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Studies on the Roles of Na"L-.Ca2+ Exchange according to Postnatal Age in the Negative Staircase
Effect of the Rat Heart. Hae-yong Lee', Soon Jin Kim’ and Chang Mann Ko® Department of 'Pediatrics
and *Pharmacology, Wonju-College of Medicine and Institue of Basical Medicine, Yonsei University, 162 Wonju,
Kangwon-Do 220—701, R.O.Korea

Recent reports revealed that the Na*-Ca®* exchangers and feet structures of sarcoplasmic reticulum(SR) are
located in close vicinity in the specific compartment. Therefore, we investigated the possibility that the Na*-Ca®*
exchanger may decrease the tension development by transporting the Ca”" out of the cell right after it released
from SR, on the basis of this anatomical proximity. We exammined the negative force-frequency relationship
of the developed tension in the electrically field stimulated left atria of postnatal developing rat(1, 3 day, 1
week and 4 week old after birth). Cyclopiazonic acid(3x10” M) treatment decreased the developed tension further
according to postnatal age. Monensin(3x10° M) treatment did not increase the maximal tension in 4 week-old
rat, preserving negative staircase, while the negative staircase in the younger rat were flattened. Ca®™" depletion
in the buffer elicited more suppression of the maximal tension according to the frequency in all groups except
the 4 week-old group. The % decrease of the maximal developed tension of 4 week-old group at 1 Hz to that
of 0.1 Hz after Na* and Ca’" depletion was only a half of those of the yonger groups. Taken together, it
is concluded that the Na™-Ca’™ exchange transports more Ca’" released from SR out of the cell in proportion
to the frequency, and this is responsible for the negative staircase effect of the rat heart.

Key Words: Postnatal developing heart, Rat, Na"-Ca™" exchange, Monensin, Sarcoplasmic reticulum, Negative
staircase effect
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AZ 2o ATAY A4 Cal' EE7}F S}
ulg} 2uks] 3, oA 2LG Ca¥'t 57} 2HA& Sl ulE) o
Ade} $39L 72 52 F7l0l4 EdsE Ho) A4
Ca'' FEol o8 ARG Af G FEE, AT
A A F7)ol wha AE 9] HollA FU=E Ca’ 3,
T &ZA AR FHol ot = G gl 9
2 57 278, A E AZAZ AQH= A, A
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¥)th(Fozzard, 1977; Chapmann, 1983; Wier 1990). 28] =
2 AEg B8 Ca' Y oFolu, T £FEAY CaF
AH FL 78l Ve EATe RE A2 vE
AL 3% & WsAIA "t

Na'-Ca’" 33 Na'9 A7] s}3H4 AR5 A5 2
Z 3lo] SHuMAlS B8 Na'3} Ca*'o] HadhslE Ao
B, AE Wel9l Na'a Ca'" 9] FE H3lol] whe o
ol¥ wako] W3lEo], Ca’" & AXHE FYAIIIE
st (Gek ell, reverse mode), MERFE FEAZ
F5 ek ek ), forwrd mode)(Blaustein, 1974). 71
P, Na' -G QT 4% S5 23 ol
o] AFA ol FodstA =v, 1 B4 9] HFol wet A
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ohg# Na'-Ca™" 2% 7]4L, G’ Lut Seo] ul$
7] wflFoll(Carafoli, 1987), A 53 7] A6l glolA] A
e 988 gdsa I Aeg 93 9o

W, A8 7Y L 55 s} W) uet 3t
e, 2 F4-L Foll Wt 24 FARAE DA A
e I3 AR FolAs 5 s Sl wha)
THEHE vl SUtEe AAYEl E)(positive
staircase effect) & UERLL, 315 & 91 A8 A7, ferret &
AAE FF HE F7ld whldse JAde am
(negative staircase effect) S VJERH(Woodworth, 1902; Bers
& Christensen, 1990). A Acte] £37} Yehte 714
A Aol Hek F, £3F W E Z7)ol wiel AT
Na'" $57} 27153, o] A4k Nat-Ca®* 23He o
Alsto] Ca™* §2-& FHEAA AZAYS o7 §al
Ca’" BEE ZAAI2E, T £EA 29 Ca* A
7t Z7VE o], v $EA) v B2 Ca’ ' o] fElEo] 2

