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I. INTRODUCTION 

A. SPECIFIC AIMS 

Excitation of the sarcolemma of a cardiac muscle cell 

causes ca2+ release from the sarcoplasmic reticulum (SR). The 

ca2+ released from the SR (as well as that entering the cell 

through ca2+ channels during excitation) activates the 

contractile apparatus to induce contraction. This process is 

called excitation-contraction coupling (ECC) (135). As ca2+ is 

reabsorbed into the SR by the SR ca2+-ATPase and extruded out 

of the cell by the sarcolemmal ca2+-ATPase and the Na+-ca2+ 

exchange process,.the intracellular ca2+ concentration is 

lowered and the muscle relaxes. The SR plays a very important 

role in control of intracellular ca2+ and muscle-contraction. 

The mechanism of ca2+ uptake by the SR ca2+-ATPase is well 

understood (80). However, the mechanism responsible for ca2+ 

release from the SR is not, especially the mechanism by which 

the release process is triggered. 

Three major hypotheses for the mechanism responsible for 

triggering ca2+ release from the SR and initiating ECC in 

striated muscle have been proposed: mechanical coupling, 

electrical coupling, and chemical coupling (28). In the 

chemical coupling theory, ca2+ or inositol 1,4,5-trisphosphate 

[Ins(1,4,5)P3 ] is the most likely second messenger. Coupling 

via ca2+ through ca2+-induced ca2+ release (CICR) from .the 
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cardiac SR is now well established (48). The trigger ca2+ is 

that which enters cells through ca2+ channels during the 

action potential. However, CICR may not be the sole coupling. 

mechanism (112). 

studies in a variety of tissues have shown that the 

agonist-induced hydrolysis of phosphatidy1inositol 4,5-

bisphosphate (PIP2) leads to ~he formation of two products, 

Ins(1,4,5)P3 and 1,2-diacylglycerol (DAG) (14,15). 

Ins(1,4,5)P3 has been widely accepted as the messenger 

coupling extracellular stimuli to ca2+ release from 

intracellular stores in a variety of cell types, including 

smooth muscle (14,178). However, the role of Ins(1,4,5)P3 in 

striated muscle is quite controversial (195). In cardiac 

muscle, it was found that: (i) electrical stimulation or a

adrenergic or muscarinic agonist administration--Increased 

Ins(1,4,5)P3 formation (19,159); (ii) Ins(1,4,5)P3 increased 

ca2+ efflux in isolated SR vesicles (76); (iii)in skinned 

fibers, Ins(1,4,5)P3 induced (and/or increased) tension 

oscillation and enhanced caffeine-induced ca2+ release (149), 

and produced contracture when Ins(1,4,5)P3 was in the bathing 

solution (194) or was presented rapidly by mechanical 

injection (52) or photolysis from a caged state (94) .• The 

mechanism of these Ins(1,4,5)P3 actions has not been explored. 

The tension oscillation observed in a medium containing 

low EGTA, low ca2+ and low Mg2+ is thought to be due to 

spontaneous ca2+ release from the SR (48). Caffeine-induced 

ca2+ release is thought to be due to the increased ca2+ 
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sensitivity of CICR (43). Since Ins(l,4,5)P3 , unlike caffeine, 

was not able to release the majority of the ca2+ stored in the 

SR (149) and the contracture induced by the rapid presentation 

of Ins(l,4,5)P3 was slow and small compared with CicR (52,94), 

it was hypothesized that Ins(l,4,5)P3 acted as a ca2+ release 

modulator (instead of a primary second messenger) and 

produced its effects by increasing the ca2+ sensitivity of 

CICR in cardiac muscle. THE FIRST SPECIFIC AIM of the 

present research was to test this hypothesis. This specific 

aim was accomplished by studying the effects of Ins(l,4,5)P3 

on ca2+ oscillations, on CICR, and on SR ca2+ uptake in 

chemically-skinned rat papillary fibers. Several factors 

involved in observing an Ins(l,4,5)P3 effect were also 

examined (i.e., GTP dependency of the Ins(l,4,5)P3 response; 

inhibition of Ins(l,4,5)P3 degradation; topical-injection of 

Ins(1,4,5)P3). 

The role of the other product of PIP2 hydrolysis, DAG, in 

modulating myocardial cell function has been studied to a 

lesser extent (20). It is known that DAG can activate a ca2+

and phospholipid-dependent protein kinase (protein kinase c, 

PKC) (140). The presence of PKC in the heart has been shown by 

Kuo and his colleagues (104). Tumor-promoting phorbol esters, 

which can substitute for DAG directly activating PKC (140), 

have been used to mimic the effect of DAG on PKC activation in 

cardiac muscle. A negative inotropic effect of 4fi-phorbol 12-

myristate 13-acetate (PMA) on cardiac muscle has been reported 

in several different cardiac preparations (25,39,111,205). The 
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mechanism of this negative inotropic effect caused by PMA is 

not known. Phosphorylation of cardiac troponin inhibitory 

subunit (troponin I, Tn-I) and tropomyosin-binding subunit 

(troponin T, Tn-T) by PKC has been shown (89,143). However, 

the physiological significance· of the phosphorylation is not 

clear. The studies about the effect of PMA on the cardiac SR 

functions are contradictory. On one hand, Limas (115) and 

Movsesian et al. (136) reported that phosphorylation of 

phospholamban b~ exogenous PKC in vitro led to an increase in 

SR ca2+ uptake. On the other hand, Roger~ et·al. (164) 

recently found that PMA inhibited the SR ca2+ uptake ln 

digitonin-treated myocytes. Therefore, THE SECOND SPECIFIC AIM 

of this study was to investigate the effect of PMA on the 

contractile apparatus and on SR ca2+ loading in saponin

skinned fibers. Since the effects of cyclic AMP-dependent 

protein kinase A (protein kinase A, PKA) on SR ca2+ loading 

and on contractile apparatus have been studied extensively in 

the past (90,100,134), cyclic AMP was used as a reference for 

the comparison of the effects of PKC and PKA in the skinned 

fiber preparation. 

Because SR ca2+ transport is a pivotal factor in the control 

of muscle contraction, any environmental changes which have an 

effect on the SR ca2+ transport will eventually alter muscle 

contraction. Kammermeier et al. (88) have reported that short 

term (2 minutes) hypoxia caused a dramatic decline in the 

pressure generated by the isolated perfused heart. This 

response was associated with substantial changes in the 
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intracellular constituents, i.e., decreases in creatine 

phosphate (CP) and ATP levels, increases in inorganic 

phosphate (Pi) and ADP levels. studies in skinned fibers 

showed that such milieu changes had a direct depressant effect 

on the contractile apparatus of both skeletal and cardiac 

muscle (66). Whether these milieu changes influence SR ca2+ 

transport and contribute to the disturbance of ECC associated 

with heart failure in response to hypoxia needed to be 

investigated. THE THIRD SPECIFIC AIM was to examine whether or 

not the SR ca2+ transport (both uptake and release) was 

affected by the solutions mimicking the intracellular milieu 

changes associated with short term hypoxia in the skinned 

fiber preparation. 

B. LITERATURE REVIEW 

Skinned Fiber Preparation Cardiac SR ca2+ transport can be 

studied in different preparations, such as intact cells (23), 

skinned fibers (45), isolated SR-enriched vesicles (128) and 

single channels reconstituted into lipid bilayers (129). 

Skinned fibers have some advantages over other preparations 

(45). (i) They have a relatively intact SR structure and 

calsequestrin content. The purification procedures used to 

isolate vesicles may change or modify the properties of ca2+ 

channels possibly by altering the channel directly or by 

altering the calsequestrin-channel interaction (such 

interaction has been suggested by Ikemoto et al. (78)). 
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Probably for this reason, ca2+ release is easier to evoke in 

skinned fibers than in isolated vesicles (91). (ii) It is 

easy to precisely control or exchange the environmental 

solutions in skinned fibers very quickly. In intact cells, 

this can only be done indirectly by altering membrane 

transport processes. In vesicles, a slow exchange of solutions 

can only be made by filtration or centrifugation or, less 

precisely, by dilution. (iii) Skinned fibers have been 

studied for several decades. It is easy to interpret the data. 

On the other hand, data on SR ca2+ transport from intact cells 

can pe complicated by intracellular ca2+ buffers, sarcolemmal 

Ca2+ transport and mitochondrial Ca2+ metabolism. There are 

disadvantages to using skinned fibers. (i) While an exchange 

of solutions in the extrafiber space can be immediate, the 

change in composition in the environment of the SR is 

relatively slow due to long diffusion distances. (ii) It is 

not easy to monitor the dynamics of ca2+ transport in skinned 

fibers. The kinetics of ca2+ transport is more accurately 

monitored in experiments using isolated vesicles and isolated 

single channels. (iii) It is not certain at this point whether 

the skinning procedure damages or changes the properties of 

the SR membrane. 

