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EFFECTS OF ISCHEMIC AND Ca** PRECONDITIONING ON
INTRACELLULAR Ca** DYNAMICS
IN ISCHEMIA-REPERFUSED RAT HEARTS

Hiroshi TAKEDA and Shingo SEKI
Division of Cardiology, Department of Internal Medicine, The Jikei University School of Medicine

Ischemic preconditioning (IPC) has been proposed to protect myocardium against
ischemia- reperfusion injury in numerous experimental models. Although Ca** may play a key
role in inducing IPC, the precise mechanism is unclear. We observed changes in intracellular
Ca?* concentration ([Ca?*];) and ventricular contractility in the whole heart during ischemia-
reperfusion and compared the cardioprotective effects of IPC and Ca?" preconditioning (CPC).
Hearts from Sprague-Dawley rats were perfused in the Langendorff mode and loaded with 4
umol/L fura-2/AM to measure the fluorescence ratio as an index of [Ca®*],. Left ventricular
pressure and electrocardiograms were simultaneously recorded. Hearts were exposed to 10
minutes of low-flow ischemia, then reperfused. In the IPC group (7#=5) hearts were exposed
to ischemia twice for 2 min before sustained ischemia. In the CPC group, hearts were exposed
to a low Na* solution (70 mmol/L ; CPLN group, »=7) or a high Ca?* solution (3.5 mmol/L;
CPHC group, n=6) twice for 1 minute to induce Ca?' influx before sustained ischemia.
Transient increase in [Ca?*]; were observed during preconditioning in all preconditioned
groups. The [Ca®"]; increased signifficantly less in the IPC group than in the control group
(n=6) at 1, 5 and 10 minutes of ischemia and at 1 minute of reperfusion. The increase in
[Ca?*]; was also signifficantly less at 1 minute of ischemia and at 1 minute of reperfusion in
the CPLN group but only at 1 minute of reperfusion in the CPHC group. The rate of recovery
in the rate-pressure product on reperfusion was signifficantly higher in all preconditioned
groups than in the control group. A transient increase in [Ca?"]; may trigger IPC, and a
reduction in intracellular Ca?* overload may be involved in the mechanism of cardioprotection
in IPC.

(Tokyo Jikeikai Medical Journal 2003 ; 118: 51-61)
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DO—>D & LT HHfEAN Ca?t damAEEHR S L
THEY, BWERT TN T, RIS X OHER
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Murry & O#HED LISk, —iME o ORI % i D
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L TCHIS>NTWwW A, T Oischemic precon-
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1. v MEHEROER

FERL, FOREESERKREEREY L > Y —
HARTA Y ZEIWTHE, FHE I T
Sprague-Dawley ;2 7 v b (280~360g) % F\»

1%

7z. Pentobarbital Na 30 mg/kg DIFEEPIEL 5.5
e chBL, OlEEREH L7z, #7200
1318 5 12 Langendorff 312 THEFR L7z, BEVRIRIZ
Tyrode ¥&#% [mmol/L: NaCl 140, KC1 6, MgCl,
1, CaCl, 2, 10, N-2-hydroxy
-ethylpiperazine-N’-2-ethanesulfonic acid
(HEPES) 10, pH 7.4, 37°C, 100% O, bubbling]
B vz, d@RER IS peristaltic pump  (505S,
Watson Marlow, UK.) % F T 14 ml/min ®
EERER S Lz,

glucose

2. DMATENEDEREE

kL DRBRERBNICEENND T —T )V
(18G) Z#EA L, polygraph system (SEN 3101,
AP 641 G, HAE®E) RV TRKNICAEE %
E=F VT,

A — R B R REGRIC & D EERENCATE
S, LERMIC-8600, 77 7 &ET) ZitdkL,
DR E L7z,

S HITDEREDRE . LT, =T &0
&%, rate pressure product (RPP) & L CHH
L, REMFTECES 22 6EE2RD T,