£ FRAA A A} £3F g3 Na'-Ca”* Z8hol] <
& Ca'" §Y 94 Z7HE Rolmz, AEW 37 A%
Ca’* $E7} Z715l0) £289] A B 2 7A
¥lck(Bers & Christensen, 1990; Frampton et al, 1991;
Harrison & Boyett, 1995).

aeh}, dAcke) Eoke) 7R dAE of%) Ea
g Ardo] AR Kot gl AAolr}. 13 Aut, 3]
FAs At A7E Jehiie 859 AT E £
HE7} Z7hgolmel ol vzt Yo Na* ¥
27} S7ksEl = Ao g Hl(Jelics & Gupta, 1994; Lostan
etal, 1995)5] 2 glo v Na*-Ca®* 3lo] ojujdl W)
EEA dAche] &3 Ao E Fojstelgts AL 417
F&58 ¢ Jdok &, HEH o7 Yeh e 2 $52
BAAcE ZIE Jehdle FollAehes 2ekAlng, Nat
-Ca’" 23t A 2] WE Fio] AN S vehy
T FENA%E e Fog AMEH AL, ol Na*
-Ca'* ¥ B4 HEL 2L Aoz YA 7]
B} thE 71HellA] Aol o] EAlsle] AT S gt
e 2 F AR Aol7l HAE ¢ JdE FIA A4
o] Za% Zolct. 2B E, o]2]3t F 7}R] FH5AFoll
A oj=Ao] £ AW/t sl AL AT A
2] 717 Avgell QlojA] Fadt J|ute] F Rold, 3 A
< H Yot A9 -2 ol A (Excitation-Contraction
Coupling) 71 2] 7ol a3 P& Al 2 A
ojc}.

azsle], B AFolA= 3H S A AE dF o) o}
2 & &FAY IR 75 A5 8 H(Olivetti et
al, 1980; Chin et al, 1990; Vonaren, 1992)S- o] 83}, &
£ZA7E AA3] A5 7AY 7 Aol A, =2 8l

= W7ol wE 433 WEol digt Na'-Ca’" 23] o

& v RN, AT w3 FL AN A F

28 F74A 714, & Na*-Ca™* 233} & £FA9] 7|5

7He A% AR JAE s AT At dE
€ 718e #7359 Bad sigieh

o B
HE zdY 22

A% 19,39, 17, 439 WA 45 Faglo] A&
shof, A% YBZ N T A ARE 2o,
Krebs Hensleit buffer(RHB)W ol A Al LS Zdal
A H4e Eeligie, Relt 3AuE ¢ SEL 8
ml £73 9] o]FH Z}A| muscle chamberd|ol] 133}

E 3 ££ force displacement transducer(FT .03, Grass,
USA)ell 24t} B 2471 B2 muscle chamber 0|3
ol A4 £3A7 KHBY £E2 37°CE $A8HL,
0:9} CO,E flow regulator(FR355K, Cobe, USA)S %3
Z+7} 95%9} 5% 2 Z73}lo] KHBS] pHE 7.40+0.030. 2
A6} c}h. Diital stimulator (STM-1000, Hansung, Korea)
Z supramaximal voltage2] square wave pulseS- 0.5 msec
<3 HzE Wig ASE B3 AAANE AR A5
L2 F$F FEE FUsbHA 308 ¢ HRAHY
KHBE A A¥7172 B3l 108 H4 o2 Zolxirt.
F& $EL force displacement transducerE E-3 Poly-
graph(Model 7, Grass, USA)ell B A $ith. & &F AW <]
Ca’" AAFL AF Wl %o) u]al|st 22 (Frampton et al,
1991), & A¥ A= HRA AT HIEE 3 HzE §X3
o 2 £ZANY Ca' AAFE IR Ul FAs
A, A RS HAAT e AdE AYsisich &
3 Hz¢] Aol A7 A5 WSS 0.1 Hz2 5§
¢ AT 92w el w58 2 58 W
a2 BEslR, oA 3 HzZE &3] 2087 B4 HAAIR
t}. Z+e v o 7 0.3, 0.5, 0.7, 1 Hz&2 57 A2 vie
€ HAA Wl Jehde 599 WEE B, 5
Y% WE 4% BAE graphZ VNG gy
Ul Ca™' Z& Ca’" B Na* wiAAle] d3ke B
Sl AEetel A o] gE Ca' g Aoluly] 915
of o]F o] & Wil Foklg 24 utEale] ZolF
At