Chemical skinning of cardiac muscle can be made with an 

agent that destroys the semipermeability of the surface 

membrane but not that of the SR membrane. Saponin is such an 

agent that has been used extensively (44). It forms a complex 

with cholesterol, resulting in the production of holes in 
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cholesterol-containing membranes (9). Since the cholesterol 

content of the sarcolemmal membrane is much higher than that 

of the SR membrane (124,198), the sarcolemmal membrane is more 

susceptible to saponin. At 25"C, a 30-min. treatment with 50 

~g/ml saponin is a standard procedure for the chemical 

skinning of the sarcolemma but not the SR membrane of cardiac 

muscles (46). The effect of saponin on the sarcolemma is ca2+ 

and Mg2+ dependent (142). saponin is more efficient at skinning 

the sarcolemma when the ca2+ concentration in the bathing 

solution is low. A "sub-skinning" concentration of saponin 

(one which does not completely permeabilize the cell membrane) 

can have a positive inotropic action and depolarize the 

cardiac muscle (47). These effects are probably due to. the 

increased membrane permeability to sodium followed by enhanced 

Na+-ca2+ exchange ·(142). Fan6 et al. (58) report~d that 

saponin (< 100 ~gjml) did not change the properties of ca2+ 

uptake and release processes in isolated skeletal muscle SR 

vesicles. They also found that the vesicles with or without 

saponin treatment showed similar protein profiles carried out 

by gel-electrophoresis; suggesting that saponin is a benign 

skinning agent. 

SR ca2+ Transport Morphologically, the SR of cardiac 

muscle can be classified into at least three distinct regions: 

the longitudinal (network) SR, the junctional SR (terminal 

cisternae), and the specialized nonjunctional SR (180). The 

longitudinal SR is composed of an anastomosing network of 25 

to 60-nm diameter sarcotubules that surrounds the myofibrils 
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(180). The junctional SR and specialized nonjunctional SR are 

continuous with the longitudinal SR and both contain 

electron-dense material, calsequestrin, which is absent in the 

longitudinal SR (180). The junctional SR juxtaposes either the 

sarcolemma or the T-tubule membrane to which it is closely 

apposed or physically connected by junctional processes called 

"feet" (63). In contrast, the specialized nonjunctional SR, 

which is composed of 50 to 100-nm diameter bulbous extensions 

(corbular SR) on the longitudinal SR, is not closely apposed 

to either the sarcolemma or the transverse tubules (T-tubules) 

(180). Immunoelectron microscopic studies have shown that 

ca2+-ATPase is fairly uniformly distributed in the 

longitudinal SR but apparently absent from the junctional 

region of the junctional SR (85). 

Cardiac SR vesicles can be isolated and separated into at 

least two subgroups by differential centrifugation followed by 

a discontinuous sucrose density gradient centrifugation. The 

fraction of the so-called light SR is derived largely from the 

longitudinal SR whereas that of the heavy SR appears to be 

from the junctional SR (8). Both fractions. contain ca2+

ATPase, but only the heavy SR contains calsequestrin and 

ryanodine receptor (foot protein) (8,22). Different parts 

of the SR have different functions. It has been proposed 

that ca2+ is released preferentially from the terminal 

cisternae during ECC because the ryanodine receptor (foot 

protein) which constitutes the ca2+ release channel is 

localized in this region (8). The longitudinal SR, on the 
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other hand, is primarily involved in ca2+ uptake because the 

highest density of the SR ca2+-ATPase is found in this region 

(83,85). 

The SR ca2+-ATPase (EC 3.6.1.3, ATP phosphohydrolase) has a 

molecular weight of approximately 100 kilodaltons and makes up 

about 40% of the total proteins in isolated SR-enriched 

vesicles (187). This protein binds ca2+ with high affinity, 

forms a phosphoenzyme in the presence of ca2+ and Mg2+-ATP, 

and transports ca2+ against a concentration gradient through a 

reaction coupled to ATP hydrolysis (80). Under normal 

conditions, the free energy produced by the ratio of 

intracellular [ATP]/([ADP]*[Pi]) is enough to maintain the 

ca2+ .gradient of 10000:1 (that is, the intrareticular [Ca2+] 

is in the range of 1 to 10 mM and the extrareticular [Ca2+] is 

kept below 0.1 ~M) (70). Hasselbach & Oetliker (70) estimate 

that the SR ca2+ pump works at close to its theoretical 

equilibrium. 

The reaction mediated by the SR ca2+-ATPase is fully 

reversible (see (35) for review). studies using isolated SR 

vesicles show that the conditions necessary for this reversal 

are the absence of ATP and the presen:ce of Pi, ADP and Mg2+ 

(35). Under these conditions, the ca2+-pump uses Pi and ADP 

to synthesize ATP at the expense of the ca2+ gradient (i.e., 

ca2+ leaks out from SR). The synthesis of ATP is initiated by 

the phosphorylation of the enzyme by Pi. The apparent Km for 

Pi varies between 2-10 mM at pH 7.0. The true substrate of the 

enzyme is diprotonated Pi. Mg2+ is required for the 
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phosphorylation of the ATPase. The fast ca2+ efflux is 

triggered by the transfer of the phosphate from the 

phosphoenzyme to ADP, leading to the formation of ATP. The 

apparent Km for ADP is in the range of 0.01 to 0.06 mM (35). 

In contrast to its skeletal counterpart, the cardiac SR 

ca2+-ATPase is highly regulated by a SR membrane protein named 

phospholamban, which serves as a substrate for protein kinase 

A as well as ca2+-calmodulin-dependent protein kinase (100). 

Phosphorylation of phospholamban results in an increased rate 

of ca2+ accumulation by cardiac SR vesicles. This is one 

mechanism that accounts for the positive inotropic a~d 

lusitropic effects of the catecholamines·on the heart. An 

increase in the rate of ca2+ accumulation by the SR enhances 

the rate at which ca2+ is removed from troponin c and 

accelerates relaxation (lusitropic effect). On the other hand, 

the enhanced rate of ca2+ uptake makes the SR accumulate more 

ca2+ and prevents ca2+ from being extruded from the cell by 

the sarcolemmal Na+;ca2+ exchanger and ca2+ pump, leading to 

an increase in the subsequent ca2+ release and thus in 

myocardial contractility (90). Dephosphorylation of phospho

lamban by a protein phosphatase blunts the stimulation of ca2+ 

transport rate, indicating that the cardiac SR ca2+ pump 

activity is well balanced by a protein kinase-phosphatase 

system (100). 

The SR ca2+ release mechanism has been studied extensively 

over the past decade. The SR ca2+ release channel has been 

identified as part of the foot structure (which is closely 
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apposed to the T-tubules) of the terminal cisternae (7). The 

idea that the terminal cisternae is the site for ca2+ release 

was first suggested by Huxley and Taylor (77) in the 1950's. 

This proposal was supported by autoradiographic experiments 

(203). Further evidence that ca2+ is released from the 

terminal cisternae was provided by electron probe analyses 

showing that tetanic stimulation reduces the ca2+ content in 

the terminal cisternae (179), and by observations on ca2+ 

release from the isolated heavy cardiac and skeletal SR 

vesicles (primarily derived from the terminal cisternae) 

(21,127). The ca2+ release behavior of heavy cardiac and 

skeletal SR vesicles is significantly affected by a neutral 

plant alkaloid, ryanodine, which binds specifically to the SR 

ca2+ channels with a high affinity (61,128). At nanomolar 

concentrations, ryanodine locks the channel into-a long-lived 

open subconductance state, while at concentrations above 10 

~M, ryanodine completely closes the channel (61,79). Using 

[ 3H]-ryanodine as a ca2+ release channel-specific ligand, the 

ryanodine receptor from cardiac muscle has been purified as a 

tetramer, each mqnomer with a molecular mass -400 kilodaltons 

(109). Electron microscopy has revealed the morphological 

similarity between the purified ryanodine receptor and the 

"foot" structures which span the T-tubule-SR junctions 

(7,110). Information about the three dimensional 

architecture of the channel/foot protein has been provided by 

Wagenknecht et al. (197) showing that foot protein has a 4-

fold symmetric, four-leaf clover structure. The pathway for 
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ca2+ efflux is thought to be through a central pore from which 

four radial channels extend to each of four openings 

contiguous with the sarcoplasm (197). Upon reconstitution 

into planar lipid bilayers, the purified channel exhibits a 

ca2+ conductance (70 picosiemens) similar to that of the 

native cardiac ca2+ release channel (75 pS). The purified 

channel can be activated by micromolar ca2+ or millimolar ATP, 

inhibited by millimolar Mg2+ or micromolar ruthenium red, and 

modified to a long-lived open subconducting state by nano- to 

micromolar ryanodine (7). 

A number of factors can influence ca2+ release. Caffeine is 

the drug most widely used in the study of SR ca2+ release 

(43). It is known that caffeine can induce rapid ca2+ efflux 

from skinned cardiac fibers (48) and isolated cardiac SR 

vesicles (128). By incorporating isolated SR vesicle into 

planar lipid bilayers, Meissner's lab (166) observed that 

caffeine activated the single ca2+ release channel by 

increasing the frequency and duration of open events without 

affecting the unit conductance. The effect of caffeine on the 

SR ca2+ release has been attributed to its ability to increase 

the ca2+ sensitivity of CICR (43). However, a recent study by 

Sitsapesan & Williams (174) shows that this may not be the 

whole story. In their study, 0.5-2 mM caffeine activates 

single ca2+-release channels by increasing the frequency of 

opening at 0.1 and 1 ~M cytosolic ca2+. A higher concentration 

of caffeine (>5 mM) is needed to activate ca2+ channels at a 

cytosolic ca2+ level of 80 pM. Moreover, channel opening 
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induced· by a high dose of caffeine at a low ca2+ level 

displayed different kinetics from that observed with 

relatively high ca2+ and low concentrations of caffeine. They 

concluded that low concentrations of caffeine increased ca2+ 

sensitivity of CICR, but high concentration of caffeine 

produced an additional ca2+-independent mechanism to activate 

the SR ca2+_release channel. This notion is supported by the 

finding of a caffeine receptor on the ca2+ channel from the 

heavy SR vesicles (167). studies also show that caffeine does 

not affect the mitochondrial ca2+ transport (17,200), has no 

effect on ca2+ binding to the sarcolemma (190), has an 

insignificant effect on sarcolemmal ca2+ current (74), and 

increases the sensitivity of myofi1aments to ca2+ (57). 

