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This study was undertaken to compare the effect of low to normal serum calcium on biochemical parameters in the 
myocardium of dogs subjected to 90 rain of coronaq~ artery iigation followed by 30 rain reperfusion. The 
accumulation of calcium, the decrease of adenosine triphosphate (ATP) and creatine phosphate (CP) and the 
inhibition of sarcolemmai ouabain-sensitive Na + / K  +-ATPase which are prominent findings in the ischemic-reper- 
fused myocardium, were studied under norma| and low serum Ca produced by normal and mudified hemodialysis 
(HD). The results showed a lower accumulation of Ca (P < 0.002) in the ligated-reperfused myocardium of dogs 
subjected to low-calcium HD. In the same group of animals ATP was protected to some extent while CP was 
completely preserved. This may indicate that during reperfusion with low Ca, restored ATP is further utilized for CP 
regeneration. The activity of Na + / K  +-ATPase was within normal values in the ligated-reperfused myocardium of 
the low-calcium group. The significantly (P < 0.001) negative correlation between tissue calcium concentration and 
Na + / K  +-ATPase activity under various conditions examined, provided additional evidence that low calcium is a 
protective factor of the enzyme activity during ischemia and reperfusion. 

Introduction 

It is a well-known fact that myocardial ischemia, 
produced by infarction of a coronary artery, causes 
dramatic alterations in heart function and metabolism 
[i~ "~]. Most of these result from the decrease in the 
supply of both oxygen and substrates. Since oxygen is 
insufficient for aerobic respiration in the ischemic tis- 
sue, ATP is produced by anaerobic glycolysis and by 
ereatine phosphate (CP) through creatine kinase (CK) 
[3,4]. During prolonged ischemia the depletion of ATP 
and CP stores as well as the retention of products of 
metabolism in cells, affect ATPases that mediate the 
active transport of ions, such as the sarcolemmal Na ÷ 
+ K+-ATPase (EC 3.6.1.3) [5-7]. Reperfusion restores 
the production of ATP and CP to a small extent [6,8]. 

Abbreviations: CP, creatine pho~nhate; HD, hemodialysis. 
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However, increased intracellular influx of calcium due 
to perturbations of ion transport systems in the sar- 
colemmal membrane, aggravates the myocardial dys- 
function [9-11 ]. 

In previous reports [12,13], we have shown that low 
se;um calcium produced by HD with dialysate low in 
calcium prevents the changes in electrolytes content 
and the depletion of CK during ischemia and reperfu- 
sion. Procedures designed to limit the influx of calcium 
during ischemia and reperfusion, such as treatment 
with calcium antagonists or with perfusate low in cal- 
cium, were performed in isolated myocardial prepara- 
tions [8,14-18]. This study intends to examine the 
effect of low extraceUular calcium on high-energy phos- 
phates (ATP and CP) and sarcolemmal Na+/K ÷- 
ATPase activity by means of intact animals. As regards 
Na+/K+-ATPase, it is considered that its inhibition is 
in part responsible for the excessive intracellular cal- 
cium entry through the Na÷/Ca 2+ system [5-7]. How- 
ever, it is not clear to what extent low tissue calcium 
affects the enzyme activity under these pathological 
conditions. 
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Materials and Methods 

Studies were made on 25 dogs weighing 15-25 kg. 
They were anaesthetized with intravenous sodium 
pentobarbital 30 mg/kg. The trachea was intubated 
and ventilation was maintained with room air using 
respiratory pump. A catheter was inserted via the left 
femoral artery to the aorta and the aortic pressure was 
measured with pressure transducer. Pressure signals 
and electrocardiogram were recorded on a 12-channel 
recorder. During the last 30 rain of the experiments the 
catheter was advanced to the left ventricle (LV) to 
determine the LV pressure and the first derivative of 
LV pressure (dP/dt) at a frequency response of 100 
Hz. The peak dP/dt/Pm,,, was calculated and used as 
an index of LV iso,:olumic contraction. 

The right femoral artery and vein were cannulated 
for connection to the artificial kidney. The artificial 
kidney had a capilla,:$ flow dialyser (Travenol CF 12.11) 
which was connected with appropriate tubing to the 
dialysate and through a roller pump to the experimen- 
tal animal. The dialyser and the tubing were filled up 
with heparinized 5% dextrose solution. 

The animals were divided into four groups. Groups 
CI and LI underwent HD and thoracotomy only while 
C2 and L2 were subjected to HD and iigation-reperfu- 
siGn. In groups C1 and C2 (control groups) the concen- 
tration of Ca, Mg, Na and K in the diaiysate were in 
2.1, 0.7, 140 and 3.6, respectively, whereas in group L1 
and L2 (low calcium groups) that of Ca was 0.15 raM. 
The flow of the dialysate was maintained at 300 ml/min 
and the blood flow at 130-150 ml rain. 

