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Abstract : Although it has been reported that hormones or chemicals, which increase in
intracellular cAMP, produced Mg” release from the heart, it is not well characterized whether a
specific Mg™* exchanger is involved in cAMP-induced Mg® efflux in the mammalian hearts. In
this work, we studied the relationship between the increase in intracellular cAMP and ion
transport system on Mg” regulation in the perfused rat heart and isolated myocytes. The Mg™
content in the perfusate and supernatant were measured by atomic absorption spectrophotometer.
The addition of membrane permeable cAMP analogue to the perfused hearts and myocytes
induced a Mg™ efflux in the dose dependent manners. Mg™ efflux was stimulated by cAMP
modulators (forskolin, IBMX and R020-1724) in the perfused hearts and myocytes. cAMP-
induced Mg’ efflux was inhibited by H,, benzamil or imipramine in the perfused hearts and
myocytes, but not by EIPA.

We confirmed that a significant Mg** efflux was induced by an increase in intracellular cAMP
in the hearts and myocytes. The cAMP-induced increase of Mg® efflux in the hearts may be

involved in ion transport system (Na'-Ca™* and Na'-Mg”* exchanger).
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M B

AW Mg & YurAH O 2 kinase, phosphatase I syn-
thetase §& HASAIIH' glycolysis, A 7h4-2 4,
DNA 374 % Q439 2 Ato)n AL oA g
ALE 2HEE 488 2’ A XY Mg¥ 5L A
T B 2 L AXY 4L nAE AoE g
A A, B3 JaHes A2 Mot A4 fibrillation
3 2& A9@A dgo| hypomagnesemiast T ¥ n°
Mg*o] 23] #49 A< (hard wate)S 42 ALg3}
T AgoM AFste AREL YA 43280
Ao BEE Abdgol #A3 ZaAgoE By}
Ao, whebs A TG Mgo] 2FIAY ERA
oluf gel o3 AXU) Mg™ WEo] fEETH o]
AR7)%9 g x2Yddn & ¢ Ak 0%z
Mg*2 AZART 7)5d ¢ LHeA BA=D
3715 A dFE H2Y $93) Hoj ey AF
W Mg” 344 S TS 28N e BE 3282 A
ZAEED o A& AFATY Mg 27 o
#AMe F g8 A 4.

HZHA Mg*9) z2do] g§ A7 d& AdEd
B9 A XA protein kinase CPKC)] &4 3}7}
Mg*9] e & #AaNTE &, AEYR Mg™e #4
71e 4%& Jehdcthn 39 214" Hwang ef al 2 7]
Y 417l A phenylephrines] Mg*¢] #2]& F71A17]
e ikl B1E st 328 A2 4§ AR
AZHEAN AT F Mg™e] 20% FE7} 8o
fFe&ded ol AELY f54AE AFE AXy
cAMP F%9] F7to] 9@ A n sdou norep-
inephrine 2}3o] Mg™9] #3718 Yo7x YEvtE
A2 Aold AT B ot HZ Kang et al *&
71U AAel A histamineo] A X cAMP £ & %7}
Aoz Mg' #EE F/HMZTT Buse §
Ao A cAMPE Mg™9] #28]& 248 Ao2 ¢
A oy AXU cAMP 3719 o8 Mg™ #elF7ts
A Ege] SR8 o] 2ngrigte BAN daME 2
4 A A gt

meta & AgelMe 879 AAoA cAMPY o
Mg*9 %7t 238 #stn ol @ FHgof x|
£ 0| 2T @Y 4o A LolnuA B AFE

AN

UL

e HE ¥ #FY M3 : ¥ (Male Sprague-
Dawley rats, 200~250g)8 F%E3 ¥ 3L HEs89
4T A ¥3F JLH(95% O,: 5% CO,, pH 7.3)ef A
Y 58 AAT tdg 9490 #7931 9 BF
system(Langendorff open system)e] AZ @ o Ao g%
B st ARt 248 % NaCl 120, KCl 3, CaCl,
1.2, MgCl, 1.2, KH,PO, 1.2, glucose 10, NaHCO, 12 18
1 HEPES 10mM9] 9%4(37C, 95% 0,:5% CO, 2 pH
73)& 10mi/min £E2 2087 #FA7 UL BFRAL
Mg™ free GFH 02 A8t FFEATH Mg™ free
F4E BFAZ 208 FHEH AFE BFE IS4
1 oz AR{RDL AEAFH 108 FHE FEL
BFgdol AHF st HEE Hrleta o 1087 BF
NRLH &Y #FEAE 240 et ¥EAH T

