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Abstract. The characteristics of Ca2+ release in relation to Ca2+ binding were 
studied in sarcoplasmic reticulum vesicles isolated from canine myocardium. The 
Ca2+ binding appeared to be dependent on ATP as a 4 fold increase in Ca2+ binding 
was observed upon the addition of ATP. In the presence of a suboptimal ATP 
concentration (20 umol/1; without ATP regenerating system) a rapid release of 
Ca2+ started within 2 min. The rate of Ca2+ release was increased by increasing the 
concentration of Ca2+ in the preincubation medium when studied by diluting 
preloaded vesicles in medium free of Ca2+ and ATP; an apparent saturation was 
reached at 5 mmol/1 Ca2+ but Ca2+ release again increased between 5 and 10 
mmol/1 Ca2+. High pH (8.0) enhanced the Ca2+ release process. When Ca2+ loaded 
vesicles were treated with various phospholipases and proteases, an enhanced Ca2+ 

release was observed in comparison to the control values. The release of Ca2+ was 
also increased by pharmacological agents like caffeine, ether and halothane. The 
Ca2+ release rate was stimulated by the p-chloromercurybenzoate treatment, which 
decreased ATP dependent Ca2+ binding and Ca2+-stimulated ATPase activities of 
the sarcoplasmic reticulum vesicles. The effect of temperature when evaluated by 
Arrhenius plots showed a higher energy of activation of Ca2+ release (66.15 
kJ/mol) in comparison to that for Ca2+ binding (41.03 kJ/mol). These results 
indicate that, although Ca2+ release and Ca2+ binding activities of the cardiac 
sarcoplasmic reticulum appears to be related, Ca2+ release is probably a distinct 
process and is controlled differently. It seems that the Ca2+ release site in 
sarcoplasmic reticulum membranes is lipoprotein in nature. 
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Introduction 

There is a considerable evidence to suggest that sarcoplasmic reticulum (SR) plays 
a major role in the regulation of intracellular Ca2+ concentration and thus 
participates in the excitation-contraction coupling process in both cardiac and 
skeletal muscles (Ebashi and Endo 1968; Martonosi 1972; Endo 1977; Dhalla et 
al. 1977; Van Winkle and Entman 1979). However, both mammalian cardiac and 
skeletal muscles appear to differ in many biochemical and pharmacological aspects, 
particularly, in relation to their SR function. Differences have been reported 
(Sumida et al. 1978) in cardiac and skeletal SR Ca2+ metabolism mainly with 
respect to phosphorylation-dephosphorylation processes and Ca2+ dissociation. 
Furthermore, differences in the ATP-dependent Ca2+ transport system of SR have 
been also described in these tissues (Van Winkle and Entman 1979). Although 
biochemical and functional correlates have been elucidated well in skeletal SR 
using various physical as well as enzymatic methods (Hidalgo and Ikemoto 1977; 
Davis et al. 1976), virtually no detailed study has been carried out to characterize 
cardiac SR membrane in relation to Ca2+ binding and release activities. 

An understanding of Ca2+ movement across SR membranes is crucial as it may 
provide information regarding factors which change the movement of Ca2+ in 
favour of net efflux in cardiac muscle. There are reports to indicate that ATP 
induces a rapid Ca2+ binding to cardiac SR which is followed by a spontaneous Ca2+ 