3. #EBEMA Ca*+ BHEEDEIE

HORUP Ca?t BhREIE, Ca’t BSZMEHOIERE T

¥ % fura-2 acetoxymethyl ester (fura-2/AM,
DOJINDO) % > TEEHRD J5iE20 THIZE L7z,
fura-2/AM % FUEHEMEHR] & & b1 Tyrode ¥
WZHEE I 2 W TR L T 4 umol/L @ loading
WIR 2B LTz, #9 4°C 12 igg, iR C 30 23
FETL S 5 & LT & o TREOE BRI 007 12 AR
L, 20 53] washout #1772, J67 7 A /N —[R4T
HYe2 = b+ (CAF 110, HAS3E) % Hv»T 340
nm & 380 nm F RO UV i Xk 3 2z n
@ 500 nm FROHEINEZEE L, Z OHLME
ZHIEL, [Ca®], O L LTz, Fig. 112, IF&
ST O 2 WREIRS G X 58068 L O Ca*
FT Yoy (BEREER), EEREOFETFSY
Rz, EEFICEART, b B9 D 23208 TR
PhrRPFEERTCa F T Y DY TS
WBES NIz,

4. EB7oba—

Fura-2 O &%, FREVSET CITERE, &
HEIREDSE FAREBICE L 7218, AT O 4 FEDFEER



T RERR 0N 3BT % preconditioning DA Ca*t BifE 53

Fsso B e N o

Figo Rl U U D g Vg
- . ‘&“ :‘i &" ‘\‘1 ‘Q'.‘

Ratio 0.3 % ,'\'-‘ N L

(Fa401380) —J '\-..Q. "‘,__- ‘\ 1"».‘ "‘. *

100 O T A
LVP } S S T S U 4!

(mmHg) NI VD U W W W

Fig.1. Original traces showing simultaneous
recordings of fura-2 fluorescence excited at 340
nm (Fs,), 380 nm (Fss), fluorescence ratio
(Ratio; Fs40/35) and left ventricular pressure
(LVP) during aerobic perfusion without pac-
ing.

#f7o7z. Fig.2wcix, E7a ba—nick %
Ca’ b7 vy EEEFREOELO ELiH%
AN

HOLHERFEDO PRI PTEEDOIR T Oz, #HHH
EOTIORMAENE LT 205, REBRRTIEHE
HFREILK 40 RS Tz, Lied-> ¢, 3
BR7 0 b a— % 40 SREIRICTT S 72002, T
DR % 3E L Tz,

A) arbru—ni#E (Control B : n=6)

10 RO EMmEEEDE, 5 SMOFEREZTT->
7z, BB, BEF R %2 HEE D 109% 1238 C, 140 bpm
D=y > 7 %24 % low flow ischemia & L
7o, HEEWBBE L b R—y v IR ER L

(Fig. 2a).
B) Ischemic preconditioning Bt (IPC Ef :
n=>5)

2 Sy E R O B MERE B & OF 2 43 O P
WEZhZN 2 [EfT-5 72212, Control #f & Ak
O R MR % fiifT L7z (Fig. 2b).

C) Low Na* preconditioning # ({& NaPC

B n="7)

14 D& Na® % # (70 mmol/L Na*, 70
mmol/L Tris aminomethane = CiE#a) 12 L 5 3
WB L U2 3 OEE OFER % 2 BT 125212,
Control #f & [AEROBIMHER Z T L2, 20O
& Na* ORI X, Nat/Ca?* TR D
reverse mode Z /L 72HIl@A (cytoplasm) ~®D

Ca** OFmMAMBILHEL, [Ca* ], B EFRT S (Fig.
2C) 9)10).

D) High Ca?* preconditioning # (15 CaPC

#E: n=6)

1M oE Ca?t K (3.5 mmol/L Ca* &8
Tyrode W) & &k 2B L U2 5RO EE O
HEFR % 2 [0fT - 72 #8012, Control #f & FRED B2 I
FIER % 1T L7z (Fig. 2d).

5. TRETSERVERMT

ETOT =71, P EERETRT L. &
HHE Ot 3 8ot (ANOVA) ZHWT,
p<0.05 ZHE L L7,

I #% xR

1. Preconditioning MD/MERENRITTEE

Preconditioning #F/T O LFA%EUE IPC B B
W C control &, {& NaPC 7, & CaPC & & Mg
L CHEENA O, EEFRFSHECER
RO Ao 7, F 7z preconditioning R D
DR, EEFEOE(EFRICB VT, IPCHEIZ T
W OBEIER S A &N h, SHEECEEES
RO ole, FHICBIIHIBROBEELLZH b
ANz iro 7z (Fig. 3).