In groups C2 and L2, after 30 rain of HD, a left 
thoracotomy at the fourth intercostal space was per- 
formed and the left anterior descending coronary artery 
was isolated and iigated just distally to the first diago- 
nal branch by complete closure of a snare for 90 rain. 
The ligature was then released to allow reperfusiot: for 
30 rain, 

Serum ionised Ca concentration was measured by a 
Ca-'+-selective electrode at 0, 30, 120 and 150 min of 
HD. At the end of the experiments the heart was 
rapidly excised, atria and connective tissue were re- 
moved and samples of left ventricular muscle ~vere 
taken from non-ligated and ligated-reperfused my- 
ocardium, 

Calcium concentration was determined in about 500 
mg of tissue prewashed with 0,3 M sucrose and 
deionised water and then compressed between filter 
paper with 300 g load for 1.5 rain [19], After dry weight 
estimation, the samples were submitted to acidic diges- 
tion [20] and the concentration of calcium was mea- 
sured by atomic absorption speetrophotometry. 

ATP and CP were extracted fro~ tissue samples of 
about 200 mg, immediately frozen and then powdered 
in liquid nitrogen. The powdered samples were homog- 

enized in 1.2 ml HCIO 4 3 M [21]. The final neutralized 
supernatants of the centrifugation at 14000 × g were 
used for ATP and CP measurements by standard enzy- 
matic procedures [22]. 

Heart sarcolemma was prepared by the method of 
Jones et al. [23]. At the end of the procedure, the 
vesicles were suspended in 160 mM KCI and 20 mM 
Hepes (4-(2-hydroxyethyi)- 1-piperazineethanesulphonic 
acid, pH 7.4). Cytochrome-c oxidase [24] and NADPH 
reductase [25] activities were measured to determine 
the extent of contamination with mitoehondria and 
sarcoplasmic reticulum, respectively. 

The activity of Na+/K+-ATPase was measured in a 
medium containing 3 mM MgCI 2, 3 mM ATP, 100 mM 
NaCI, 20 mM KCI, EDTA/imidazole/glycylglycine 
buffer (0.5 mM EDTA, 30 mM imidazole, 30 mM 
glycyigiycii~c, ~H 7.a) ,rod about 10-12 mg of sarcolem- 
real protein at 37°C in a final volume of 0.75 ml [26]. 
Ouabain-sensitive Na+/K+-ATPase activity was taken 
as the activity inhibited by 1 mM ouabain. The reaction 
was terminated by adding ice-cold 10% (w/v) tri- 
chloroacetic acid and inorganic phosphate was deter- 
mined [27] in the supernatant following centrifugation. 
Protein concentration was determined by the method 
of Lowry et al. [28]. In the experiments where the 
effect of increased concentrations of calcium on 
Na+/K+-ATPase activity was studied in vitro, CaCI 2 
was added in the reaction mixture to give final concen- 
trations in the range of 3.10 -6 M to 10 -3 M. Free 
calcium concentrations varied from 1.7.10 -7 M to 
4.6.10 ~4 M and were calculated [29] for pH 7.4 at a 
reaction temperature of 37°C by means of relevant 
association constants (K,,po). These were for MgATP, 
4.20, CaATP, 3.89, MgEDTA, 5.82 and CaEDTA,7.72. 
The calculated free calcium values were verified by a 
Ca2 +-selective electrode. 

The Student's t-test was used to estimate the statis- 
tical significance of the observed differences. A value 
of P < 0.05 was considered significant. The correlation 
coefficient (r) was calculated by regression analysis 
when it was necessary. 

Results 

Table 1 shows the concentrations of ionised calcium 
(Ca~) in serum of group L2 at different times of 
hemodialysis. It is observed that low calcium HD caused 
a significant (P  < 0.001) reduction of Ca~ by 50% at 
the end of hemodialysis. However, in groups subjected 
to normal calcium HD the concentration of Ca~ re- 
mained unaltered. Similar results with groups L2 and 
C2 were ~btained in groups L1 and C1, respectively 
(not shown). 

At the ead of reperfusion, under stable serum Ca~ 
concc~:tration (Table I), the results of heart rate, left 
ventricular systolic and left ventricular end-diastolic 



TABLE i 

Serum ionised calcium uz dogs subjected to low-calcimn hemodialysis 
and ligation-reperfusion 

lonised calcium (Ca i) concentration was measured in serum by a 
Ca2+-selective electrode at different times of hemodialysis. Each 
value is the mean _+ S.E. of the experiments shown in parentheses. 