release (McCollum et al. 1972; Entman et al. 1972). Accordingly, it is believed 
that Ca2+ release is thermodynamically and kinetically a distinct process represent
ing a separate phase of the ATP-dependent binding-release cycle. Kirchberger and 
Wong (1978) have demonstrated that Ca2+ efflux from the isolated cardiac SR is 
increased by micromolar concentrations of extra vesicular Ca2+ and have argued 
that a component of the Ca2+ pump participates in Ca2+ efflux. The characteristics 
of Ca2+ release due to reversal of the Ca2+ pump has been described in the skeletal 
muscle where the Ca2+ release mechanisms appear to be quite independent of the 
Ca2+ pump in their behavior; for example, conditions enhancing Ca2+ release do 
not appreciably affect Ca2+ uptake activity (Endo 1977). Some experiments have 
also been interpreted to suggest that there are Ca2+ efflux channels present in SR 
(Katz et al. 1976) where gating is regulated by drugs like ryanodine or by 
physiological parameters such as Ca2+ concentration, pH (Jones et al. 1979) or 
a transmembrane potential (Farmen et al. 1979). Although these reports provide 
some informations on Ca2+ release process of both the cardiac and skeletal muscle, 
the characteristics of Ca2+ release from the cardiac SR are still far from being 
understood. In the present study therefore we have examined the effects of ATP 
limitation, Ca2+ preloading, temperature, pH and SH group inhibition on Ca2+ 

binding and release processes in the SR from canine myocardium. The effects of 
various agents which alter membrane integrity were also studied in order to gain 
some insight into the nature of Ca2+ release site in cardiac SR. 
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Material and Methods 

Isolation of SR vesicles. Cardiac SR was isolated from mongrel dogs in a manner similar to that 
previously reported by Harigaya and Schwartz (1969) with slight modification (Dhalla et al. 1970). 
After removing the connective tissue and fat, ventricles were thoroughly washed in 0.25 mol/1 sucrose 
containing 1 mmol/1 EDTA, pH 7.0 and homogenized in 10 volumes of a medium containing 10 mmol/I 
NaHCOj, 5 mmoi/1 sodium azide and 10 mmol/1 Tris-HCl, pH 6.8 in a Waring blender at 0—5 °C for 45 
sec. The homogenate was filtered through four layers of gauze and centrifuged at 10,000 x g for 20 min 
to remove cell debris, myofibrils, nuclei and mitochondria. The 10,000 x g supernatant fraction was then 
centrifuged at 40,000 x g for 45 min. The pellet thus obtained was thoroughly washed and resuspended 
in 8 volumes of 0.6 mol/l KCI and centrifuged at 40,000 x g for 45 min. The sediment was suspended in 
a solution containing 0.3 mol/1 sucrose, 10 mmol/I Tris-maleate, pH 7. This fraction was referred to as 
sarcotubular vesicles (sarcoplasmic reticulum). The data concerning biochemical marker enzyme 
activities, sensitivity to inhibitors of mitochondrial transport and electron microscopic studies revealed 
negligible mitochondrial or myofibrillar contamination (Dhalla et al. 1970). 

Ca2+ binding assay. SR vesicles (0.4—0.6 mg/ml) were incubated in a standard medium containing (in 
mmol/1): 100 KCI, 5 MgCl2, 20 Tris-maleate (pH 6.8) and different concentrations of ATP and 45CaCl2 

as required. The amount of radioactive Ca2+ taken up by SR was determined by measuring residual 
Ca2+ in the medium after removal of the reticulum by rapid filtration through millipore filters 
(0.45 nm). In all experiments the Ca2+ concentration was maintained greater than that was shown to 
result in an optimal Ca2+ binding (>10 umol/1). 

Ca2* re/ease. The vesicles of SR (0.6—0.8 mg) were loaded with 45CaCl2 in standard medium described 
above for Ca2+ binding. These vesicles were then subjected to release Ca2* into a Ca2* free medium 
under different experimental situations. For Ca2* exchange experiments, the Ca2+ loaded SR 
(0.3—0.6) mg/ml) was incubated in the standard medium containing 200 umol/1 CaCl2 (non radioac
tive). The other experimental conditions are given in legends to the figures. 