HE Ado] oFF utg

N

Na™ ionophoreQl Monensing 3x10°° M& EojslA
v}, NiCl, 5 mM & Na* g Ca’' & 43 KHBZ3-<



A% A Na'-Ca®” m@e A 709

B3 Na'-Ca’" 23he] BAS WEAZ o, 2 £
9] 71%5-& cyclopiazonic acid 3X107° M, =& ryanodine
3x107° Mg $od3le] AAAFh =3 Ltype Ca*t
channel-g- ¥-2Y15}7] 9}2) verapamil 3 x 10° M £-& NiCl,
0.1 mM< F§3}9{r}. Monensin, NiCl;, ¥ verapamil®]
A% e Folsta SEZ Xjsle] Eatge] Hu)
ol 52% ¥ A5 HisE HAXNA YL APl e
®,Na" g Ca’' A& o] 52 v A3t KHBE 2143
AT B 239 3 FA) A2 ES AR
&, cyclopiazonic acid 2-& ryanodine®] 73-$-oj|:= okE
HAXF AZro] AGFF AT 2 A A} 7eled
ABZ, FF FoF HaY 40F)4 XA 2
SHEAS A4S AePsigict ojuf ookl 208 7
Ho g 33, FA FES A5t ¢, Na'
3 Ca”' W AAH S Aol 2 zAdA A gk
BE AL iz AP Na”" g Ca*' AL ke
A3

2 AYel A% KHBY) 24¢ 87 Pri@
mmol/l). NaCl 118, KCl1 4.70, CaCl, 2.52, MgSO, 1.16,
NaHCO; 24.88, KH,PO, 1.18, Na-Pyruvate 2.0, Glucose

5.55Na" WAl Al ol 2 FE9] sucroseZ tA|sho] 4t

No Treatment
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T

F4E AR, Ca2' A NE CaClr WAk
e B3e WA gsteh)

Y ZAnte #z

3 Hze} e+& Aol Al norepinephrine 10 ° M £6d 4]
SUEE A £ AL 10003 3}, Ty S
AAE %2 FAK =3 Na' 8 Ca** WA E
3%, BoAdE 2 23 dA B4 9PdS 243
HzTol it %2 F3He FAAY, AF HE 01
Heoll it % Z42 EARIE ik 243 54
#-S unpaired Students’ t-test2 8] Z&}od pzke] 0.05H.c}
2g o 9= Aoz BN

rlok
M

HAgel 2E-vlE An B

17 HAE A7) AT NEE 3 HoolA 0.1 Ha
A7) GEoletel % 3ol FAe) Z7hek] Azet
of o 0% Fol: Hoh % AHL Ui o F
oF 3252kl A §3 A2o] HAskT olol4] WA

ot

¢

Ryanodine 3x10-°M
l * 0.1Hz +

ol

NiCl, 5mM
l ¥ 0.1Hz v

|

Na-Ca Free

v 0.1Hz v
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Fig. 1. Effects of L-type Ca’" channel, Na*-Ca’* exchange or SR Ca’" release blocking
on the changes of left atrial contractions after frequency reduction from 3 Hz to 0.1 Hz
in 4-week old rat. Left atrial contraction was evoked by electrical field stimulation(0.5
msec duration, supramaximal voltage) through platinum electrodes. Stimulation frequency
was reduced from resting 3 Hz to 0.1 Hz for 5 minutes,
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ojAE 3dAlY] HES el EFEg. 1). AFHEE
03,05, 07 =X 1 Hz2 4Z v x, vl & 3] ¢
27 g QHAA| AFo] Al el uje} A A, 1
& 5L 2L S ANMEAHEH= AAsHA
OkHe). A= HIE Astg yehte Hul = AHe

NO TREATMENT

PEAK
120
100
<
2. g0
=z
O
%) 60
=
!
o 40
20 T T T T T
0.1 0.3 05 0.7 1
FREQUENCY(Hz)
PLATEAU
120+
100
) 80 ;;EESEE
R \i\
) 60
- 40+ T

