= (Fig. 4B),
HIROAMEE Na*, & Mg® #ERIC K [ME®']; 1T BRI B

HU., IEEITE IR @, MsMEEH O Tyrode
IR L, [Mg™] 1T —ATA B> TR F L=,
Tyrode i1 351F 5[Mg> T DK T i Eikod> Na™-Mg* %2
BERIC LD D LB 2 DILS, Fig. 4 IR TR RIX
Mg® B AR D IEH I B A R B 350 0
THY, EBRIIZ Mg™ FEARBEORIEIHEEE LT
HZEWTEHAREMED DD, L Mg? HiEAA Mg™ i
F X I DD, BN Mg® s RIc kD5 E8121T,
Mg®" i AT TR NS, BAE, o TF T
FHEIZID[MET )y O _EHERRIC R D IE i 21T
T, NI AL, 35°C 1231 5[Mg>]; » EHA
TRCOMA TBLEINS DT TIERWN L, F-Bl5s
NG A HMIBIZ LD HEN K EL R DT ETHD,
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Fig. 4. Examples of experimental records taken at 25°C (A) and 35°C (B) from two different cells. Cells were initially
incubated in Ca?*-free Tyrode’s solution, and extracellular concentrations of Na* and Mg?* (in mM) were changed as
shown at the top of the panel. In B, an additional fluorescence measurement was made 3 min later (a filled circle).

4. % =|

ARHFEMIE T, EELCLMARZEREIE L THU Y,
Mg* BT 1L kR B LY Na'-Mg™ A8 i
TRASHIAE PN EERSE MG®* R EEHIENCE DI - TD
I BRI RISV T2 2 BN E LT,
Na*-Mg?* 2 #aiifi s DHEREIC ST, BIE E TOHF%E
TN DEDLI, ZOHENRHALMICSNTE,
Na'-Mg®" ASHalik 13, 1) H B 43 L2 J 0 25
BT 5 9, 2) fllask Nat I L0IEME(bEiL5 (55 mM C
RO 50%iEMEAL) ", 3) MR Na™ (2k-> TS s
(F1% 40 mM T 50%40ifI) ", 4) Bk L~V LL ORI
N Mg* 12&-> TIREEELS (1.9 MM Tle RO 50%75
PEAR) O B) ML Mg? 12 k> TS IS (B8 &% 10
mM T 50%#71) ©. 6) Milapste> K Ca?', CI 2RI
W5 | L Y, SOICARIZE T, MY ATP 28
Na*-Mg** ZSHBR s S ETHHI LN RENTZ, ATP O
TERBSFFIZ DWW IR ADTIEZR WA, B AR
3 ATP ZNK RS 5 AREVEIT IRV EB 2 B, ATP
WU R EUTHERISRE AT 200, fikiks <o
B (HOHWEIRE L R IE) 2V i kT A RE LT

ATP ISLBIIR DN, A% RERE TH D,

Mg?" AR DRI E IOV TR, P 2B s
BIRVME R AFIE DR H D ZEN D0 . TS 1% OB
TEDFENNOERDEE Z TS, BRI LT, ML
MO Mg> Bk ICBELTWAIERRREIN TN
SLC41A k(R /T v AT DOV THIEF IS EWIRE
RAFTEDN SN TS 2, SLCALIAL ZFEBLSH -
HEK293 #lfaicH\ T, Mgt Mo JREESMET T
DIMg?Ty » EFIE 25°C TIFFEF ITO TN THH,
37°C TIHHCR MY D _EF-AR A b2, SLCA1AL
DA IEF I RSFEBLL T ZEBHBIL TNV
2, KRFFED T KB TR SN - IR IR (Fig. 46
EZODEDLE DD Mg? AR DD LY
—¥hI % SLCALAL Hikfh /T ¥ /L ThD AIREMED 8D,
HL Mg® iEADSEENE Mg? BRI L 57, Mg* it
F v R EDHANTIE, MgZ AR E > TIRE AN
ND, BUE, Ny F o7 FIEIZEV[MG? ] o EREFEC
B DB T 21T > T, b L., FigdB [ZAbND
[Mg*]; @ LAY Mg? B TF ¥ R L Db D2 L3 58,
TAVD N &Z R R C T 22N TES, AR
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HIRE 28 IR REEE2Y 0.5, #AE Mg®* FRfETRE (=
4= Mg JREEZE L/ s Mg™ IR EEZEb) 28 2.5, #lfRZE m
&/ FIRATEELDS 0.63 uMT THAHLRET HE, 200 pF
DOEREEZL O TIE 40 pA OWNBXERNDITTNDER
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ZOMDE TR =V B b EIREEZa L hr— LT
DHEEL T, 7Sy F By M SORBENFETTIZ L5
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PRy FE ARy MNLDOREFIZ L T[Mg? ] BEESHLDZ
LITED, M? B DN R 2 B ATREME D BB, 1R
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—ANADIERGA N2 ha— )V TED,