2. #EBEA Ca* EhEE

A Ca®t BIREOFEEE & U ¢, PHEIA L~
TLAMOEEOREZZ T T —ED V)L Z 4R
SLEMOECREL %2, diastolic [Ca**]; £ L
THW2299 Control BEIZ B W Tl REIMEREE AT
D, %7 IPC B, & NaPC B, 5 CaPC BRIz B W
T I preconditioning ¥ {E & Fij @ diastolic
[Ca?*], it ¥ 2 EAFIC X Y, F#D precon-
ditioning £, FEIM 1 4%, 543, 10 4%, FHEWR 143,
5B 2 HIEME L L7z (Fig. 4). EHXK
X, HOETRELLO L5 % baseline @ Ca*t 7
Yy OIRETHRLCHEH L.

Fig. 2 IC&AFEO KSR AR T, FFEE b1 10 43
Moz £ v, [Ca**] iF EA LAEERIZEH
WZAETF U7z, EWERIC T [Ca?t], 1& baseline I2/R
D, EEFEOBUEN ANz, WD HFEIC X
% preconditioning IZ 8T b EEFE DL H) % £
> —wPED[Ca?t]; EREEE s 7z, Control T
IFERER IO LEETEIR?FE4 L, diastolic
[Ca*' ], O—WE DO AN sz,
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Fig. 2. Typical traces of fura-2 fluorescence ratio (Ratio ; Fss/350) on the top and left ventricular
pressure (LVP) on the bottom showing respectively. In the control heart (a.), fluorescence
ratio increased during ischemia, and declined after reperfusion. Transient ventricular arr-
hythmia developed and fluorescence ratio increased further immediately after reperfusion. In
the hearts of preconditioning group, fluorescence ratio increased twice during 1 or 2 minutes
exposure to low-flow ischemia (b.), low-sodium (c.) and high-calcium (d.) perfusion as
preconditioning. In high-calcium preconditioning, LVP increased coupled with an increase in
the fluorescence ratio, whereas LVP decreased in low-sodium and ischemic preconditioning.

Diastolic [Ca?*]; iF preconditioning Higic 8  KHHIC CEEEZ2WO ko7 (IPC: 4.6+
W, FHEDICABREREMERE DT, 10 4RI 12.1%, {& NaPC: —5.0+6.4%, & CaPC: 5.2+

OFHME (EFHZ) 1zoWwTh, control BEx & 72 2.9%).
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Fig.3. Percentile of basal value in left ventricular pressure (LVP-solid bar) and heart rate (HR-
dotted bar) after high-calcium preconditioning (HCPC), low-sodium preconditioning

(LNPC), and ischemic preconditioning (IPC).

In HCPC group, LVP decreased to 86.8+4.9%

and HR increased to 101.3+2.6%. In LNPC group, LVP decreased to 98.6+9.3% and HR
decreased to 98.6+£2.7%. In IPC group, LVP decreased to 87.6£1.59% and HR increased to
112.3£10.0%. No signifficant difference was found among these groups. Data are means=+S.
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Fig. 4. Mean changes in diastolic fura-2 fluorescence ratio as an index of [Ca?"], in hearts
exposed to 10min of low-flow ischemia followed by reperfusion. The bar indicates the 10 min
of low-flow ischemia. (——@——) control heart, ¢-==-+ - ) ischemic preconditioned heart
(IPC), (++++=:O-+++++) low-sodium preconditioned heart (LNPC), &==[1===) high-calcium
preconditioned heart (HCPC). *p <0.05 IPC vs. control, **»<0.01 IPC vs. control, * »<0.05

LNPC vs. control, * »<0.05 HCPC vs. control.

B BT, diastolic [Ca?t], ®_EH=E
1% control BT 143 68.5+6.7%, 543 98.0+
9.8%, 10 432 107.7+£9.4% TH - 7z, IPCET
34T OEERIZ B W ¢ diastolic [Ca2t], @ &

Data are means+S.E.