MM 22| Y il M ATHEY Bge
Young et al *¢] collagenase A3 & Mo e
Zol AAEgY. FE FREAT & AL H2g
AL HE2AEY dAZEE M #ANF7 S48
A &(4T)9) A4 E 3 Joklik buffer2 A3 F, HAE
HE g BF system®] cannulad)] At AAE Q). B
=¥ A Aol Joklik buffer(11.1g/1 Joklik membrane powder,
glucose 10, NaHCO, 12mM, 95% O, : 5% CO, pH 7.2~7.3,
37C)Z oF SET RHRHFAUL 4FW Y 5o AAH
I SH E W collagenaseE 3 7H100IU/ml)s} 3 A)AHe] A
Y& geolahdx 20-358 F<F A F(Close system)E 7#)
£ 2819 AL BF systemol M £ 5] bo-
vine serum albumin(BSA, 10mg/ml)3} 0.25mM CaCl,7} &
7Hg Joklik buffere} collagenase bufferZ 1:12 &3 &
Aol A A2HEE EeE At BSA(10mg/ml)9} 0.25
mM CaCl,7} 2719 Joklik bufferd] E2lg AZHEE
FHAZ F AZAEY BH4E 250um Nylon-gauze 2
o tal gl 2L buffer 38 wE Ay B
AEE 429 608 F B HA ABAL T buffer
U 3% G 557} 1.25mMo] HEE 108 1302 025
mM CaCLE 43 A7}sigom AZHMEE du|7sto|
A @& 0% o4 ME7 HBHQ rod-shaped
BY o AYE AU 4P AFE] Ao B
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FARAAN AHEE BRILGA22 33 AY F A 3
7] GEAN A Mg™ol AAE Mg free JU4 02 33)
ARsgm, dde A2HE7} F4E 10my Mg”
free FEHE NPT EF3q Iutr)st Bag e
FEETCE A AAFAT A2 F58 4 A Y
T Jd2T ¥ JEFYFOE FEIY L5 A
% 33t preincubationd} ] Al H@AU o] ATHEE A
AR ZH AP BN A 2{dE 2ml H3o 93
¥ F 43NS 4o Y gz SR
oA 0 mino 2 #7]). h2AE A ¥ A4 Mg
o FEE AAFEI HEE AR T 5 108 23
02 2ml ¥ 28 HE FHdE o] Y431 459
€ @ d¥goz AR YA ASHEE -0CY
deep freezer(Operon, Korea)ol] X8 HA HEE £33
o Z+ A8 500pg protein/ml’l H =2 331 Lowry
method & o] &3ta] gl BAE sgon Ha A2
HEANMY feld Mg"e] FEE M0 cells2 73}
At

Ago| Mg” S8 : 4719 ol 93 g 4
ZA4FY L A2AE vjgdde] Mg ST atomic ab-
sorption spectrophotometer(Analab 9200A)& o] &3}« =}
% 28520mol A 2R 8 h.

A8 9}E : Forskolin, HEPES, Joklik membrane powder,
bovine serum albumin(BSA) 5-& Sigma(USA)Z %€} 8-(4-
chlorophenylthio}cAMP, 8-bromocAMP; 3-isobutyl-1-metyl-
xanthine(IBMX), Ro20-1724, 5-(N-ethyl-N-isopropyl)-amiloride
(EIPA), benzamil, H,-dihydrochloride & imipramine& RBI
(USA)Z 2§ collagenase= Worthington(USA)2. 2 ¥
d3A

EAX2] : 4844 Mean+SEMO 2 YW1 7}
Z749] $r o4& Student's r-testo] 3 F A3t

i o

BRAT Y B2l AZMEIA Mg” Felof olx|&
membrane permeable cAMP analogue® ¥¥ : Fig 1A
T 8A BRAP) Mg” free JUAL BFAN ¥ 20
THEEEAA 1#22 EASEE) BRAE 18
ZOo 2 4087 o] AAZ Mg” 558 23% gz
#5319 44 3 AY9HA § dojrt. Mg™ free H U
€ #FH7] dE HEWEE MXG AEAto)y