Mg** FEAREREIZBAL Tl SRR IRAFIE 2 S5 I08
Jet 5, WEEZRRIE AT, T _XCoOMIT [Mg™] @k
ANBESNADITTIIRWI L, FRBESNZBE
AU KD HE N RES R HZETHD, T TOMART
HERIZIMG? '] BSREL BRI 2 ERE M RFd D0
DD, IHIT, ZDORRITIANL O N B2 eI 2R H
T HRMAERERT DUER DD,

Na'-Mg®* ZSHfiis 5 L0 Mg® it ARRIEE O ZEA Y72
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Summary

We investigated regulation of intracellular Mg®* concentration ([Mg®‘]) by Mg?*" permeable channels
/transporters and the Na'-Mg®* exchange transport in cardiac muscle. Single ventricular myocytes enzymatically
isolated from rats were loaded with the fluorescent Mg?®* indicator furaptra, and [Mg®‘]; was measured. In some
experiments, intracellular Na* concentration ([Na'];) was similarly measured with the fluorescent indicator SBFI.
Contribution of intracellular ATP to the Na'-Mg®* exchange was studied. ~After treatment of the cells with either
FCCP, carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone, or KCN, intracellular depletion of ATP induced
a rise of [Mg*]; up to 2.5-3 mM and shortened cell length (due to rigor contraction). The relative initial rates of
decrease in [Mg?]; upon introduction of extracellular Na* (Mg?" efflux by the Na*-Mg*" exchange) were markedly
(by ~90%) reduced in the cells depleted of ATP, compared with that in the Mg**-loaded cells. The slowed Mg
efflux was not attributed to an increase in [Na'];, because [Na']; measured with a Na* indicator SBFI was, on
average, 5.0 - 10.5 mM (n = 4) within the time range for initial A[Mg®*]/At measurements, while [Na']; at the half
inhibition of the Mg*" efflux is about 40 mM. To cancel intracellular acidosis caused by metabolic inhibition,
application of nigericin, a proton ionophore, did not reverse the FCCP- or KNC-induced inhibition of the Mg**
efflux. These results suggest requirement of cellular ATP for the Na'-dependent Mg* transport in cardiac
myocytes. Mechanism of ATP action was further studied by measuring Mg?* efflux rate at different temperatures
between 15°C and 35°C. Temperature dependence (Qio) of the Na*-Mg®* exchange transport was estimated to be
1.56, which is lower than that expected for processes directly coupled to ATP hydrolysis.

Preliminary experiments were carried out on the Mg®* efflux pathway. When the cells were superfused with
a low-Na’, high-Mg?®* solution, [Mg?']; quickly and linearly increased to very high levels at 35°C, but no significant
rise of [Mg®']; was observed at 25°C.  This high temperature dependence could be a good signature of the Mg?*
channels/transporters which are responsible for Mg®* influx. Experiments were now ongoing to identify the Mg?*
influx pathways in cardiac myocytes.
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