Group of Time of hemp- Ca i 
animals" dialysis (min) (mM) 

C2 (7) 

L2 (6) 

0 1.30 _+ 0.03 
30 1.35 _+ 0.04 

120 i .37 _+ 0.06 
150 1.34 _+ 0.05 

0 ! .26 -+ 0.04 
30 0.89 + 0.02 t, 

120 0.64 -+ 0.02 b 
150 0.62 + 0.02 h 

" Groups C2 and L2, normal and low-calcium groups, respectively, 
subjected to ligation and reperfusion. 

h Significantly different wdues from 0 rain of hemodialysis (P < 
I).O01 ), 

pressures  ( m e a n  values  _+ S.E. of  six or seven experi-  
ments )  were  154 _+ 9 b e a t s / m i n ,  l l 5  _ 6 m m H g  and  
I 1.2 +_ 0.9 m m H g ,  respectively, for group C2 and 143 _+ 
2 b e a t s / m i n ,  119 _+ 4 m m H g  and  10.0 +_ 0.6 m m H g  for 
group L2. T h e  lack of  s ignif icant  d i f ferences  of the 
above mcasurcm' : :n ts  be tween the two groups, allow us 
to compare  the  peak  d P / d  t / P ~ , ,  which did not d i f fer  

s ignif icantly be tween  group L2 (22.1 + 0.5 s - I )  and  
group C2 (23.4 + 1.1 s -~) The  s imilar i ty  of  all of  these  

pa rame te r s  in the normal  and  low calc ium groups 
suggests that  the inotropic state of  the hear t  was not 

affected u n d e r  the descr ibed  condi t ions .  
The  decrease  of  se rum ca lc ium in the group of  

an imals  which  did not undergo  l igat ion (L1) caused a 
s ignif icant  ( P  < 0.01) decrease  of  myocardia l  ca lc ium 

compared  to the normal  ca lc ium group CI (Table  II). 
As it would  be  expected,  l iga t ion-reper fus ion  caused  a 
s ignif icant  ( P  < 0.01) increase of  ca lc ium in the l igated 
myoca rd ium of  group C2. However ,  in the low ca lc ium 

group L2, the  concent ra t ions  of  ca lc ium in the non-  
l igated and  l iga ted- reper fused  myocard ia l  areas  were  
lower ( P  < 0.02) than  the respect ive concent ra t ions  of  
the normal  ca lc ium group C2. Moreover ,  calcium con- 
tent  in the l igated myocard ium of  the  same group did 
not differ  f rom normal  values  (i.e. group C1). 

The  resul ts  of  Tab le  II also show that  in the normal  
calc ium group C2 where  the accumula t ion  of ca lc ium 

was higher ,  l igat ion caused  a reduc t ion  of  both A T P  

and  CP content ,  whicll  was smal l  bu t  s ignif icant  ( P  < 

0.05) even in the non- l igated myocard ia l  area. In group 
L2, u n d e r  the  condi t ions  of  dec r ea sed  myocardia l  cal- 
cium, the  reduc t ion  of A T P  seems  to be conf ined  only 
in the l iga ted- reper fused  area,  s ince in the non- l iga ted  
myoca rd ium A T P  was s ignif icant ly ( P  < 0.01) h igher  
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TABLE li 

Calcimn, A TP and creatine phosphate m the non-tigated and ligated 
myocardium of dogs with aormal and low-serum calcium 

Tissue samples which were excised from the non-ligated and ligated- 
reperfused myocardial areas, were powdered in liquid nitrogen. The 
extraction and the determination of ATP and CP were performed as 
described in Materials and Methods. Data represent the mean _+ S.E. 
of the experiments shown in parentheses. 

Group of animals ~ Content (mmol/kg dry wt.) 

Ca ATP CP 

CI (6) 4.3+0.3 22.8+ 1.9 27.0+2.0 
LI (6) 2.8_+0.2 r, 22.2+1.4 27.1_+1.3 

C2 (7) Non-ligated 3.9_+0.2 18.2+0.7 2(!.5+ 1.2 
Ligated- 

reperfused 8.9-+ 1.0 " 11).7+ 1.5 c 14.5_+ i.4 " 

L2(6) Non-ligated 2.7 +_ 0.2 22.7-+ 1.2 25.9-+ 1.4 
Ligated- 

reperfused 5.3+_1}.7 c 13.1 _+2.2 c 22.5_+ 1.6 

" Groups CI and LI, normal and low calcium groups, respectively, 
not subjected to ligation; groups C2 and L2, normal and low 
calcium groups, respectively, which underwent iigation and repot- 
fusion. 

h p < 0.01 vs. CI. 
c p < 0.01 vs. non-ligated myocardium. 

than that of group C2. Regarding CP there was a 

significant (P  < 0.01) 30% decrease in the ligated-re- 
perfused area of group C2 which was abolished in the 
low-calcium group. 