Effects of pharmacological agents, phospholipases and proteases on Ca2* release process. Release of 
accumulated 45Ca2* from cardiac SR on addition of pharmacological agents like caffeine, ether and 
halothane and different phospholipases and proteases was determined in almost identical condition as 
described above. The SR vesicles were incubated in the presence of 100 mmol/1 KCI, 5 mmol/1 MgCl2, 
20 mmol/I Tris-maleate (pH 6.8), 5 mmol/I ATP and 0.1 mmol/145CaCl2 at 25 °C for 5 min, centrifuged 
at 40,000 x g for 20 min and suspended in 0.3 mol/1 sucrose, 10 mmol/I Tris-maleate (pH 7.0). These 
vesicles were then incubated in presence of various agents for different time intervals and serial samples 
were obtained by filtration. All incubations with volatile substances were carried out in sealed flasks. 

ATPase measurement. Total (0.1 mmol/I CaCl2, 5 mmol/1 MgCl2) and basal (0.5 mmol/I EGTA, 
5 mmol/I MgCl2) ATPase activities were determined in an incubation medium similar to that used for 
Ca2* binding assay, except that the reaction was initiated by the addition of 4 mmol/1 ATP (with 3 min 
preincubation in presence of 30—60 ug of membrane protein). The reaction was terminated after 5 min 
by 1 ml of 12% (w/v) cold trichloroacetic acid. Inorganic phosphate liberated into the protein-free 
filtrate was assayed by the procedure of Taussky and Shorr (1953). The Ca2*-stimulated Mg2* 
dependent ATPase activity reported here is the difference between the total and basal ATPase 
activities. 
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All experiments were repeated at least two to five times. The values presented in this paper are 
representative from single experiment carried out on the same day. Freshly prepared SR membranes 
were employed in all experiments. 

Results 

When the concentration of ATP in reaction mixture was 3 mmol/1 or 20 umol/1 
with an ATP regenerating system, maximal Ca2+ binding occurred within 1 min 
(Fig. 1). This Ca2+ binding appeared to be dependent on the presence of ATP as 
a fourfold increase in Ca2+ binding occurred in the presence of ATP. When 
suboptimal ATP concentration was used (20 umol/1 without regenerating system), 
a rapid release of Ca2+ ion started from the bound Ca2+ after a few minutes. 
Furthermore, this release was stopped and almost the maximal binding was 
restored by readdition of 20 umol/1 ATP. These results indicate that Ca2+ binding 
sites were saturated so long as a sufficient amount of ATP was present. 

min 

Fig. 1. Dependence of Ca2* binding and release on ATP. The sarcotubular vesicles were incubated in 
a medium containing (in mmol/I): 100 KCI, 5 MgCl2, 0.1 45CaCl2, 20 Tris-maleate (pH 6.8) and 
different concentrations of ATP at 30 °C for times indicated. The aliquots were removed, filtered 
through millipore filters (0.45 um) and Ca2* binding calculated. (A)—Reaction medium contained 
3 mmol/I ATP. Similar results were obtained by using 20 umol/1 ATP with ATP regenerating system 
(4 mmol/1 phosphoenolpyruvate and 0.1 mg/ml of pyruvate kinase). (A)—Reaction medium contained 
20 umol/1 ATP. (•)—Reaction medium contained no ATP which is otherwise complete. The arrows 
indicate the addition of 20 umol/1 ATP. 
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Fig. 2. The relationship between the concentration of Ca2* in the preloading phase and the rate of Ca2* 
release. The sarcotubular vesicles were incubated at 25 °C with different concentrations of 45CaCl2 (as 
indicated) in the standard medium and were then allowed to release the bound Ca2* into Ca2* free 
medium (100 mmol/1 KCI, 5mmol/I MgCl2 and 20 mmol/1 Tris-maleate; pH 6.8). The samples were 
filtered at 1 min after the initiation of the release of Ca2* by addition of loaded vesicles into the Ca2+ 