Mg*o] %2l 5o] Fig 1Ad]4 B ups} go] Alztel o}
2 4B #AITAE VEIAT BF ¥ 30402 B
FAU Mg* 5= HAXQ 10£3pME Yyt &
719 23 ¢ FASEA BFEAL H3y) 1024 HX
wto] E34o] $1% cAMP analogue(2X 10°M)E BE 9
o &g 1087 BHA 23 93 BHARA
A A F/HAE AN @28t ¥ Fig 1A
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Fig 1. Mg” release in control(A, O) and after addition(A, ®)
of 2x 10*M 8-Ci-cAMP, and effects of 10*M forskolin(B, ®),
10°M IBMX(B, ®) or 2x 10°M Ro20-1724(B, O) on Mg*
release in perfused rat hearts. The indicated bars show the
period that the hearts were perfused with the chemicals. One
typical experiment out of four hearts, each for control, 8-Cl-
cAMP-, forskolin-, IMBX- and Ro020-1724-stimulated hearts is
shown.
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A st go] FRE Mg #29) F/HEHRE YEyon
22 ASATNHE AMPY 50| GEH oz Mg»
e $7tETE Jeb Y ti(Table 1).

TRAZ 9 22l AZHZM Mg” felol ojxle
adenylate cyclase 4| S phosphodiesterase 2|
Mol ¥ :Fig 1A% 3% AF7AEY AH M AT
W cAMPY] FEH 5o Mg* Z24d 8% AL 3
EAE 8% £ A4 dEM AP H o2 adenylate

Table 1. Effects of cAMP on Mg™* release in the rat isolated
myocytes

Extracellular Mg content(nmol/million cell)

Agent Incubation time(min after addition)

0 5 10
None 11.0+1.3 119416  103+15
3x10°M cAMP 12115 131414 150+12™
10*M cAMP 112+14 159+13™ 187+16™
3X10*M cAMP  131+12 194£117* 287+17"*

Data are !Ecanj:S_EM of 10 cxp&rimcnrs for control and of 3 experiments
for 3x10°M, 10 M and 3X10 M cAMP-treated isolated myocytes, rcsgec
tvely. Dispersed myocytes were incubated at 500pg protein/mi in the Mg
free buffer. After stabilization for 3 min, the chemicals were added to the
medium and samples were collected supernatant at 0, 5, 10 min. This indi-
cated 0 min meant that the supernatant collected before chemicals treamment.
*p{0.05, **p{ 0.01, vs. 0 min; "p ( 0.05, "p{ 0.0 vs. corresponding the
time of control.

Table 2. Effects of Br-cAMP, forskolin, IBMX and Ro20-
1724 on Mg release in the rat isolated myocytes

Extracelfular Mg?* content(nmol/million cells)

Agent Incubation time(min after addition)

0 5 10
None 103+12  108+14  92+18
10*M BrcAMP  112+11 159+14™ 167+16™
5x10°M Forskolin  11.8+14  157+2.0™ 19.6+117*
3x10°M IBMX  113+13  130+18 138+16
10*M Ro20-1724 113407  127+13 150411

Data are mean+SEM of 8 experiments for control and of 4 experiments for
intracclular cAMP modulators-treared isolated myocytes, respectively. *p ¢ 0.05,
**5{0.01, vs. 0 min; "p¢0.05, “'p (001, vs. corresponding the time of
control.

cyclaseg @433t MITY cAMPE F71A12 F Ae
forskolin(10°M), A1 ¥ cAMPS] AMPZ.9] AFL A
8} phosphodiesterase 9 A &9} IBMX(10°M) @ Ro20-
17242 10°M)E 1087 A S 23 BHAANA &
A Mg” 29 5718 o7 on(Fig 1B), £F 2
A ZHZAME forskolin, BMX, Ro20-1724 & Br<cAMP
& Mg” 89 F7tE}E Vheby ch(Table 2).

BFAE % 22| A2ZMZM cAMPO 28 Mg™ &
2| E7tantof ojx|E= o|2REV|S WY : A BFH
A3 By JZHEoA cAMP analogueo] o] 3 Mg™
e F7tEFe vX e AXW H'Y 9L dopry)
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Fig 2. Effects of 10°M EIPA (C) on cAMP (@ kinduced Mg*
release in perfused rat hearts (A) and isolated myocytes (B).
One typical experiment out of five hearts is shown (A).
Where the indicated in the figure, cCAMP was added and data
are meantSEM of 7 experiments for control and 5 ex-
periments for drug-treated myocytes, respectively (B).
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918 Na"H' Z@7] A4 A4 EIPAI0M)
Z 730} cAMP(2X 10“M) M X § A3} EIPAE cAMPY]
9% Mg* #38 FhEdd 4%e vXA Xy
(Fig 2). 2281} Na"-Mg™ 87} QA <] imipramine(10°
M)z} Na'-Ca®* T#7] JAAS benzamil(10°M)& cAMP
o 9% Mg* el F7tERE €A A 5 chFg 3).
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Fig 3. Effects of imipramine (W) or benzamil (O) on cAMP
(® yinduced Mg” release in perfused rat hearts (A) and iso-
lated myocytes (B). One typical experiment out of four hearts
is shown (A). Where the indicated in the figure, CAMP was
added and data are mean+SEM of 6 experiments for control
and 4 experiments for drug-treated myocytes, respectively (B).