20 T T T T
0.1 0.3 0.5 0.7 1

FREQUENCY(Hz)

Fig. 2. Frequency-Force Relationships of electrically field
stimulated left atria of postnatal developing rat. Electrical field
stimulation rate was decreased from 3 Hz to destined fre-
quencies for 5 minutes. Developed tension was calculated as
% of maximal tension response to norepinephrine 10~° M.
PEAK: developed maximal tension during frequency reduc-
tion for 5§ minutes. PLATEAU: developed tension at the end
of 5 minutes-frequency reduction. Means = SEM were plotted.
(- 1 DAY (n=4), -@- 3 DAY (n=8), -A- 1 WEEK (n=7),
-¥- 4 WEEK (n=6)]

oln

NE 107°M 52 445+ ) 53 2ol oiyt %2
A8 79 0.1 Hzoll A = AF 1Y, 39, 153 F 457l
A 747} 108+7.8, 110+3.3, 109+£8.8 3 104+5.0% 2 NE
ol vjsilA e v gshtnl FrtE ARk, AE AT w&
Zole A=A &Yt A & AFHL AF wlwr}
Z718ol] wheh Al ZFEsko], 1 Hzoll A& 65+7.3, 60+
40, 6152 9 58+7.8%2 EAAQ JA e A#}E
vehligl o, 94 A% o] akE Zoj= JetA
oroket. 3t Qb & A QA A% dHe)] & A
ol WAE = giglod, AT HlE7} F713l ue} z+
A2 x4 faElE Hd £35 FH] WIHEE
A3 gAte &35 JeEhAgtHEg. 2).

oi&do]l & cyclopiazonic acidel +& 25 A

2 AFA9 Ca¥" ATPased A3l cyclopiazonic
acid (3 X 10> M) *] %] (Demaurex et al,1992)= A 7|3 2}
Fog fudt g4 A4 & 52 ARG
WA Hd £ 489 A9, Wk 01 HzA] A% 19,
39 g 1EFAE 71498, 524738, 52+7.6 %E 1Iet
glo, A% 43 LA E 16+2.5%2 7E3A <A
7} Hgiet. ol AF ul%s} 713l wa), A% 14,
39 7 1FFAE HEd Hulasie] A FhaE o]
I Arte Adte HEHG oY, A% 4FToAE A
WS Z719} BadsiA A4 22 AR Hd 5 24F
o] A& Yehilo] GAT e &t £AFRG 3,
obA 4% A# o] 7Sl cyclopiazonic acidX] X]ol} ]
3 A% AP gaAgle] % Ado] AA 74T
gov, HlE 7t g dActE ade B8 AT
oA g3l &= HFig. 3).

Ryanodine £ verapamil®| &&

2 £EA9 ¥ g 715e dAlshe FEQ ryano-
dine(Nagasaki & Fleischer, 1988; Tanaka & Shigenobou,
1989)8 3] Y& =50l 3x10° ME AXgoz 4%
435 ke AFHEE 0.1 Hz2 A8} ol v
429 gRlo] A3 F4=gthFig. 1). Ryanodine?]
olH gt = Ao} o FHEE B4 AL AF 19,3
4 g 1FFAAE FYslA el en, 0.3Hzol|A] 1Hz
A AT WE7} HASE £F £5& 43 4
AT AASA EkE)

35 L-type Ca’" channel -8} 9kE-9] verapamil 3% 107>
M HX Aol 3 Hz & AF3ste FA7Y % 52
FEuUoll SRS Eatgich 2 AT HIEE SEE
Q AA Aol ek 5E-gFo| A=t F, 2= Hl
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Fig. 3. Frequency-Force Relationships of electrically field
stimulated left atria of postnatal developing rat after
cyclopiazonic acid(3 X 10° M) treatment. [-ll-1 DAY (n=6),
-@- 3 DAY (n=6), -A- 1 WEEK (n=5), -¥- 4 WEEK (n=7)]
Other legends are same as Fig. 2.