In sarcolemmai membranes isolated as described in 
Methods, mitocLondrial and microsomal contamina- 

TABLE !11 

Sarcoh'mmal ouabain-sensitit'e Na ~ / K ~ -ATPase actit'ity in the non- 
iigated and ligated myocardium o]" dog.~' with normal and low myocar- 
dial calcium 

Tissue samples were excised from the non-ligated and the ligated-re- 
perfused myocardial areas. The isolation of sarcolemmal membranes 
and the determination of Na+/K+-ATPase activity were performed 
as described in Materials and Methods. Data represent the mean + 
S.E. of the experiments shown in parentheses. 

Group of  animals a Na +/K +-ATPase 
(g, mol Pi/rag protein per h) 

CI (6) 9.6+0.4 
LI (6) 12.4+0.3 h 

C2 (7) Non-ligated 9.6+11.2 
Ligaled-reperfused 6.8 + 0.3 ~ 

L2 (6) Non-ligated 11.7 +0.4 d 
Ligated-reperfused 8.4 + 0.7 ' 

" Groups CI and LI, normal and low calcimn groups, re;~pecfively., 
not subjected to ligation; groups C2 ~,,:d L2, norr.al and low 
calcium groups, respectively, which underwent ligalion and reper° 
fusion. 

i, p < 0.001 vs. CI. 
c p < 0.01 vs. non-ligated myocardium of the same group. 
d p < 0.002 vs. non-ligated of group C2. 
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a .  GI i ~ ~ k Io la 
t issue Ca (mmol .k9 "~ dry wt. ) 

[ ffi 0 .73  
P<o.om 

Fig, 1, Correlation between sarcolemmal ouabain-sensitive Na+/  
K+.ATPase activity and myocardial calcium, The following symbols 
are u~d: II and - for the non-ligated and ligated-reperfused 
myocardium of normal calcium group, respectively; 0 and A for the 
non-ligated and ligated-reperfused myocardium of low calcium group, 

respectively. 

tions were negligible because cytochrome~" oxidase 
and NADPH-cytochrome-c reductase were 0.2-times 
those in crude homogenates. Furthermore, Na+/K +- 
ATPase activity in the sarcolemmal preparations was 
enriched in the homogenates by 26 times. Approxi- 
mately 25% of the sarcolemmal Na+/K+-ATPase was 
inhibited by 1 mM ouabain. Protein yield in the sar- 
colemmal fractions was about 0.2 mg g- t  wet tissue. 

Low myocardial calcium caused a significant (P < 
0.001) increase in the activity of ouabain-sensitive 
Na+/K+-ATPase in group LI compared to CI (Table 
Ill). In groups subjected to ligation and reperfusion, 
Na~/K+-ATPase activity was protected under low cal- 
cium. This is shown by its higher levels in the non- 
ligated myocardium and by its normal value in the 
ligated-reperfused area (Table Ill). Moreover, the re- 

18 

-'*.Lc,] 
Fig. 2. in vitro effect of various concentrations of free calcium on 
sarcolemmal ouabain-sensitive Na+/K+-ATPase activity. Each value 
represents the mean + S.E. of three experiments. Th.e s~_mn_hols O and 
• are used for normal and low calcium groups, respectively, which 

were not subjected to ligation. 

gression analysis between Na +/K +-ATPase activity and 
myocardial calcium in the C2 and L2 groups (Table II) 
which reveals a highly significant (P  < 0.01) negative 
correlation (Fig. 1), provides additional evidence sup- 
porting the inverse relation between these two parame- 
ters. 

In accordance to the in vivo effect of calcium on 
Na+/K+-ATPase activity, it was shown (Fig. 2) that 
low concentrations of added calcium activate the en- 
zyme in vitro. It is evident that the peak of Na÷/K +- 
ATPase activation is observed at higher concentration 
of calcium (6.3.10 -7 M) in the low calcium group L1 
than in the normal calcium group CI (1.6.10 -7 M). As 
expected, high concentrations inhibit Na +/K+-ATPase 
and 50% inhibition is achieved at greater concentra- 
tion of calcium in group L1 than in group CI. 