free medium and the activity of the filtrate counted. Values are mean ± S. E. M. of five experiments. 
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Fig. 3. Effect of pH on the relative rate of Ca2* release from the sarcoplasmic reticulum measured at 
25 ° and 37 °C. Ca2* release at pH 8 at 37 °C was equivalent to 100. 
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Fig. 4. Effect of the amount of Ca2* bound on the rate of Ca2* exchange. The sarcoplasmic vesicles were 
loaded with 0.1 mol/I 45CaCl2 in the standard medium at 25 °C for 30 sec, 1 min, 2 min, 5 min, and 
8 min and were then centrifuged at 40,000 x g for 20 min and suspended in 0.3 mol/I sucrose, 10 mmol/I 
Tris-maleate, pH 7. These suspended vesicles were the incubated in a medium containing 0.2 mmol/1 
CaCI2 (non radioactive), 100 mmol/1 KCI, 5 mmol/1 MgCI2 and 20 mmol/I Tris-maleate; pH 6.8 for one 
min. The aliquots were filtered through millipore filters and the activity of the filtrate counted. (D) 
— Rate of exchange. (A) — Rate of exchange/Rate of binding x 102. 

Increasing the concentration of Ca2+ in the preincubation medium was found 
to be associated with a large increase in Ca2+ release as assayed by dilution of the 
preloaded SR vesicles in Ca2+ free medium (Fig. 2). An apparent saturation was 
reached at approximately 5 mmol/1 indicating that Ca2+ release in the present 
experiment was not due to a simple diffusion. Fig. 2 also shows that between 5 and 
10 mmol/1 Ca2+ in the preincubation medium, Ca2+ release activity was again 
increased. While these data on Ca2+ release was obtained by using millimolar 
concentrations of Ca2+, it is pointed out that the affinity of Ca2+ binding sites for 
Ca2+ in the SR membranes has been shown to be in the micromolar range 
(Martonosi 1972). In a separate study, the Ca2+ release rate was determined over 
a broad pH range at 25 ° and 37 °C and the results are shown in Fig. 3. Both low 
(3.5) as well as high (8.0) pH stimulated Ca2+ release rates. 

In another set of experiments, the membranes were preloaded with 45CaCI2 at 
different time intervals so that the amount of Ca2+ bound varied. These SR vesicles 
were then diluted in a medium containing a high (200 umol/1) concentration of 
unlabelled Ca2+. Fig. 4 shows that there was a close correlation between the 
amount of Ca2+ bound and Ca2+ efflux rate. At higher amount of Ca2+ bound, the 
rate of Ca2+ efflux was increased; however, the ratio of rate of Ca2+ exchange and 
the rate of Ca2+ binding did not change (Fig. 4). 
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Fig. 5. Effect of p-chloromercurybenzoate (pCMB) treatment of sarcoplasmic reticulum on Ca2*-
-stimulated ATPase, Ca2* binding and release. Experimental conditions were same as before only the 
final reaction media contained different concentrations of pCMB. (0)-Ca2*-stimulated ATPase. 
(•)-Ca2* binding and (A)-Ca2* release. 

The Ca2+-stimulated ATPase was inactivated by micromolar amounts of 
pCMB (Fig. 5) suggesting that thiol groups (SH) were essential in maintaining 
enzyme activity. Along with this effect of ATPase, a marked decrease of Ca2+ 

binding was observed, indicating a linkage between Ca2+ stimulated ATPase and 
Ca2+ binding. Ca2+ release rate, however, was markedly stimulated in the same 
range of pCMB concentration. This finding, therefore, suggests that thiol reagent 
dissociates Ca2+ binding from the Ca2+ release process. 

Both Ca2+ release and Ca2+ binding were determined at three temperatures 
15°, 25° and 37 °C; temperature lower than 15 °C was not selected in this study 
because a deviation of linearity could be expected in a temperature range from 5° 
to 15° (Entman et al. 1972). Linear relationships were obtained in Arrhenius 
diagrams in this temperature range for Ca2+ binding as well as release process (Fig. 
6). A definite difference was observed between activation energy for the Ca2+ 

release (66.15 kJ/mol) and the Ca2+ binding (41.03 kJ/mol) processes. 
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Fig. 6. Arrhenius plot of the rate of Ca2* binding and Ca2* release. Both Ca2* binding and Ca2* release 
experiments were done at indicated temperatures in a standard medium as described previously. Energy 
of activation (EA) was then calculated from the data obtained in these experiments. (A)-Ca2* binding. 
( • ) -Ca 2 * release. 