Calsequestrin is a ca2+-binding protein (42 kilodaltons) 

localized inside the junctional and corbular SR of cardiac 

muscle (22,121). It binds ca2+ with a high capacity (40 mol 

ca2+ per molecule) and a moderate affinity (100-600 ~M-1 ) 

(132). It is widely accepted that the major physiological role 

of calsequestrin is to buffer transported ca2+ by serving as 

an intravesicular sink and thus to facilitate active ca2+ 

transport (120,121). Morphological studies have shown that 

calsequestrin is tightly linked with the terminal cisternal 

membrane via an internal protein of the junctional SR membrane 

(64). The protein which anchors calsequestrin to the 

junctional SR membrane has been identified as a 26 kDa protein 

in cardiac muscle (132) and the 400 kDa foot protein in 

skeletal muscle (92) • Based on the close relationship between 
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the junctional SR membrane and calsequestrin, Ikemoto et al. 

postulated that calsequestrin could play a role in the 

regulation of ca2+ release from 1::he SR (78). They found an 

intimate correlation between ca2+ release kinetics and the 

extent of ca2+ binding to calsequestrin. More recently, they 

reported that ca2+ release can be abolished by selective 

depletion of calsequestrin and restored upon the recombination 

of calsequestrin with the membrane (165.). 

The ubiquitous ca2+-binding protein, calmodulin, has also 

been implicated as a regulator of ca2+ release (128,176). 

Calmodulin was shown to cause an inhibition of ca2+ release 

from isolated cardiac and skeletal SR vesicles in the absence 

of hydrolyzable nucleotide substrates (128). In a single 

channel study, it was found that calmodulin inhibits ca2+ 

release by reducing channel open time without having an effect 

on ca2+ conductance, suggesting that calmodulin acts as a 

modulator of ca2+ release through a direct interaction with 

the cardiac ca2+ release channel and not through the 

regulation of protein phosphorylation (176). 

Ruthenium red (RR), a hexavalent polysaccharide dye, has 

been used as an electron microscopic stain in biological 

research (62). RR has also been shown to inhibit ca2+ uptake 

in mitochondria (181), and ca2+ binding to the sarcolemma 

(122). In skeletal muscle, the inhibitory effect of this 

agent on ca2+ release from the SR has been seen in isolated 

vesicles (133), skinned fibers (196), intact fibers (11), 

and reconstituted ca2+ channels (79). In cardiac muscle, 
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micromolar RR inhibits the frequency of tension oscillations 

but increases the amplitude of the oscillations in the skinned 

fibers (54), inhibits ca2+ efflux in isolated SR vesicles 

(31,128), and blocks the single channel activity in 

reconstituted ca2+-channel preparations (7). It has been 

noticed that the effect of RR on cardiac SR is less potent 

\ than on skeletal SR _(32,128). Chiesi et al. (32) reported 

that 2 ~M RR had a marginal effect on ca2+ uptake by isolated 

cardiac SR vesicles, indicating a minor effect on ca2+ 

release. However, they found that if a synthetic compound, 

[2,6-dichloro-4-dimethylamino-phenyl] isopropylamine (FLA 365, 

which alone does not have an effect), and RR were added 

together, the ca2+ uptake was enhanced significantly, 

indicating that ca2+ release was inhibited significantly. . . 

Those authors proposed two different binding sites for RR and 

FLA 365 on the channel proteins. 

Excitation-Contraction Coupling. Excitation of the 

sarcolemma of a cardiac muscle cell, followed by propagation 

of an action potential along the T-tubules, can activate the 

voltage-sensitive ca2+ channels located in the sarcolemma and 

allow extracellular ca2+ to enter the cell. Excitation of the 

T-tubule results in ca2+ release from the SR. ca2+ released 

from the SR (as well as ca2+ which enters the cell through the 

sarcolemmal ca2+ channels) will interact with troponin-c to 

activate the contractile apparatus to produce force. This 

process is called ECC (135). 
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The mechanism of this coupling, i.e. how depolarization of 

the sarcolemma signals the SR to release ca2+, is still far 

from clear. Three major hypotheses have been proposed to 

explain the phenomenon: i.e., mechanical coupling , electrical 

coupling and chemical coupling (28). The mechanical coupling 

theory was first proposed by Schneider & Chandler (169) and 

later modified by Melzer et al. (130). They suggest that there 

is a direct connection between the sarcolemma and the SR; 

excitation of the plasma membrane induces an intramembrane 

charge movement which triggers the ca2+ release from the SR by 

altering long-connecting molecules in the foot structure. 

_studies performed by Rios et al. (163) show that the ECC in 

skeletal muscle can be explained by this theory although no 

evidence has been produced to prove the existence of a direct 

contact between the sarcolemma and the SR. However, the 

results of Block et al. (18) have implied such a connection 

and a "T-tubule coupling protein" which can bind to the 

ryanodine receptor of the SR has been reported by Chadwick et 

al. (29). The electrical coupling hypothesis by Mathias et al. 

(125) postulates a transient electrical pathway that allows a 

small current flow across the triadic junction. It seems 

clear, however, from the studies by somlyb et al. (179) and 

Oetliker (151) that T-tubule action potential does not 

propagate along the SR. The chemical coupling hypothesis 

states that a specific chemical transmitter, i.e., ca2+ or 

Ins(1,4,5)P3 , is released in response to an action potential. 

16 



CICR from the cardiac SR is a well-known phenomenon (48). 

The trigger f.or this type of release is the small amount of 

ca2+ which enters the cell through the sarcolemmal ca2+ 

channels during action potential. By itself, this ca2+ influx 

is either insufficient to activate the myofilaments directly 

(53) or only induces a small contraction compared with the 

normal twitch (202). Data from skinned cardiac cells indicate 

that CICR is not all-or-none but graded with the amplitude and 

rate of the change of ca2+ concentration in the vicinity of 

the SR (51). Recent studies performed in intact cardiac cells 

show a close correlation between the transsarcolemmal ca2+ 

current and the intracellular ca2+ transient (16). 

Experiments using ca2+ deprivation, ca2+ substitution, or ca2+ 

current blockage demonstrate that the ca2+ current is 

essential to trigger ca2+ release from the SR (150). It 

appears that dihydropyridine receptor (DHP receptorjL-type 

ca2+ channel) in the sarcolemma determines the pattern of ca2+ 

release from the SR. Tanabe et al. (189) have shown that 

injection of an expression plasmid carrying the skeletal 

muscle DHP receptor complementary DNA into dysgenic myotubes 

restores a skeletal-type ECC, which does not require entry of 

extracellular ca2+. In contrast, injection of an expression 

plasmid .carrying the cardiac DHP receptor eDNA into dysgenic 

skeletal muscle produces a cardiac-type ECC, which does 

require entry of extracellular ca2+. CICR from cardiac SR has 

been seen both in skinned fibers and intact cells when ca2+ is 

presented by photorelease from a caged state (94,192). 
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However, there is no conclusive data to show that CICR is the 

sole coupling mechanism. Cannell et al. (112) have presented 

evidence that mechanical coupling as well might exist in 

cardiac muscle·. 

Ins{l,4,5)P3 has been proposed and widely accepted as the 

second messenger coupling extracellular_stimuli to ca2+ 

release from intracellular stores in a variety of cell types, 

including smooth muscle {14,178). The schema of this theory 

is that the appropriate extracellular stimulus triggers the 

hydrolysis of PIP2 by phospholipase c (a GTP dependent 

process) into DAG and Ins{l,4,5)P3 , the latter being a water

soluble second messenger. Ins(1,4,5)P3 diffuses throughout the 

sarcoplasm and binds to a specific receptor located on the ER 

or SR membrane {30) to induce ca2+ release. Ins(l,4,5)P3 is 

degraded by a specific phosphatase into inositol 1,4-

bisphosphate and further into inositol 1-phosphate and 

inositol. Ins{1,4,5)P3 also can be phosphorylated by a kinase 

into inositol 1,3,4,5-tetraphosphate which may be biologically 

active and further degraded into inactive 1,3,4-trisphosphate 

(14,15). Electrical stimulation of the heart or administration 

of a-adrenergic or muscarinic cholinergic agonists increases 

[ 3H] inositol phosphate formation from tritiated precursors 

(19,20,159). studies have shown a transient increase in 

Ins(l,4,5)P3 concentration after a1-adrenergic or muscarinic 

cholinergic stimulation {12,183). However, the role of 

Ins{l,4,5)P3 in ECC in cardiac muscle is quite controversial 

{195). It has been found that: (i) Ins(1,4,5)P3 increased 
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calcium efflux from isolated SR vesicles (76); (ii) in skinned 

fibers, Ins(l,4,5)P3 induced (andjor enhanced) tension 

oscillation, enhanced caffeine-induced calcium release (l49) 

and produced contracture when it was added to the bathing 

solution (l94) or presented rapidly by mechanical injection 

(52) or photolysis from a caged state (94). Meanwhile, several 

negative results have been r_eported. Movsesian et al. (l37) 

found that Ins(l,4,5)P3 did not release ca2+ from 

permeabilized cardiac myocytes and isolated SR vesicles. 