ERBICHI S (153# 385+4.2%, 55014
45.0+13.49%, 10 4342 61.1£10.6% : Wy p<
0.05 vs. control #), F7/z{& NaPC# T, 145
% (41.24+9.9%), 543 (65.5+10.1%) 2B WT
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BER (p<0.05) MHI 25725, 10 AR B W
TIE 81.1£8.0% LHlfHEM EFED 72 b DD, gt
FEHBEEEZEON Lo (p=0.10), ZhiC
xtl, @ CaPCHEETIX 101212 46.6+4.19% &4
I 2 2 72 2% (p=0.054), 5 434 78.8+11.5%
(p=0.23), 10434 86.7+t11.2% (p=0.21) & FZIT
BETFEERNHEE SR r o T,

FHERBRICBWTIE, 14% control oD L&
KN H7.1+13.7% L K4k £ L T baseline & Y &
fEi %R L7z DIzxt L, preconditioning % it L 72
JHETR EDICHEPLRET 2807z (IPCHE
22.44+8.3%, 1& NaPC #£21.5+10.1%, 7 CaPC
FE24.7%+6.7%: I b p<0.05 vs. control
ﬁﬂ‘f—) FHHETR 5 0tk B Wi, R TEEEIZ
o e oz (control B 13.3+9.7%, IPC £
7.9+9.9%, & NaPC #£5.84+4.9%, & CaPC #
11.99%+6.8%).

3. /DIMfTENRE (Table 1)

A%, control B REINFTE, & NaPC &,
& CaPC ## o preconditioning £ O f & i L,
IPC #£C preconditioning fifT#:, BEICEE%
AL (p<0.01), B 1 58, FER 1 SBRICBW
THZDEIFERETH-72(p<0.05). LyL, H
BV S MR BV T EEEIIRD Lo,

EEECOWTE, BNl 2%ICE W TRE

1%

NaPC E£T control BRI Hilt L CHE CEfE T
B o723 (p=0.03), Z DAIFEERHOFEZEILR
Oz,

Fig. 5 12 & D RPP OA LK DR R L 7z,
Preconditioning = ® % @ X RPP Xt L THE

R RIE S T dp o 72 (IPC £ 101.3+6.4%, 1K
NaPC #£96.3+7.0%, & CaPC #£84.49% +
5.9%) . FEIf 1 5%, control # 35.1+6.8%, IPC
B£31.24+9.1%, & NaPC #£228+24%ThHDV,
SN CHEEERRD oz, 54%, 10 4MHEIC
BWLTHABICEEZIZ R L, N ZHh control
BE22.5+35%, 17.1+3.6%, IPCH#23.0+7.1%,
17.8£5.0%, 1& NaPC # 15.0+2.5%, 12.3+
2.19%, & CaPC #£19.9+2.2%, 11.3£2.9% CThH -
7o, EHEEFE 1 9O fEIE, control # 46.3+11.6%,
IPC #79.0+6.5%, 1% NaPC#85.1+£6.6%, =
CaPCH#£86.1+11.3%Th -7z, FHER1DHED
RPP ®[El1{§ 1%, preconditioning % fifT L 7= 3 &
WERIZBWT S, control FEE LB L THEI
#EE L, ZOBRIE 5 IV T HFEIFRT, con-
trol #£ 60.5+£8.6%, IPC £ 96.4+6.0%, & NaPC
£ 98.6+8.8%, = CaPCH#£94.9+7.8% TH - 7-.

Table 1. Hemodynamic data pre and after preconditioning, ischemia and reperfusion
Pre After Ischemia Reperfusion Reperfusion
preconditioning 10 min 1 min 5 min

control

HR (bpm) 174.3£5.3 — 140.0+0.0 146.8+33.3 181.8+10.0

LVP (mmHg) 72.5+9.5 — 28.3+2.8 35.0+£8.9 42.5+9.3
IPC

HR (bpm) 213.8+16.2* 243.8+£12.7** 148.0+8.0 237.0+18.8* 231.8+£15.9

LVP (mmHg) 70.44+9.2 61.2+7.1 16.6 4.3 49.6+6.1 65.6+8.9
LNPC

HR (bpm) 182.6+8.4 180.1£9.9 140.0£0.0 163.3+21.6 215.2+16.7

LVP (mmHg) 71.4+9.8 69.9+10.8 10.7+2.3 59.3+14.8 55.7+7.6
HCPC

HR (bpm) 167.0+10.9 156.2+12.3 140.0+0.0 150.0+14.5 1975+17.1

LVP (mmHg) 70.0+8.2 62.5+7.8 9.24+2.7 65.0+8.3 55.8+£7.2

Hemodynamic data for control group (control),
sodium preconditioning group (LNPC), and high-calcium preconditioning group (HCPC).
*$<0.05 TPC vs. control, LNPC and HCPC. Data