Discussion 

It is generally accepted that reperfusion after !: ' -  
longed ischemia is associated with a large increase in 
calcium content in severely damaged myocardium [9- 
11]. Increased calcium concentration correlates with 
depressed generating capacity of ATP during reperfu- 
sion [11,30], since the activity of certain enzymes that 
regulate aerobic energy metabolism is strictly depen- 
dent on a narrow ran&e of calcium concentrations [31]. 
The results of this paper show that the reduction of 
calcium in the non-ligated and iigated-reperfused my- 
ocardium of group L2, cxerts protective effect on the 
high energy phosphates. This is evident from the values 
of CP in the ligated myocardial area which fluctuate 
within normal range. Moreover, the above-mentioned 
conclusion can be supported by the increased concen- 
trations of ATP in the non-ligated and ligated-reper- 
fused myocardium compared to those of the normal 
calcium group. Since the ATP content of the ligated 
area in the former group is still significantly (P < 0.01) 
lower than that of the non-ligated area while CP is 
completely restored in both of these areas, we may 
infer that during low calcium reperfusion, regenerated 
ATP is further utilized for the formation of CP. 

The extent of ATP restoration and the complete 
recovery of CP compare favourably with the results 
concerning the use of calcium blockers and low calcium 
perfusate in ischemic heart preparations [13-15]. The 
experimental procedure followed in this study shows 
that the application of modified HD may be a benefi- 
cial intervention for the myocardial high energy phos- 
phates in whole experimental animals, as in this case 
the depletion of the above compounds is further accel- 
erated by electrical activation and accompanying me- 
chanical response [2], compared with the case of is- 
chemic heart preparations. 

l~" is" ~.,~,,.,,' . . . .  ,,,, that prolonged_ ischemia causes a consid- 
erable decrease in sarcolemmal Na+/K+-ATPase ac- 
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tivity [5,6]. Dhalla et al. [7] found that this Oecrease is 
further exacerbated during reperfusion probably as a 
result of the excessive intracellular calcium entry. How- 
ever, there is no evidence concerning the modulation 
of Na+/K+-ATPase activity by calcium in the is- 
chemic-reperfused myocardium. The results of this 
study showed that the decrease of myocardial calcium 
in group L2 abolishes the inhibition of Na+/K +- 
ATPase activity in the ligated-reperfused area. Fur- 
thermore, we observed a negative correlation (P < 
0.001) between myocardial calcium concentration and 
sarcolemmal Na+/K+-ATPase activity. This probably 
suggests that, in vivo, calcium binds to Na+/K +- 
ATPase or to regulatory proteins according to its my- 
ocardial concentration, and affects the enzyme activity. 
The above suggestion can be justified by preliminary 
studies which showed that intracellular proteins such 
as calmodulin and calnaktin, interact with calcium and 
potentiate its activatory or inhibitory effect at low or 
high concentrations, respectively [32]. Further support 
for the modulating effect of calcium on Na+/K ÷- 
ATPase activity is provided by the in vitro experiments 
of this study (Fig. 2). It was shown that in the sarcolem- 
mal membranes of calcium-depleted hearts (group L1), 
the concentration of calcium required for the maxi- 
mum activation of Na+/K+-ATPase is 4-fold higher 
than that in the membranes of the normocalcemic 
hearts. These results may be indicative of how low 
calcium bound to the membranes of group L1, differ- 
entiates the activity of Na+/K+-ATPase from that of 
group C1, at various concentrations of free calcium. 
Besides, as the 50% inhibition of Na+/K+-ATPase in 
the low calcium group L1 occurs In vitro at higher 
concentrations of calcium (3.10 -5 M) than in the 
normal calcium group CI (1.10 -5 M), we may infer 
that under conditions of ischemia-reperfusion, greater 
concentrations of intracellular calcium inhibit the en- 
zyme in the former group. We should note that God- 
fraid et ai. [33] also found depressed Na÷/K+-ATPase 
activity at concentrations higher than 10 -5 M. Huang 
and Askari [34] suggested that the inhibition of 
Na+/K+-ATPase under these concentrations, may be 
a result of the competition between magnesium and 
calcium for the phosphorylated form of the enzyme, 
and may occur under pathological conditions such as 
ischemia. 

In conclusion, this study compares the effect of low 
to normal myocardial calcium on the decrease of high 
energy phosphates, which w~ s caused by coronary liga- 
tion and reperfusion in whole animals. Furthermore, it 
provides evidence for the beneficial modulation of 
ouabain-sensitive Na+/K÷-ATPase activity by low cal- 
cium in the sarcolemmal membranes isolated from 
normal and infarcted heart areas. The latter is of great 
importance since Na+/K+-ATPase contributes to the 
preservation of the intracellular electrolyte balance, 

which is severely disturbed under the conditions of 
ischemia and reperfusion. 
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