Watras and Benevolensky (l99) and Meissner and Henderson (l28) 

also found that Ins(l,4,5)P3 did not release ca2+ from cardiac 

SR vesicles. Incorporating isolated cardiac SR ca2+ channels 

into planar lipid bilayers, Ehrlich and Watras (40) did not 

observe the activation of these channels by Ins(l,4,5)P3 • In 

skinned fibers, Fabiato (52) found that although 30 ~M 

Ins(l,4,5)P3 released ca2+ from the SR, the rate and amplitude 

of the release were much lower than that of CICR. As a result, 

he questioned the physiological relevance of Ins(l,4,5)P3-

induced ca2+ release to ECC in the heart. Kentish et al. (94) 

also found that photolysis of caged Ins(l,4,5)P3 produced a 

slow and small tension development in skinned cardiac fibers. 

They suggested that Ins(l,4,5)P3 produced this contracture by 

increasing the ca2+ sensitivity of CICR. 

Control of cardiac contraction by protein kinase c. PKC, an 

enzyme that is activated by DAG, is a large family of proteins 

with multiple subspecies that are found in many tissues (l4l), 

including cardiac muscle (l04). This family of enzymes is an 
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important mediator for signal transduction across the cell 

membrane in tissues in which DAG increases as a result of 

receptor-mediated hydrolysis of inositol phospholipids (141). 

Since this enzyme also serves as a major intracellular 

receptor for phorbol ester, a class of tumor promoter (140), 

phorbol esters have been used as probes to examine the role of 

PKC in signal transduction. In cardiac muscle, stimulation of 

a number of receptor systems (such as muscarinic cholinergic, 

a1-adrenergic, adenosine, and angiotensin II receptors) 

results in the hydrolysis of phosphoinositides and, 

presumably, activa·tion of PKC. (20,159). However, the effects 

of PKC activation on the regulation of cardiac contraction are 

poorly understood. It has been found that, upon administration 

of phorbol ester, PKC in cardiac muscle underwent 

translocation, i.e., the enzyme shifted from the-·cytosolic 

fraction to the particulate fraction {161,205). Phorbol ester 

(PMA) has been shown to induce negative inotropic effects on 

cardiac contraction in cultured chick myocytes (111), perfused 

rat heart {205), and cultured neonatal rat myocytes (39) and 

isolated adult rat myocytes (25). In contrast, one study 

showed that the phorbol ester 12,13-dibutyrate had no effect 

on the contractile force of rat papillary muscles (154). The 

mechanisms underlying the negative inotropic effect of PMA are 

not clear. 

Using indo-1 as a ca2+ indicator, Capogrossi et al. (25) 

found that PMA decreased the intracellular ca2+ transient 

which was well correlated with the decline in twitch amplitude 
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in rat cardiac myocytes. Leatherman et al. (111) also reported 

that PMA decreased [Ca2+li· They also found that PMA decreased 

transsarcolemmal ca2+ influx measured by a 45ca2+ assay in 

cultured chick cardiac myocytes. However, in voltage-clamped 

single cell preparation, Dasemeci et al. (39) showed that PMA 

increased ca2+ current. Using both a radioactive isotope assay 

and whole-cell patch clamping techniques, Lacerda et al. (108) 

reported that the effects of PMA on transsarcolemmal ca2+ 

influx and ca2+ current were time-dependent. Short term (5 

sec) exposure to PMA induced an increase in ca2+ influx and 

ca2+ current. After a long term exposure (20 min), PMA 

decreased ca2+ influx and ca2+ current. This long term effect 

of PMA could be due to down regulation of PKC (140). At the 

present time, no information is available about the effect of 

phorbol ester on action potentials. One study has· shown that 

PMA increases potassium current in voltage-clamped single 

cells. This increase in K+ current could cause shortening in 

the duration of the action potential, which, in turn, may 

decrease net ca2+ influx. 

The effects of PKC on SR ca2+ transport are not clear. 

Using isolated SR vesicles, Limas (115) reported that 

partially purified PKC phosphorylated cardiac SR proteins. The 

phosphorylation of the SR resulted in an enhanced ca2+-ATPase 

activity. Later, Movsesian et al. (136) described an in vitro 

phosphorylation of phospholamban by exogenous PKC. In their 

study, the phosphorylation of phospholamban was associated 

with increases in SR ca2+ transport. The physiological 

- . 
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significance of the phosphorylation of phospholamban by 

exogenous PKC in vitro has been questioned by others. First, 

a-adrenergic stimulation, which has been shown to stimulate 

hydrolysis of PIP2 (20), does not induce phosphorylation of 

phospholamban in intact hearts. Only p-agonists produce 

phosphorylation of phospholamban (116). Secondly, muscarinic 

cholinergic stimulation, which presumably activates PKC, 

inhibits the phosphorylation of phospholamban induced by p

adrenergic agonists in perfused hearts (117). Thirdly, 

phospholamban is a poorer substrate for the endogenous PKC 

than a 15-KDa sarcolemmal protein in i"solated cardiac 

sarcolemmal vesicles (160). 

The effects of phorbol ester on SR functions have been 

reported. Dasemeci et al. (39) observed that, in cultured 

neonatal rat myocytes, PMA increased the spontaneous beating 

frequency (which is presumably due to spontaneous ca2+ release 

from the SR). In isolated adult rat myocytes, PMA was found to 

decrease the frequency of the spontaneous beating (25). 

Recently, Rogers et al. (164) reported that PMA decreased the 

spontaneous contractions and inhibited the oxalate-suppqrted 

45ca2+ uptake in digitonin-skinned cultured neonatal rat 

myocytes. Those authors suggested that the negative inotropic 

effects of PMA are partly due to decreased SR function. 

Timerman et al. (191) reported that PKC phosphorylated the 

ryanodine receptor isolated from skeletal muscle but not the 

Ins(1,4,5)P3 receptor from smooth muscle, whereas PKA 

phosphorylated both receptors. They suggested that these 
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receptors might be functionally regulated by the action of 

protein kinases and phosphatases. 

Phosphorylation of cardiac troponin I and troponin T by PKC 

has been reported (89). The phosphorylation sites on Tn-I and 

Tn-T have been identified (143). However, the physiological 

significance of this phosphorylation is not· clear. Since PKA 

also phosphorylates Tn-I (89) and the phosphorylation induces 

a decreased ca2+ sensitivity of the contractile apparatus to 

ca2+ (134,177), it is speculated that phosphorylation of Tn-I 

and/or Tn-T would also change the responsiveness of the 

contractile apparatus to ca2+. However, indirect studies show 

no inhibitory effect of PMA on the myofilaments (25). 

Cellular Responses to Hypoxia Myocardial ischemia is one 

of the most common causes of serious illness and-early death 

in developed societies. Therefore, the effect of ischemia on 

myocardial cell function is of great interest and actively 

investigated. Ischemia, defined as reduced or stopped blood 

flow, is difficult to study experimentally because it is not 

possible to apply drugs to the heart or to change the 

extracellular ionic composition during ischemia. In addition, 

for preparations of cardiac tissue that have no blood supply, 

e.g., isolated cells, there is no direct experimental 

equivalent to ischemia. For these reasons, many studies of 

ischemia have used procedures that maintain perfusion of the 

heart tissue but remove all or most of the o2 (anoxia or 

hypoxia) or apply agents that inhibit oxidative 
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phosphorylation, e.g., cyanide (5) to simulate ischemia. 

Hypoxia can be'treated as a component of ischemia because 

ischemia involves both inadequate supply of substrates 

(notably oxygen and glucose) and inadequate removal of 

products of metabolism (notably lactate, H+ and K+) • 

Anoxia or hypoxia of the heart for a few minutes causes 

failure of contraction that is eventually accompanied by 

increased resting tension. This occurs long before any 

irreversible injury takes place (88,185). The mechanism of 

this rapid decline of heart contractile performance is still 

disputable. The basic metabolic features of anoxia and 

ischemia, i.e. a rapid decrease of tissue CP, an increase in 

Pi, and a relatively slow decrease of tissue ATP content, have 

been known for a long time (59,88). The same is true for the 

apparent paradoxical relationship between mechanical and 
. . 

metabolic changes, i.e. contractile failure occurs long before 

tissue ATP levels fall short of critical values (59,88). 

Kammermeier et al. (88) reported that, after 2 minutes of 

anoxia, ATP concentration was decreased from 6.18 mM to 4.7 

mM, ADP changed from 0.05 mM to 0.7 mM, CP declined from 14.16 

mM to 1.42, Pi increased from .88 mM to 17.38 mM, and creatine 

changed from 11.28 mM to 22.34 mM. Meanwhile the free energy 

change of ATP hydrolysis was decreased from a calculated value 

of 60.5 kJjmol to 46:1 kJjmol. As pointed out by Kammermeier 

et al. (88), none of the single metabolic parameters 

correlates satisfactorily witr the contractile performance. In 

contrast, a steep reduction of contractile performance occurs 
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when the free energy change of ATP hydrolysis is between 50 

and 45 kJjmol. Kammermeier et al. (88) suggested that the low 

level of free energy change of ATP hydrolysis rather than ATP 

deficiency may be one causal factor of contractile failure. 