0.01 IPC vs. control (pre), LNPC and HCPC.
are means+S.E.

ischemic preconditioning group (IPC), low-
**p<
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Fig.5. Mean changes in rate-pressure product in hearts exposed to 10min of low-flow ischemia
followed by reperfusion. The bar indicates the 10min of low-flow ischemia. (——@—)

control heart, (=-=-- - ) ischemic preconditioned heart (IPC),

(veveen Oeeeeee ) low-sodium

preconditioned heart (LNPC), (==={J]===) high-calcium preconditioned heart (HCPC).
*$<0.05 TPC vs. control, ** »<0.01 LNPC vs. control, *» <0.05 HCPC vs. control, **»<0.01

HCPC vs. control. Data are means*+S.E.
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1. Ca?' preconditioning & B M4

Dl % Cat 2 & % 0 W &4 THR (Ca?t
depletion) L 72#c Ca®t & H WK CHE W (Ca**
repletion) ¥ 2 &, FOMEENELC 2 2 L2
HonTsy, ZOHSRIE Ca?t paradox &M
NTWBW, F7z Ashraf 513, T v + OFHFER
IZBWT, 150 Ca?t depletion & 5 23EI D
Ca** repletion % 5 BIRIET % &, LK<, &
D EE 7% Ca?t paradox (10 43fEld Ca?** deple-
tion & 10 435 d Ca?* repletion) 124 UL
REeEFH T2 2MEL, ZOHR%E Ca®r
preconditioning &FEATEY, 8% & X EIERDSE
B RICB W T, Ca?t preconditioning 73RE IMEFHE
BT HLRERRE RS & 2HmELY,
B I OEMBEERICH S % Ca®t  precon-
ditioning O ZhF 1%, R O & Ca*t W (3.5
mmol/L Ca*") FEREHFEVRT I LIck->THE
SNB I ERRELTWBED, Tho DLEES)
RIZOWTE, LMl E SR s s 2 L%,
lactate dehydrogenase (LDH) O 2844 %

Z&, ATP OEEPREFS NS Z LI & 25
NEZZHDTHY, EBO [Ca?] BifEiz D
TRBEINLTYZR Y, BIMHERCST 2
preconditioning D LFERFEIR OB & L T,
MR Ca?r MEM OBRIZEE CTH D, RIMNAET
@ preconditioning IZ B F 2 —i# M D Ca*t OBy
hn, +7%b b Ca2t A b L A trigger £ 785> T
BZHBEMEMNTRIEINT WS, L LT TIIHies s
T = 7z Ca®" preconditioning 1%, I FF#EFE A
DRI Cat WEF 2B L TV 2 1 \mICD
WTHHHEIC s N TE 5T, Ld->TCa?t
preconditioning ® 7’0 + 2 — I B B HHIEA
Ca** BIREDAIIE, FHEHICHIRDZ L 22 TH
%, ShEEkZ I, & Ca?t RSB X MK Na*
VAW TERR D7 2 51512 & % Ca?t precondition-
ing IZBWT, LHEEE & [Ca ], BIfEIC D W» THIZ
L7z, 20w ho Ca?t preconditioning & R
HH#ET %O RPP 2FEICHEL, [Ca?t] id, &
Na* WK I W RILh B & OHERE
%, B Ca?" INRHERMECIIHERERICBWT
BEKETLTWE, Ins0fEE» S, Ca?t
preconditioning @ Rz M EE TR XT3 5 i FH IR
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12, Ca* W OMFIMNEEG L T b Z L5
MERoIEVnZ D,

2. Ca?" preconditioning & ischemic precon-

ditioning & DEGE M

IR L0 [Ca*t], ¥ EH LDAREEZ
BIFTIERRMoNTZETHS, LA
PHWEERRSL & OEEREEE2-deoxy D-
glucose VRO T € fura-2 % vz Ca?t #l
E, L E W2 E#RE T VTl NMR 2 H
Wiz 7y MO FEERDD, HOE Catt e EE L