& T ascite cello) Al protein kinase inhibitord! H,o] Na'-
dependentd Mg™ effluxd] #oj@te 1“7t o H,
(10°M) AH X F cAMPY 98 Mg™ FElHEL B2

& H,& cAMPo] 9|8 Mg” $8) 371E%E 243
A era 9l h(Fig 4)

>

2x10* M cAMP

— 30-
=
3
s
§ 27
c
(]
0
S
3 10
+
I\
o
=
0 T T T m)
0 10 20 30 40
Time (min)
B ——0—  None
g 25 - —&—— 100 uM cAMP
= ——O0—— 10 uM H7 + 100 uM cAMP
_5 20 T
g 1 *
§ 15 j
x 4%
s o= b
O 104l
& ¢
(=]
=
5 T )
0 5 10
Time (min)

Fig 4. Effects of 10°M H, (O) on cAMP(® }-induced Mg™
release in perfused rat hearts (A) and isolated myocytes (B).
One typical experiment out of four hearts is shown (A).
Where the indicated in the figure, cCAMP was added and data
are meanSEM of 7 experiments for control and 4 experi-
ments for drug-treated myocytes, respectively (B).
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Mg e Ave) "4 ojeozH g& 4A
dge 9383 Jens 4¥Y Mg*q 7% ¢ 4%
o # d7e e AFHJA U Y Mg
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Folth. R A7A 5 98 giant cell, bacteria ¥ H
YT FolN Mg" 55 247 A4 Y@ dFB1E
QA L {FE A% R AZHEAH cAMP
A% Mg” #3 W] BE AEe) EJsE o]
2349 9% dgsiME 2 g b gl

HZU cAMP ZH B30l 28 Mg” F2|=# : Nor-
epinephrine®} 22 4EL M ¥ uto] ZA3E FEAE
Afed AT cAMPE F7HAF oA Mg” #8 &
ZHESHE Ueld 4 AT cAMP F71E S 44
A7 olge dE ARE FHHME Yebd 4 gtk
g AFAM ojud ARE AREA AR
cAMP 35 E F7HA 7109 Mg” %8 F7EE7t e
g Ao AZ4H A, X FALsd Ao
2 adenylate cyclaseE #Al3}A]7)= forskoling A X &
A3 AAY Mg” f2 F7HERE deden 94
adenylate cyclase® 9 A3+ carbachole Mg® &3 27}
EHE ZAAE &, FUHE A%E UegC E
A, AZXW 44 F cAMPE AMPE Y AEL A se
A2 ol A X £4 8+ phosphodiesteraseZ & ) 5}
o Yehd § o8 phosphodiesterase 2} A #]¢) IBMX
F¥ Ro20-17248 X & Z3} forskoling] H s} §4}
374 Mg” fr2l $71A0E Uebith(Fig 1B, Table 2).
A, AEee AF 538 5 A& ClcAMP H A&
FAFO B ATHE BFGA Mg™ §8 7%
312 JEPY S $E3L(Fig 1A, Table 1), p-584 =3
of g AEW cAMP Z717F Mg” 8 FHERE O
EbAthE Romani ef al 9] B oA gt o] B Aol A
E AEY AMPE Mg” ol 8% 24U &
A% + YA

Mg® §2loff olxl&= Na™-H', Na-Ca® ¥ Na-Mg”
B9 A AAUY o] LHEL HE TE o] 2EY
A5 DA FuBA7 A7) FEA Mg” el dF
a3 vAE & o8 W B FRE o2
AZE A AAZ H, Na* L Ca™* 59 gL AW
Mg £4& 24349 AX9 ilE 2AsE Ao
&ef A 9101 cAMP analogued] 9] Mg™ #-2l 37}
E3d o X & o]l MFH FIHAE FHIHL
Z 3o

AZAH X pH H5& AXY 8 o] 29 HEE 2
Pat & Yo F, A2AEY tatel) o8 B4EHE
H' o] 22 AEY acidosisE do.7lEd AAHA AX