It has been postulated that the mechanical failure with 

hypoxia is due to a breakdown in the ECC (139). Possible 

mechanisms underlying the acute hypoxic cardiac failure could 

be changes in action potential, in SR ca2+ transport, andjor 

in properties of the myofilaments (5). However the relative 

importance of activator ca2+ deficiency compared with the 

accumulation of depressant metabolites remains controversial. 

There is no consensus about the changes of intracellular 

ca2+ concentration ([Ca2+Jil during hypoxia. Allen and Orchard 

(3) found that when glycolysis was able to continue, the 

decline in contraction caused by anoxia was not-associated 

with any systematic changes in the amplitude of the [Ca2+Ji 

transient in ferret papillary muscle microinjected with 

aequorin. Allshire et al. (6) also reported no significant 

changes in [Ca2+Ji during anoxia in rat myocytes injected with 

aequorin. Lee and Allen (114) noted that the behavior of 

[Ca2+Ji in hypoxia was not consistent: it varied from 165% to 

55% of control vaiues. This variability could arise from the 

difference in the glycogen concentration in the muscle. Using 

gated fluorine-19 nuclear magnetic resonance (NMR) 

spectroscopy, Koretsune·and Marban (99) found a paradoxical 

increase in systolic [Ca2+Ji in isolated ferret hearts 

suffering hypoxia. Their results suggest that the contractile 
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failure induced by hypoxia is not due to a deficiency of 

activator ca2+. 

In contrast to the findings mentioned above, MacKinnon et 

al. (119) reported that anoxia (in the presence of glucose) 

always caused a gradual decline in the amplitude of ca2+ 

transient in ferret papillary muscle chemically loaded with 

aequorin. Recently, Kihara et al. (95) made similar 

observations using a modification of the same procedure to 

load aequorin into perfused hearts. Studies by Lederer et al. 

(113) and stern et al. (185) using fura-2 as a ca2+ indicator 

showed that anoxia or cyanide decreased the amplitude of the 

ca2+ transient in isolated rat ventricle'myocytes. Allen ·and 

Orchard (3) found that if glycolysis was inhibited, the 

decline in the contraction seen during hypoxia was closely 

associated with the changes in the amplitude of-ca2+ 

transient. However, the mechanism responsible for the decline 

in ca2+ transient observed in those experiments is not clear. 

Many studies have shown that developed tension is a 

function of the duration and amplitude of the action potential 

(135). Changes in action potential duration and amplitude have 

long been known to occur in ischemia and hypoxia (27). Recent 

work by stern et al. (185) on single cells showed that short 

term anoxia caused a marked decrease in the action potential 

duration. Such a dramatic shortening in the duration of the 

action potential would lead to reduced ca2+ influx and reduced 

ca2+ release from the SR. It is likely that the shortening in 

action potential contributes to the decline in the amplitude 
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of ca2+ transient and the early contractile failure. However, 

the mechanism for the shortening of action potential duration 

is not clear. One possibility is an increase in the outward 

potassium currents activated by the fall of ATP concentration 

(144). The Km of ATP for the suppression of this current was 

found to be 0.1 to 0.5 mM (86,144), It appears that 

significant increases in potassium conductance are unlikely 

until intracellular ATP has fallen below 1-2 mM (5) . To 

address this question, Elliott et al. (42) measured action 

potential duration and intracellular ATP simultaneously in 

isolated hearts exposed to cyanide. They found that, when 

metabolic blockade caused a rapid decline in contraction 

accompanied by a rapid shortening in action potential 

duration, [ATP] fell only slightly and remained well above the 

range where activation of the ATP-sensitive potassium channel 

would be expected to occur. Their results suggest that the 

action. ·potential shortening may not be due to the opening of 

the ATP-sensitive potassium channel. Furthermore, a recent 

report by Northoyer (145) showed that sulphinphrazone, an 

antiarrhythmic agent which has been shown to protect against 

the shortening of action potential during simulated ischemia, 

failed to prevent the decline in systolic [Ca2+]i transient 

and mechanical failure seen after 15 min of simulated ischemia 

in rat atria. Based on his findings, Northover suggested that 

the loss of the systolic increments in [Ca2+Ji would be due to 

factors other than action potential shortening. 
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The SR is a potential mediator of the early responses to 

ischemia and hypoxia. Since the SR plays an important role in 

control of intracellular ca2+, depression of SR function would 

result in the loss of regulation of intracellular ca2+. Early 

studies demonstrated swelling and distortion of the SR T

tubule system after 20 minutes of normothermic ischemia {126). 

Sharma et al {172) found a defect in SR ca2+ release after 

12-60 minutes of ischemia, whereas, with 30 minute ischemia, 

Hess et al. {73). found ca2+ uptake to be depressed. However, 

those findings do not account for the early mechanical failure 

occurring within the first 2 minutes of hypoxia. It has been 

found that the ATP concentration needed for the SR ca2+ pump 

to function at half-maximal rate {Km) is about 0.18 mM (173), 

far below the level (4.7 mM) found in early anoxia. The 

critical level of free energy of ATP hydrolysis-needed for the 

SR ca2+ pump is .about 43 kJjinol· (41)..1 very close to the value 

{45 kJjmol) reported in early anoxia (88). However, data from 

Allen's lab (2) do not support the hypothesis of Kammermeier 

et al. (88) that, in early hypoxia, the free energy change of 

ATP hydrolysis has fallen below the level that allows the SR 

ca2+ pump to operate normally. Allen found that the fall in 

free energy change was similar in hypoxia with and without 

glycolysis, in the former case the intracellular ca2+ 

transients were little affected, while in the latter case the 

ca2+ transients were abolished (2). Krause and Hess (101) 

have reported that, at pH 7.1, SR ca2+ transport from whole 

heart homogenates demonstrated a 49% depression after 7.5 
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minutes of ischemia. The cause of this depression is not 

clear. The intracellular concentrations of Pi and ADP increase 

dramatically after 2 minutes of hypoxia (88) and both of 

these compounds have been shown to uncouple the SR ca2+ ATPase 

and transport (81) and increase SR ca2+ efflux (158). 

Therefore, one would expect that the intracellular milieu 

changes (a combination of high Pi and ADP plus a low ATP and 

CP) would have some effect on the SR functions. 

While there is controversy as to whether ECC in the heart 

is affected in hypoxia ·(3,119), there is also a dispute 

about the direct depressant effects of hypoxia on the 

contractile apparatus (66,99,185). Stern et al. (185) did 

not observe depression of myofilament function in response to 

hypoxia in an isolated single cell preparation. However the 

intracellular milieu was not monitored in their-eXperiments. 

Therefore, it is not known whether the Pi concentration was 

elevated. In skinned fibers, Godt & Nosek (66) used solutions 

mimicking the changes of intracellular milieu during early 

hypoxia reported by Kammermeier et al. (88) and observed a 

direct depression of contraction; both maximal ca2+-activated 

force (Fmaxl and ca2+ sensitivity of the contractile apparatus 

were markedly decreased. They found that the major depressant 

effect was produced by the increased Pi rather· than the 

reduced free energy change of ATP hydrolysis. Godt and Nosek 

(66) also reported that an increase in [H+] depressed maximal 

ca2+-activated force and ca2+ sensitivity. However, after 2 

minutes of hypoxia the intracellular pH changes little 
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(2,88). Studies by Marban and Kusuoka (123) on isolated 

hearts showed that the elevated Pi (induced by hypoxia) 

decreased Fmax but not the ca2+ sensitivity of the 

contractile apparatus whereas lowered pH decreased ca2+ 

sensitivity but not Fmax· Using phosphorus NMR, Koretsune et 

al. (99) found an increase in [Pi] and a mild intracellular 

acidosis in isolated hearts. Both [Pi] and intracellular pH 

changes seen in their preparations correlate well with the 

extent of decline of developed pressure in each heart, while 

[Pi] changes seem to have a dominant influence as determined 

by multiple regression analysis. 
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II. METHODS AND MATERIALS 

Skinned Fiber Preparation. The method for preparation of 

skinned fibers was applied as described in the literature 

(66,149). Adult Sprague-Dawley rats (250-300 g) were 

sacrificed by co2 inhalation or decapitation. The heart was 

removed and immediately immersed in a cold Krebs-Henseleit 

solution to rinse the heart free of blood. A papillary muscle 

from the left ventricle was isolated, transferred to a cold 

relaxing solution (described below), and dissected into small 

fiber bundles (150-200 ~min diameter). These fiber bundles 

were chemically skinned with 50 ~gjml saponin (in relaxing 

solution) for 30 minutes to permeabilize the sarcolemma but 

leave the SR membrane intact (44). Fibers were tied with 

human hairs at both ends. One end was mounted onto a 

stainless-steel hook connected to an optoelectric force 

transducer. The other end was fixed to a manipulator which 

adjusted the resting tension. The mounting procedure was per

formed in relaxing solution. After mounting, the fiber was 

stretched until passive force was just perceptible (-0.05 mN). 