E740.7 Hz o] ol A & e = 53 Fo] A2 nju)
o, A= HlE7) dolAel wel % &5 Aol
AR "AsdA 0.1 HzollA= AF 4F A9 F ¢
FZ2o] 8511.6 %2 thEFol A Sulsiqict A
HE 5 59 A9 AF Axd vjsed, A% 1
Gl A 7HA Zokar, AF 45FollA 7H dA3 %
(Fig. 1 9 Fig. 4). ubs, 9A] L-type Ca’* channel& -2
e Aoz 4EA 9 0.1 mM2 NiCh(Klitzner 3
Morad, 1983; Kimura et al, 1987) %] X] Ajol]= A& oI & o))
A3glo] vzl vl HE 5% Ayt JehA
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Fig. 4. Frequency-Force Relationships of electrically field
stimulated left atria of postnatal developing rat after
verapamil(3 X 107> M) treatment. [-ll- 1 DAY (n=7), -@-
3 DAY (n=7), -A- 1 WEEK (n=7), -¥- 4 WEEK (n=6)]
Other legends are same as Fig. 2.

TENSION (%)

2k3keh(Fig. 5).

Na-Ca 18 &49| 10| ojXj= &

Na-Ca 23H& JAAFIE ZA2E 43A 9l 5 mM
9] NiCly(Kimura et al, 1987; Callewaert et al, 1989)5 %
4739 Aol A x| A ell= 3Hzol| A 3% 50| &4
ol AF HIEE 0.1H2Z ABAAE 75 F&°] AL
A ¢kgkeh(Fig. 1). o] 8 NiCL9] #E-& AF AF 3,
A wlxo) ARgle] 5L AHA I ARA %
). 38, KHBUl9] Ca™"uhg w71 %3 &
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Fig. 5. Frequency-Force Relationships of electrically field
stimulated left atria of postnatal developing rat after NiCl,(0.1
mM) treatment. [-ll- 1 DAY (n=5), -@- 3 DAY (n=6), -A-
1 WEEK (n=6), - ¥- 4 WEEK (n=6)] Other legends are same
as Fig. 2.

0.1

A% 2aE UehIAR, AFNEE 01 HiZYd3olE
SEEekl 2R $% £l 2497 ok 1).
Ca’* wlAlel 1% olel@ e A% Aol ABglo]
2e e dehigon (2o AR Wske), A
2 WEZ7M W GAvkel THE A% BEFc
(Fig 6). L2t h=Tol heF BES(HE HEo}ol2
A3t A% 19TNAE A3 0wl vlelele] F7lelA
w39 132 A% dFo] Z7h¥ol wel A3 2] v
£ ZVYEI) astel, A% 47Tl E AT wss)
FYshA LAY A4&E ehAglthFg. 7). B, Na”

oin

3} Ca’" & WAAA Na*-Ca’" 23 9As| oo
(Bers & Christensen, 1990; Wolska & Lewartowski, 1993),
TZ 5 AAA dAEHY e, o] H ol FE
q SEEeH AR HFEFY &4 JegA] st
(Fig. 1). &}, Ca* " kS wiAAIZ A -9he 2], A%
19, 3¢ 9 15FdAE A a9t AlE ZEs
U, AF 4FToA e 75Y Y 77 A HIE St
ulgl o8 A s A A G Acte] Il $As £A4F
A chFig 6). o}-&#, 0.1 Hzoll A 9] H o} =2 A=l izt
1 Hzoll M 9] H o 5% A9 Z4&(%)E AAZHE
t)zFdl vlsl FASA FaEH, 53] AF 477004
& o4y e dte g s g4aso] 107+2.6%
£ Jehidehp<0.05, Fig. 8). 33, Na* ionophoregl
monensin 3 X 10 Mg ¥£ojshul, 0.1 Hzol| A9 Hd 4
Z A5l dlgk 1 HzollA 9 o] 3 A3 9] 2H48(%)
o] 4% 14, 39 g 1FFNAE tzFol vl8] AAs
Al Zaso] Na© g Ca** ATl A e BB E9 7
oA}, AE 4FFollA = 2T He 238 F7hshd,

£ A% Tl vlsAE 2ufo] 4 F71EHckp<0.001,
Fig. 8).