2
w~

oA Na' o] 0] §4i5o] H' o]&o] HEFo2 &
FOo2H AXU pHt ZARYD®. g g JZAE
AN MEW pHE AXY F88 Mg"e 283" &
& Wolf et al & Ehrlich ascites tumor cellso] 4 Mg®*
g7} W] €A Na"H w@7] AA A amiloridedf 2} 3}
A AU Bag v glo] Mg” fEls A
pH¥E L 43 9i¢ A/ A& e 3390
detA 8 dF7A 8HY A4 Na-H n@r) Ad
Aol JAA Q] EPAE HA X3t A X} acidosisE Y
o371 ¥ cAMPZ A A& ¥} EIPAX: cAMPo| o Mg™
el F7tEGA 9FE v A R3ivhFig 2). o] %2
& A3} & ascite tumor cellso) A amilorides]] <] 3 Mg™ &
g A aTeE ol ole 229 Aold wWE &
B2 BZHY B ATERE o AT £ 2T

ATHE = Mg} £B4o) I g& EFeA T 1
ZA2d giME & g U ga e XA 2
AR 7 RuE o) Atk Mg*e] RgL AERL $9%
& o] &3e A o ojRojH. F, Mg” &
9Jo] Na* 2438l tetrodotoxine] L} lidocaine ol
o8 JAH D™ Mg ¥EL Na* Aol 23 Na™-
Mg* 2878 3o o]Fdn ¢HA Yo Squid
axon| 4] Mg”¢] ¥WEo] Na'-Mg” 28718 AHd 1:1
o] mgho] AW Na'of &Ao" W PPI oA
Mg”e] ¥%o] g V& g £45A42 Na-Mg” 1@
718 A AT Gunther et al ®P& g HAY o)A
Na'-Mg” Z87]8 $38t] AT 2748 Na* $¢
of & HEYF 179 Mg™ §22 Na'-Mg” 1879
93g FEsgoy AFATANE F dA YA
%t} 3 A8 2 Ehrich Ascites Tumor Cells™ o] 4 .o
F Na'-Mg” 287 $273 fA18 287170 AFAE
qx 24T & U8 Ao 23 Na-Mg™ L@
AAA 2 & imipramine £ 5t cAMP analogueE
AN v Mg 8 F7hA7} A3 AP E Bl
(Fig 3) Mg™g& 23% + U TP/ AFARAE
EAstge 428y B APoEN Mg” 28 &
Q1 &7) = o]gr}. T & cAMP analogued] Mg™ §2 A7
= Na"-Ca® 2@7) A A benzamild] oj& A HY
2 (Fig 3), ascite cello]] A protein kinase 2} A A ¢ Hyol ¢
8 Na-9&HQ Mg" f&o] 4AHH cAMPE Na™-
Mg* m@7]9 itz o8 Mg* #3 $71a%E Y
Bdctn 239 v 9lo]™ cAMP analogueo] o] & Mg™
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%8 vAe H, 38 B3¢ o He Mg $8 3
7tasE A2 A(Fig 4) YRS asite cellF §
AL Mg™ 2§79 e o)L HBA EAdY ol
Y@ Qast dAo) 9 ARz 24U B Yoz
= ARA o2 Mg” TE7)E Y £ §lo] o] g
ATE oS AYsojory Ao Azd.

o] 4e} AHE JAM Mg 2AHAAEZ cAMP7} 3
2% QUL 1 UL FAE £ AN HEY
cAMP Z7}ol 9§ Mg™ #-glo) o] Y7 Eo] Bojdt
T Yee ¢ F AN

i B

9 BFAHEH AZMEAA cAMPY 9§ Mg*
FeEld F1AE wE7) fisto 43R Y 2 42
A WFAue Mg FEE AAZ 24 v} ofghst
e d3g daidh .

#F AAolA cAMP 2 A EY cAMP =H & (for-
skolin, IBMX ¥ Ro20-1724)& Mg® %2 & Z7MIZL
o cAMPo)| % Mg* fr2] 37} A3 Na"Ca™ exchanger
o] A A Q) benzamil, Na*-Mg™ exchanger 2} 4] #]¢] imipramine
9 PKA A AQ H,of & AU Na-H ex-
changer A A Q) EIPAE G &g v ]3] £3gch

o] 49 AHE FHs AFo)M cAMPE Mg™ £l
Z7E3E Yshiz ol ¥ Mg” #3 F7tERA A
¥} o] 7| (Na'-Ca® % Na*-Mg” exchange)7} 3 8.
T4 e Aoz J4E.
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