The fiber length was maintained for the duration of the 

experiments. The bathing solutions were changed by manually 

switching troughs. The isometric tension induced by high 

concentrations of ca2+ or ca2+ release from the SR by 50 mM 

caffeine (the caffeine-contracture) was measured. The voltage 
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output of the force transducer was recorded on a chart 

recorder (Hewlett Packard 7132A) and also digitized (1 Hz, 

Keithley, system 570), stored on disk, and later analyzed with 

a computer program (DADiSP). All experiments were carried out 

at room temperature (-22'e). 

Force-pea relationship. In the experiments measuring SR 

ea2+ transport, the mechanical response to ea2+ released from 

the SR was used as an indicator of SR ea2+ content. Therefore, 

it was necessary to know the effect of test agents on the 

contractile apparatus. For this purpose, the papillary muscle 

fibers (either freshly dissected or stored at -20'e in 50% 

glycerol-50% eTP relaxing solution for less than 2 weeks) were 

treated with Triton X-100 (0.5%, wjv) for 30 min. Triton and 

glycerol treatment hyperpermeabilizes the sarcolemma and all 

intracellular organelles. For the study of the effects of PMA 

and cyclic AMP on the contractile apparatus, cytosolic PKe and 

PKA must be preserved. Therefore, freshly dissected fibers 

treated with saponin for 30 min were used in these 

experiments. 

Maximal ea2+-activated force (Fmaxl was determined between 

pea 6.0 and 4.0 (pea= -log[ea2+]). The pea at which the 

highest force was produced was not always the same among 

different fibers. All force data were normalized to Fmax in 

control solution. ea2+ sensitivity of contractile apparatus to 

ea2+ was determined by sequentially transferring fibers 

through a series of solutions with increasing [ea2+]. With a 
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computer program using a non-linear least-squares method 

(66), data were fitted to the Hill equation of the form: 

% maximal force = 100[ea2+]N/(KN + [ea2+]N) 

where N is a constant related to the steepness of the force

pea relationship and K is the ea2+ concentration required for 

half-maximal activation. A decrease in the magnitude of the K 

value indicates an increase in ea2+ sensitivity. 

ea2+ Oscillation Experiments. The protocol for this study 

consisted of five steps (149) (see Figure 1): 

1) depleting the SR of ea2+ with 50 mM caffeine (2 min) ; 

2) washing away caffeine with relaxing solution (2 min); 

3) allowing the SR to take up ea2+ for 3 minutes from a 

loading solution containing a fixed concentration of ea2+ 

(pea 6); 

4) observing ea2+ oscillations by lowering the 

concentrations of EGTA and Mg2+ (low EGTA solution) 

[Ins(1,4,5)P3 andjor GTP (or GTP-7-S) were added at this 

step]; 

5) finally, treating the fiber with 50 mM caffeine to 

verify the viability of the SR. 

The frequency and magnitude of the tension oscillations 

were analyzed. 

ea2+ Uptake Experiments. The protocol for this study was 

the same as the one for the st~dy of ea2+ oscillations except 

that test agents were added to the loading solution (step 3) 

instead of the low EGTA solution (step~). In the experiment 
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Figure l. Illustration of the protocol for the study of 

force oscillations and SR ca2+ loading. The skinned fiber 

was first exposed to 50 mM caffeine (in relaxing solution) 

to deplete ca2+ within the SR (step 1) and then treated with 

relaxing solution to wash out caffeine (step 2). At step 3, 

the SR was allowed to take up ca2+ from the loading solution 

for a given time. The ca 2 + concentration of a loading 

solution and the loading time were variable according to the 

experimental design. At step 4, EGTA was lowered from 5 mM 

to 0.05 mM. Spontaneous force oscillations could be observed 

after exposure to the low EGTA solution for more than 1 min. 

Fe~ the SR ca2+ loading experiments, this step usually 

lasted 1 min and no spontaneous force oscillations were 

allowed to occur. Finally, the fiber was treated with 50 mM 

caffeine (in low EGTA solution). The magnitude of the 

caffeine-induced contracture-was recorded and used as an 

indicator of the amount of ca 2 + within the SR. The 

calibration for tension is 100 mV output of the force 

transducer equal to 0.1 mN. When a test agent has a positive 

or negative effect on the contractile apparatus, step 4 was 

changed to: a 1-2 min exposure to relaxing solution followed 

by two consecutive 30 sec exposures to low EGTA solutions. 

The constituents of solutions are shown in Table 1. 
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which tested the effect of hypoxia on SR ea2+ loading, 

solutions mimicking the intracellular milieu changes 

associated with hypoxia were used at step 3. Since SR ea2+ 

loading is both ea2+ and time dependent, two series of tests 

were performed; one with a fixed ea2+ concentration (pea 6.0) 

and different loading times (from 0.25 to 10 minutes) and the 

other with a constant loading time (3 minutes) and various 

ea2+ concentrations (from pea 7.0 to 4.5). The amount of ea2+ 

loaded into the SR was estimated by measuring the magnitude of 

the 50 mM caffeine-induced contracture. All data were 

normalized to the magnitude ot; the caffeine-contracture after 

a 3-minute (10 minutes in a few cases) loading at pea 6.0. If 

a test agent has a positive or negative effect on the contrac

tile apparatus, it is necessary to have a prolonged step 4 to 

wash out the agent. This consisted of a 1-2 minute exposure to 

relaxing solution followed by two consecutive 30-second 

exposures to low EGTA solution. 

eieR Protocol. The experimental protocol was basically the 

same as described by Endo and Iino (45) with only slight 

modification. It consisted of eight steps (see Figure 2): 

1) depleting the SR of ea2+ with 50 mM caffeine (2 min); 

2) washing away caffeine with relaxing solution (2 min); 

3) loading the SR with ea2+ (pea 6) for 3 minutes; 

4) removing MgATP from the medium (rigor solution) to 

prevent uptake of ea2+ by the ea2+-ATPase during the release 

process. The rigor tension was about 50% of Fmax and the time 

to peak rigor tension was about 30-60 sec (depending on the 

35 



Figure 2. Illustration of the CICR protocol. Skinned 

fibers underwent eight steps as described in Methods. The 

skinned fiber was first exposed to 50 mM caffeine (in 

relaxing solution) to deplete ca2+ within the SR (step 1) 

and then exposed to relaxing solution to wash the caffeine 

out of the fiber (step 2). After a 3-min ca2+ loading period 

(step 3), an ATP-free solution was used to inhibit the SR 

ca2+-ATPase (step 4). After a stable rigor tension developed 

(indicating that ATP had been removed), the fiber was 

exposed to a solution containing various amounts of ca2+ to 

cause CICR for 30 sec (step 5). The SR ca2+ release process 

was stopped by exposure.of the fiber to a solution con

taining high Mg2+ (10 mM) and a relatively higher EGTA (2.5 

mM) solution (step 6). At step 7, the fiber was exposed to a 

low EGTA solution. The magnitude of the caffeine

contracture· (step 8) was measured as an indicator of the 

amou~t of ca 2 + remaining in the SR after CICR. T.he 

constituents of solutions are shown in Table 1 & 2. 
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size of fibers) . To accelerate the development of rigor 

tension (an indication of complete removal of ATP), two 

consecutive rigor solutions were used. 

5) releasing ea2+ by treating fibers with various 

concentrations of ea2+ (from pea 8.5 to pea 4.0) for 30 

seconds. Test agents were added at this step. In the 

experiment testing the effect of hypoxia on the eieR, 

solutions mimicking the changes associated with hypoxia were 

used; 

6) stopping the SR ea2+ release process with high Mg2+ 

(lOmM) and removing ea2+ with EGTA (2.5 mM) (30 sec); 

7) reintroducing MgATP into the solution and washing away 

high EGTA (low EGTA solution) (1 min); 

8) estimating the SR ea2+ content by treating the fiber 

with 50 mM caffeine to release all the ea2+ rem~ining within 

the SR (186). All data were normalized to the magnitude of the 

caffeine-contracture after a 30-second treatment (step 5) with 

a solution that was essentially ea2+ free (pea 8.5). 

Solutions. The solutions used in this study were made 

according to a computer program that took the binding 

constants of all solution constituents into account (66). 

The solutions used for ea2+ oscillations and SR ea2+ loading 

experiments are shown in Table 1. 

All solutions had an ionic strength 150 mM (adjusted with K 

Methanesulfonate, KMS). A caffeine-contracture was produced in 

a solution that was the same as the low EGTA solution plus 50 

mM caffeine. 
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Table 1. Solutions for SR ca2+ loading experiment* 

Relaxing Loading** Loading Low EGTA 
(control) (hypoxia) 

MgATP 5 6.18 4.7 5 

CP 15 14.16 1.42 15 

Mg2+ 1 1 1 0.1 

EGTA 5 5 5 0.05 

Imidazole 20 20 20 20 

ADP 0 0.05 0.6 0 

AMP 0 o·. ooo2 0.062 0 

Pi total 0 0.88 17.38 0 

Creatine 0 11.46 21.14 0 

KMS 108 various various 61 

pea >8.5 various various 7 

pH 7 7 7 7 

Creatine 1 1 1 1 
kinase (mgjml) 

* Concentrations are expressed as mM unless otherwise 

indicated. 