i &

7 ALY TL£FAe 44X 3 duz E488
of, AE 295 114 Aololl T £ZA9] A9} Bt
A7 T A X A|(peripheral junctional sarcoplasmic reticu-
lum)7} F2RsHA A=, SAF 252 HE 3F7A
T-tubule®} R 37 & A X |(internal junctional sar-
coplasmic reticulum)7} £+4] ¥ o} (Olivetti et al, 1980; Chin
et al, 1990; Vonaren, 1992). 1822, B o ol 4] ALt
AF 19,39 9 1FTL S4L£FA|9 4A 9l 7)50] &
AX E& ejold, AF 4772 T £FA|9] AA o]
H43=o] A AA% 75 velA = ol %t A
AL 2 AXA) 9] Ca’t-ATPase & < A3} cyclopiazonic
acid(Demaurex et al,1992)5 X X[3to & Ui E 2=F o
A3A ehdes 5% Ao AF Al vlalste] o
AP ARZE §908 4 9chAgata et al, 1993). 18}

, T AEA G2 E Hallsks oFE<l ryano-
dine(Nagasaki & Fleischer, 1988; Tanaka & Shigenobu,
1989) Foi&] AF odgol Aaglo] 3 F-Fo] HA 3
£ASE ABE Hot A% 199 NAe] A2 =%
£ 2 2EA9) 7152 uE 2okt & Aok olv]
AAEE YAFo) gol AT +F $EE Avhe

Ao 2 FAEcHChin et al, 1990; Agata et al, 1993).
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Fig. 6. Effects of Na* or Na” and Ca’" depletion on the maximal developed tension after frequency reduction
from 3 Hz to destined frequency in the left atria of postnatal developing rat. {_ ] CONTROL, /1 Ca FREE,

B Na, Ca FREE] Other legends are same as Fig. 2.
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Fig. 7. Effects of Ca’" depletion on the maximal developed
tension after frequency reduction from 3 Hz to destined
frequencies in the left atira of postnatal developing rat.
Ordinate: % decrease of developed tension after Ca’’
depletion from control. [-ll- 1 DAY (n=7), -@- 3 DAY (n=7),
-A- 1 WEEK (n=8), -¥- 4 WEEK (n=6)] Other legends
are same as Fig. 2.
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Fig. 8. Effects of monensin(3 X 10 ¢ M), Ca*' depletion or
Na* and Ca’" depletion on the maximal developed tension
after frequency reduction from 3 Hz to destined frequencies
in the left atira of postnatal developing rat. Ordinate: %
decrease of the maximal developed tension at 1 Hz from that
at 0.1 Hz. [[] 1 DAY, &4 3 DAY, & 1 WEEK, [l 4 WEEK]
(*p<0.05, *** p<0.001 compare with 1 week) Other legends
are same as Fig. 2.

A Folo] AF 4FToAE AT WEe Tk
79 DAY 74 UehlE AoZ Rol, W Ca¥' o)
AT 4ol UR 77} Z £EA9) 7)%5 kel v
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gsled A AAE Aoz BhEivi(Vonaren, 1990;
Agata et al, 1993). o]2] &t A41-2 verapamil §-of & L-type
Ca’"channetg $-53h 3 Hzo] THlEoll A % 9%
o] $A3] £4=Y, AF T E Au ol vzt 2=
ol AdEY, 2 £3589 Ay A% A v
ot ARZE #A= & 2L v Yo}rt, verapamil
FoAF ALEE 535 AFHo] AR A AAE
Aoz Kol 2 £FA9 A5 FU& AdldAx
NE7 ZASFE T ATAZEE FElEE W Gt
g AT o g 7=t ARNE AL FAY ¢
et ob&E 0.1 mM9] NiCl, X Xj o] ol ¥ix
UERIR S A3HE, o FEIAE Laype G 2
£ ¥-4)(Klitzner & Morad, 1983; Kimura et al, 1987)= &
A%, 2 %5k ool gl Ao B, of o
AR NE AHE F2HE $3 £Fo] 92 Roke o)
3 Ca*oll B % Al W] ol Uehbs A% o
s},

AZe] $% WS WA, AZPWY F2 Na*
TEXE wlglA] F715 o] A(Jelics & Gupta, 1994; Lostan
et al, 1995), =2 Z#} Na*-Ca®* w3} BAo] WE=}
(Field et al, 1996). o] 3t A4 S F NN T 2L AF}
7} Yehe Ao A gick 282 FF 4
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