70r-

Fig. 7. Effects of phospholipases A, C and D treatment on Ca2* release from sarcotubular vesicles. The 
SR vesicles were incubated in the presence of 0.1 mmol/145CaCl2 in the standard medium, centrifuged at 
40,000 x g for 20 min and suspended in 0.3 mol/1 sucrose, 10 mmol/I Tris-maleate (pH 7.0). The 
suspended vesicles were then incubated with 0.25 mg/mg protein phospholipase A (A), 0.25 mg/mg 
protein phospholipase C (A) or 0.25 mg/mg protein phospholipase D ( • ) for different time intervals. 
Control experiments (O) were done similarly except no membrane perturbing agent was used. Values 
are expressed as percent Ca2* release of loaded Ca2* vesicles obtained at various times. 
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Fig. 8. Effects of pronase, trypsin and pepsin on Ca2* release from sarcotubular vesicles. Experimental 
conditions were same as those of Fig. 7 except that 0.1 mg/mg protein pronase (A), 0.1 mg/mg protein 
trypsin(A) or 0.1 mg/mg protein pepsin ( • ) were used during final incubation. (O)-control 
experiment. 

Fig. 9. Effects of various pharmacological agents like halothane, caffeine and ether on Ca2* release from 
sarcotubular vesicles. Experimental conditions were same as those of Fig. 7 except that 6.5 mmol/1 
halothane (A), 5 mmol/1 caffeine ( • ) or 300 mmol/1 ether (A) were used during final incubation. 
(O)-control experiment. 
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In order to understand the nature of Ca2+ release from cardiac SR, the Ca2+ 

loaded vesicles were treated with various agents. Fig. 7 shows that the treatment of 
phospholipases A, C and D leads to a time dependent increase in Ca2+ release. 
Both phospholipases A and C enhanced Ca2+ release to a greater extent in 
comparison to that was seen with phospholipase D treatment. The proteolytic 
enzymes like pronase, trypsin and pepsin also increased Ca2+ release from the 
loaded SR vesicles (Fig. 8) ; the maximal effect was seen with pronase treatment. In 
another series of experiments, the Ca2+ loaded vesicles were incubated with 
different pharmacological agents like halothane, caffeine and ether. AH these 
agents enhanced Ca2+ release from the SR vesicle (Fig. 9). 

Discussion 

The present work confirms the previous observations that ATP-dependent Ca2+ 

binding may represent saturation of a finite number of individual sites on the SR. 
Ca2+ was bound to these sites as long as a sufficient amount of ATP was present. 
The data in this study suggest that in the presence of ATP the Ca2+ binding sites 
may undergo phasic changes for Ca2+ affinity and thus result in Ca2+ binding and 
release. However, no direct relationship was evident between the affinity of Ca2+ 

for the binding sites and the dependence of Ca2+ release on the Ca2+ concentration 
in the preloading phase (Fig. 2). The affinity of Ca2+ for release could not be 
estimated because the Ca2+ release process exhibited no saturation kinetics with 
respect to the amount of Ca2+ bound. Although from the calculation carried out by 
Weber et al. (1966) and Ogawa (1970) it appears that in the absence of a permeant 
anion such as oxalate, most of the available Ca2+ is bound in SR membrane, it is 
possible that a part of Ca2+ bound is taken up in the intravesicular compartment. So 
Ca2+ release function as estimated in this paper could be partly due to a simple 
diffusion of Ca2+. Fig. 4 in this paper shows that the rate of Ca2+ release is 
dependent on the amount of Ca2+ bound in which experiment the contribution of 
diffusion to release was lowered by studying Ca2+ efflux in a medium containing 
high unlabelled Ca2+. It, therefore, seems that Ca2+ release from the cardiac SR 
could be determined by the rate of Ca2+ binding but their relationship may be 
a complex one and thus a great deal of caution should be exercised while 
interpreting data obtained from in vitro experiments. 