** For the study of Ins(1,4,5)P3 effects, no ADP, AMP, Pi, 

and creatine were added. 
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The CICR experiments required additional solutions which 

are shown in Table 2. Test agents (such as Ins(l,4,5)P3) were 

added to releasing (control #1) solution. Releasing solution 

(control #2) was used to study the effect of the intracellular 

milieu change on ca2+ release. Because high EGTA could make 

the cardiac SR leaky (46), the concentrations of EGTA used in 

this study were generally lower than those used for skeletal 

muscle. 

Solutions for the study of force-pea relationship were 

basically the same as relaxing solution, except that different 

ca2+ concentrations were used. For muscle storage, relaxing 

solution was modified by replacing ATP with CTP (cytidine 5 1
-

triphosphate) to prevent phosphorylation of the myosin light 

chain (CTP is not a substrate for myosin light chain 

kinase) (66). Long term storage of muscle bundles was 

carried out in a solution containing 50% CTP relaxing solution 

(with 100 J.LM leupeptin) and 50% glycerol. 

Inhibition of Possible Ins(l.4.5)P3 Hydrolysis. 

Ins(l,4,5)P3 can be rapidly degraded by a specific phosphatase 

into inositol 1,4-diphosphate or further phosphorylated by a 

kinase into inositol 1,3,4,5-tetraphosphate (14). Vergara et 

al. (193) have reported that 0.1 mM cd2+ reduced the effective 

dose of Ins(l,4,5)P3 from 300 J.LM to 30 J.LM, indicating that 

5-phosphatase is still active in skinned fiber preparations. 

To eliminate the possible rapid hydrolysis of Ins(l,4,5)P3 in 

the bathing solutions and to optimize the experimental 
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Table 2. Solutions for CICR experiments* 

Rigor Releasing Releasing Releasing stopping 
(ctrl #1) (ctrl #2) (hypoxia) 

MgAMPPCP** 0 0 6.18 4.7 

CP 0 0 14.16 1.42 

Mg2+ 0 0 1 1 

EGTA 0.75 1.5 1.5 1.5 

Imidazole 20 20 20 20 

ADP 0 0 0.05 0.6 

AMP 0 0 0.0002 0.062 

Pi total 0 0 0.88 17.38 

Creatine 0 0 11.46 21.14 

KMS 135 various various various 

pea >8.5 various various various 

pH 7 7 7 7 

* Concentrations are expressed as mM unless otherwise 

indicated. 

0 

0 

10 

2.5 

20 

0 

0 

0 

0 

100 

>8.5 

7 

** Non-hydrolyzable ATP analog, p,7-methyleneadenosine 5'-

triphosphate (AMPPCP), was used to substitute for ATP. Its 

binding constant for ca2+ was assumed to be the same as ATP 

(152). The binding constant of MgAMPPCP could not be assumed 

to be the same as MgATP based on their structures. Therefore, 

the apparent binding constant of MgAMPPCP was estimated by 

using Magfura-2 (see Appendix A). 
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conditions, an inhibitor of the 5-phosphatase (0.1 mM Cdcl2 or 

1 mM 2,3-diphosphoglycerate (193)) was used in this study. 

Effect of Topical Injection of Insl1.4.5lP3~ Donaldson et 

al. (37) reported that 1 ~M Ins(1,4,5)P3 stimulated ca2+ 

release when it was microinjected into the myofilament lattice 

of skinned skeletal fibers. A higher concentration (100-300 

~M) of Ins(1,4,5)P3 was required to produce a similar response 

when it was introduced into the bathing solution. In the 

current experiment, a Hamilton syringe was used to inject 10 

~1 of test solutions topically just above the fiber. It was 

found that, after a 3-minute ca2+ loading period, topical 

injection of 10 ~1 of 50 mM caffeine was.able to release ca2+ 

from the SR as effectively as transferring the fibers to a 

bathing solution containing 5o mM caffeine. Therefore, this 

method was utilized to study the effect of topical injection 

of .Ins(1,4,5)P3 on ca2+ release from the SR in skinned fiber 

preparations. 

Chemicals. To validate that the changes in the ca2+ content 

within the SR after different treatments can be detected in 

our skinned fiber system, a number of agents with well-known 

pharmacological effects were tested. For example, the ca2+ 

releasing agent caffeine (Sigma) and the ca2+ release 

inhibitors Mg2+ and procaine (Sigma) were used. Because of 

the low solubility of caffeine in water at room temperature, 

no stock solution with high concentration of caffeine was 

made. Caffeine (in the form of powder) was directly added to 
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troughs and then dissolved in the bathing solutions. Ruthenium 

red (RR) from both Sigma (with a purity of 35%) and Fluka (90% 

pure) was used. No difference in effectiveness was found 

between those two sources. [2,6-dichloro-4-dimethylamino-

phenyl] isopropylamine (FLA 365), a synthetic compound which 

is reported to have a synergistic effect with RR on SR ca2+ 

release (32), was kindly provided by Dr. Chiesi (Ciba-Geigy 

Ltd., switzerland). 

Myo-inositol 1.,4,5-trisphosphate (from Calbiochem, 1.0 - 30 

~M) was used in this study. This is the concentration range 

over which Ins ( 1., 4, 5-) P3 has a ca2+ -mobilizing effect in muscle 

preparations (37,1.93). GTP, GTP-7-S, CdC12 , 2,3-

diphosphoglycerate, cyclic AMP, PMA, and AMPPCP were purchased 

from Sigma.-, 
-

P1 ,p2-di(adenosine.:..5'-) pentaphosphate (AP5A)f an inhibitor 

of endogenous myokinase, was purchased from Boehringer 

Mannheim Biochemicals (West Germany). An inhibitor of 

endogenous creatine kinase, 1.-fluoro-2,4-dinitrobenzene (FDNB, 

from Sigma), was not water soluble. It was first dissolved in 

dimethyl sulfoxide (DMSO) in a concentration of 1.44.4 mM. Ten 

~1 of this stock was added to a 3.8 ml trough to make a final 

concentration of 0.38 mM. The final_concentration of DMSO in 

solutions was about 0.26%. This concentration has a negligible 

effect on the SR functions according to de Meis & Inesi (34) . 

Sodium azide (5 mM,.from Sigma) was added to loading 

solutions to prevent possible mitochondrial metabolism. The 

rest of the chemicals used in this study (at least reagent 
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grade) were purchased from various sources. 

Tap water, after filtration through a NANOpure II system 

(Bernstead), contains about 1 ~M ea2+ (pea 6). If this water 

is used to make the low EGTA solution (containing 50 ~M EGTA, 

calculated pea= 7), the ea2+ concentration in the solution 

will be higher than calculated. To avoid artifacts from this 

ea2+ contamination, a ea2+-chelating resin (ehelex 100, Bio

rad) was used to remove ea2+ from the water and some stock 

solutions, i.e., KMS, ATP, ep, imidazole, Pi, ADP, and 

creatine (those stock solutions were cleaned through a ehelex 

100 column). The ability of ehelex 100 (resin: solution= 5 g 

: 100 ml) to chelate ea2+ in solutions was tested by using a 

ea2+ selective electrode. Its effectiveness is illustrated in 

Figure 5 of Appendix. 

Data Analysis. A close correlation (r=0.987) between the 

magnitude and the area under the curve of the caffeine

contracture was found after data were normalized (see Figure 

3). Therefore, for convenience, all measurements were made by 

using the magnitude of the caffeine-contracture. Because of 

rundown in the magnitude of the mechanical response, 

especially after the rigor solution treatment,· each test 

contraction was bracketed by two control contractions. Rundown 

in the magnitude of the caffeine-contracture in 2 hours was 

about 20%. The rundown after rigor treatment was greater 

(about 30-40% in 2 hours). Data were discarded if the rundown 

was greater than 50%. When the comparison was made from the 
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same fiber, a paired Student's t-test was applied to analyze 

the significance of differences. P < 0.05 was considered as 

significantly different. Data are displayed as means ± 

standard error. 
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III.RESULTS 

A. UNDERSTANDING OF SKINNED FIBER SYSTEM. 

Caffeine-induced ca2+ release from SR. Figure 3 shows that 

the magnitude and the area of the caffeine-contracture, both 

expressed as percentage of the maximal response, increased 

with loading times. The changes in the magnitude were closely 

correlated to that in the area under the curve (see inset of 

Fig.3). For convenience, the magnitude was used as an 

indicator of the amount of ca2+ within the SR in all 

subsequent experiments. 