VLB 7 vy oo [Ca*t], fHlEY
DWFTNOAHEZ &> Th, BIMEOFFHETRREIC
ERABED SN, 7z, BlIFICHEWTY [Cat];
MERT L EDPHERIN TV B, FEEHS b
HHAERIEE fura-2 ZRHER 7 v MOICERTL, B
MAEFERIC X 5 [Ca*t], EAR-ZHEZRL, RIMERR
RIERT 2 L2 ORBENT 2 L B L7122,

Preconditioning O 1%, &# Murry 5% 12
XoTHE s NIz, o, 4 X ORI
FEETNICB VT, ERHEOREIMIRIE 2R 0 K3
Z WX VIFEY A AN T B Z & %, precon-
ditioning with ischemia & L C#E L T3,

ZElE, 2 D0 Ca* preconditioning B & & %
IZ ischemic preconditioning 12 D W T d R L
7z. W3 D preconditioning %) protein kinase
C P10, 5 2k ATP B3zt K 7+ +
)V RH 2 HE19-29 A& precond1t10mng LB IERES
35 2: LY, ZOLHREESHESNS
ZEDHERIN D2 E, TWHE O RISFER 1338
Al¥%\», %7z, ischemic preconditioning %3,
Ca?* paradox 23§ 2 0 MFEN R EFIE T 2 2
EBIMEINTWB292D Llzh > T, ischemic
B L U Ca* v 1D preconditioning 12 B \» T
B — il OHIFEA Ca?t @ _FF 23 protein kinase
CEIEHILL, & ATP B2 K 7 v &
VORO®KRI L, RESREZFLETLIEHFE
ZoNd, A% TEBKEWY S, ischemic
preconditioning IZ B W T b —w@M:OfEAN Ca?*
DOERAPMBFE SN2 ETHY, BB %X
Fi2b0Bbons EREOEIMZBWTY,
[Ca*], BBRE LAT 23T CedEsnT
W 51928

4 E O FEBRIC B W T, [PCEE & fib » Ca?*

1%

preconditioning 2 £ & ORNE OME SIZ, BRI
O [Ca*t]; FHOHFITH 2. IPCHE, K NaPC
B, & CaPCHO 3B TOREREZEIIRD 55
72 O D, MM 10 43/ %58 L ¢ Control I L

Bl ERLIzDE, IPCEHOATHS, B
EEFEED [Ca? ] DT DWW Tk 3F & b Ffk
Tho7z. RPP A8 L U7 DHEREFTH I 35> T
3B B AEBECHERE R L, ZhoD
ZEe, FHEEFRO [Ca®t]; @ baseline fEAD
m{E (&) PSREEMMEORF & LTk DEET
B 5 AJREMEDS R X fLfz. F 72, preconditioning
1 ischemic, Ca** WFhiZck->TdH, FHHERK
Ca?* DR XA AL — A%tk L, DHERED [EI{E
bleolLizceEzZoh5,

3. ZAFEERROM limitation

SlaEk 2 2R L 72 BERR TdH % whole heart 12
B 5 fura-2 7GR X 5 [Ca*t],
DT X, BEICHRE S L7z b DD929-3) T3 2
B3, FEHEROO [Ca*t], OWENZ Y TH 5
EWS REOMEEIZEETH S, MEL LI
&N R, PSRRI, mitochondria N Ca®t

DR ENFET 5D, NWEMEOZEIZ DOV

T¥, bradykinin Q5.1 & 2 FHliASHRE S T
W3, Indo-1 ZRHW/i7 ¥ FOLIZB W T,
bradykinin Q512 L D H7 %58 53 B2 ¥4 0
T 5 EDIRENTZD B, BRI Y Y F DT
fura-2 ZHWIZHRE I, FREZENLh oIz k
T2bDHH2%, —HT, 7y bOLKICBWT
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FIVEREANDEEIN DI T & R T B g
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380 nm Z N Z N DRI BT 2 HOLEE I Z
N Z 1 60% 1& mitochondria 2> & D b O T H
503, FOHGHEIZEEZ T hhrolze L
T3, fura-2 JEMAF N, NADH KF#ED BEK
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