Kirchberger and Wong (1978) have suggested that a component of the Ca2+ 

pump participates in the release of Ca2+ from isolated cardiac SR. According to 
their report both Ca2+ release and Ca2+ uptake were stimulated by micromolar 
concentrations of outside Ca2+, increased by protein-kinase-catalyzed phosphory
lation and decreased by high intravesicular Ca2+ concentrations. However, it is 
interesting to note from our experiments that inhibition of the SH groups in SR 
membranes completely destroyed the relationship between Ca2+ binding and 
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release. Both Ca2+-stimulated ATPase as well as Ca2+ binding were decreased when 
the rate of Ca2+ release was enhanced by the effect of p-chloromercury-benzoate 
treatment. Furthermore, the Arrhenius plots revealed an apparent energy (EA) of 
41.03 kJ/mol for the binding and 66.15 kJ/mol for the release. Similar differences 
under different experimental conditions were also observed by Entman et al. 
(1972). Such a difference of EA of both processes suggests that release may 
represent a separate change of conformation of SR membrane with a high energy 
of activation. Therefore, it is likely that these two phases i. e., binding and release 
may be distinctly different from each other. 

It is now believed that Ca2+ may be released from SR by a slow inward current 
of Ca2+ that flows across the sarcolemma during the plateau phase of the cardiac 
action potential. In contrast to skeletal muscle, in cardiac muscle the Ca2+-induced 
Ca2+ release mechanism may play an important physiological role as suggested by 
Ebashi (1976). Recently Miyamoto and Racker (1982) have reported that the 
physiological Ca2+ release from the skeletal muscle SR is induced by depolarization 
of the SR membrane and the mechanisms of Ca2+-induced Ca2+ release and of 
depolarization-induced Ca2+ release are mutually interrelated. On the other hand, 
it may be noted that caffeine is considered to induce twitching and contracture by 
the Ca2+-induced Ca2+ release mechanism (Endo 1975). Furthermore, 
halothane-induced malignand hyperpyrexia (Britt and Kalow 1970) has been also 
thought to be due to Ca2+-induced Ca2+ release mechanism. In the present study 
we have shown that caffeine, halothane and ether were capable of enhancing Ca2+ 

release from the cardiac SR and this effect seems to be of a direct nature due to the 
interaction of these pharmacological agents with SR membranes. While on the 
basis of the existing information it is difficult to exclude the Ca2+-induced Ca2+ 

release from SR as a site of action of these agents, Preforms et al. (1969) have 
shown a reduction of Ca2+ accumulation and an increase in Ca2+ efflux by caffeine 
in SR of both cardiac and skeletal muscles. Furthermore, Fuchs et al. (1968) have 
suggested that many drugs including volatile anesthetics may depress cardiac 
contractility by depleting SR Ca2+ via inhibition of the Ca2+ pumping mechanism. 
Thus it appears that both Ca2+ release and Ca2+ binding sites in the SR membranes 
may be involved in the actions of some drugs on the cardiac and skeletal muscle 
contraction. In this study we have demonstrated that the Ca2+ release process of 
cardiac SR was enhanced by treatment with different phospholipases and proteas
es. It seems that the Ca2+ release is dependent on the protein and the phospholipid 
components which are integrated into the organized structure of SR membranes. 
The selective removal of a membrane component, thus, alters membrane integrity 
and subsequently changes the Ca2+ permeability. Therefore, it is not difficult to 
conceive that Ca2+ release is dependent on the specific interactions of the 
membrane components and the release site is lipoprotein in nature. 
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