The dose-response to caffeine of SR ca2+ release was 

investigated (see Fig. 4). The response of SR ca2+ release to 

caffeine was dependent on the loading time (i.e.-the amount of 

intravesicular ca2+). The more ca2+ within the SR, the more 

sensitive the SR was to caffeine. For example, 81% of ca2+ 

within the SR was released by 5 mM caffeine after 3-min 

loading, while 5 mM caffeine only released 68% of ca2+ after 

1-min loading (P<0.05, paired student's t-test). Half maximal 

ca2+ release was observed at a concentration of caffeine < 2 

mM, maximal release was at a concentration >15 mM. Even though 

no difference was found between the caffeine concentrations of 

15 and 50 mM at each loading condition, 15 and 25 mM caffeine 

released a smaller fraction of ca2+ after 1-min loading than 

that after 3-min loading (P<0.05). In order to estimate the 

amount of ca2+ within the SR, the use of a concentration of 
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Figure 3. Comparison of the magnitude and the area of the 

caffeine-contracture. The protocol for this study is shown 

in Figure 1. The SR was loaded with ca2+ (at pea 6) for 

various times, then treated with 50 mM caffeine. The 

magnitude and the area under the curve of the caffeine

contracture were calculated by a computer program. All data 

were normalized to the caffeine-contracture after a 10 

minute loading period. The relative changes in the two 

measurements were closely correlated (see inset, r=0.987, 

P<0.01, n=29). 
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Figure 4. Dose-response of caffeine on ca2+ release from 

the cardiac SR. The protocol for this study is shown in 

Figure 1. The SR was first loaded with ca2+ (at pea 6) for 

either 1 or 3 minutes, then treated with different 

concentrations of caffeine. The magnitudes of the caffeine

contracture were measured. All data were normalized to the 

magnitude of the contracture induced by 50 mM caffeine. The 

SR is more sensitive to caffeine when intra-SR ca2+ 

concentration is higher (after a longer time of loading) . 
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caffeine at 25 mM or above was suggested by Endo and Iino 

{45). su reported (96) that 25 mM caffeine released> 90% 

of the ca2+ stored in the SR in a skinned cardiac muscle 

preparation. Therefore, in subsequent studies, 50 mM caffeine 

was used in all experiments estimating ca2+ content of the SR 

unless otherwise indicated. 

Effect of caffeine on force-pea relationship. The effects 

of caffeine on Fmax and ca2+-sensitivity (K value) in skinned 

fiber is shown in Figure 5 and Table 3. 

TABLE 3. EFFECTS OF CAFFEINE ON Fmax• K, AND N 

Control 1 mM caffeine 50 mM caffeine 

Fmax 100% 98.03 ± 3.29% 59.07 ± 6.25%* 

K(tLM ca2+) 1.30 ± 0.10 1.18 ± 0.06 1.20 ± 0.04 

N 2.02 ± 0.19 3.07 ± 0.63 4.03 ± 0.17* 

*P<0.01 vs. control. 

Even though 1 mM caffeine had no significant effect on the 

K value, at pea 5.8·, 1 mM caffeine significantly increased the 

force (71.43 ± 4.7% vs. 67.51 ± 3.76% in control, P<0.01, 

paired t-test, n=6). At pea 5.4, 1 mM caffeine also produced a 

larger contraction {87.22 ± 3.29% vs. control's 80.09 ± 2.4%, 

.P<0.01). Caffeine at 1 mM concentration had no effect on Fmax• 

but 5o mM caffeine significantly decreased the Fmax {59 % ± 

6.25 of control). 
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Figure 5, Effect of caffeine on the force-pea relation

ship of skinned fibers. Fibers were treated with 0.5 % 

Triton x-100 for 30 minutes. The Fmax and force-pea 

relationship were obtained by sequentially transferring the 

fibers to a series of solutions with increasing [Ca2+]. All 

data were normalized to Fmax under control conditions. 

Curves are drawn according to the N and K values obtained 

from a non-linear least-square fit of the data (n=6) to the 

Hill equation (solid line: control; dotted line: 1 mM 

caffeine; dashed line: 50 mM caffeine). Caffeine at 1 mM in

creased force development at pea 5.8 and 5.4 (P<O.Ol, 

respectively) but had no effect on Fmax· Fifty mM caffeine 

decreased Fmax· 
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SR ca2+ Loading In Skinned Fibers. Figure 6A illustrates 

that the relationship between the amount of ca2+ loaded into 

the SR and loading times is exponential. The curve can be 

fitted by the equation: f=100.2-95.93e- 0 •5482t (confidence 

level= 0.95). The half-time for filling the SR with ca2+ by 

ca2+-ATPase is about 1.17 min. The time constant (time 

required to fill 63% of the SR with ca2+ by ca2+-ATPase) is 

about 1.72 min. The ca2+ content of the SR plateaued after a 

> 3-minute loading. Further increase in loading time (> 3 

minutes) will further increase the ca2+ content but make the 

experiment too long to carry out. In this study, the loading 

time ~ 3 minutes was used in most cases. 'At time zero (no 

loading), 50 mM caffeine still produced a small contracture 

(13% of 3-min loading and 10% of 10-min loading). This could 

be due to ca2+ uptake which occurred in the pea 8.5 relaxing 

solution and the pea 7.0 low EGTA solution. Endo (43) 

reported that even in a pea 8.5 solution, the SR still can 

take up ca2+. The relationship between the ca2+ content within 

the SR and loading times is relatively linear between 0 and 3 

minutes. The steepness of this relation provided a good range 

to work with. 

Figure 6B illustrates the relationship between a normal 

force-pea curve and the caffeine-contracture. The Fmax was 

obtained routinely from each fiber at the very beginning of 

each experiment. Caffeine-contracture after 3-min loading (pea 

6) usually produced 76% (n=16) of Fmax· Loading for 7 seconds 

produced about 25% (n=13) of Fmax· Figure 6B demonstrates that 
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Figure 6A. Time dependence of SR ca2+ loading. The 

protocol for this experiment is shown in Figure 1. The SR 

was allowed to take up ca2+ from the loading solution 

containing a fixed concentration of ca 2+ (pea 6) for 

different times. Time zero means no loading at all. The 

magnitudes of the caffeine-contracture were measured. All 

data (n=6) were normalized to the magnitude of the 

caffeine-contracture after a 10 min loading period. Data 

were fitted with an exponential curve by Sigmaplot (Version 

4.0). The time constant (r) was calculated by the same 

program. 
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Figure 6B. Relationship between the force-pea curve and 

the magnitude of the caffeine-contracture. The force-pea 

curve was generated froni a control experiment on skinned 

fibers. The positions of the caffeine-contractures after 

loading for 7 sec (n=l3) and 3 min (n=l6) on the curve were 

deduced from the relationship between the Fmax and the 

magnitude of the caffeine-contractures. Fmax was routinely 

obtained at the very beginning of each experiment where 

caffeine-contractures were measured and is expressed here as 

100% of maximal force. 
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the working range for estimating SR ca2+ content by using the 

mechanical response lies on the segment of the force-pea curve 

that is steep and relatively linear. 

Figure 7 shows that adding caffeine (5 mM) to the loading 

solution decreased the ca2+ content in the SR, while procaine 

(20 mM), an inhibitor of ca2+ release (184), increased ca2+ 

content. 

Figure 8 showed that the ca2+ content within the SR varied 

with the ca2+ concentration of the loading solutions (ca2+ de

pendency). At pea 6 (after 3-minute loading), the ca2+ content 

reached its maximal level. As the ca2+ concentration was in

creased above 1 ~(pea< 6), the ca2+ content within the SR 

declined. This decrease in ca2+ content is thought to be due 

to CICR (45). 

CICR From Cardiac SR In Skinned Fibers. In order to study 

the effect of Ins(1,4,5)P3 and hypoxia on ca2+ release, it was 

necessary to use a MgATP-free solution (rigor solution) to 

prevent ca2+ uptake by SR ca2+-ATPase. Using essentially the 

same protocol described by Endo & Iino (45), we found that, 

the half maximal release occurs at pea 5.6, the maximal 

release is at pea 5.0 while higher ca2+ inhibits the release 

(see Fig. 9). Caffeine (at 5 mM) increased the release whereas 

10 mM Mg2+ inhibited the release. 

studies of ruthenium red. The inhibitory effect of RR on 

ca2+ release from cardiac SR has been reported in isolated 

vesicles (128) and reconstituted channels (7). The information 
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Figure 7. Effect of caffeine (5 mM) and procaine (20 mM) 

on the SR ca2+ loading. The protocol for this study is shown 

in Figure 1. The SR was loaded with ca2+ (at.pca 6) for 

different times (30 sec to 3 min). The test agents were 

added to the control loading solutions. The magnitude of 

caffeine-contracture was measured as an indicator of the 

amount of ca2+ loaded into the SR. All data (n=6) were 

normalized to the magnitude of the caffeine-contracture 

after a 3-minute loading period under control conditions (as 

100%). Caffeine decreases the ca2+ content within the SR, 

while procaine increases ca2+ loading by blocking ca2+ 

release. The constituents of the solutions are shown in 

Table 1. 
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Figure a. ca 2 + dependency of SR ca 2 + loading. The 

protocol for this study is shown in Figure 1. Skinned fibers 

were treated -with _loading solutions containing different 

concentrations of ca2+ .for a ~ixed time (3 minutes). The 

magnitudes of the caffeine-contractures were measured. All 

data (n=6-8) _were normalized to the magnitude of the 

caffeine-contracture after a 3-min loading period at pea 6. 
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Figure 9. CICR from cardiac SR in skinned fibers.-The 

protocol used here is shown in Figure 2. The skinned fibers 

underwent an eight-step procedure (see Methods for details). 

Tne magnitude of the caffeine-contracture was used as an 

indicator of the amount of ca2+ remaining in the SR after 

CICR. Caffeine (5 mM) or Mg2+ was added to the control 

releasing ·solutions. All data (n=4-12) were normalized to 

the magnitude of the caffeine-contracture after treatment 
" 

with pea 8.5 solution for 30 seconds. Caffeine enhances ca2+ 

release while Mg2+ inhibits it. The constituents of the 

bathing solutions are shown in Table 1 & 2 .• 
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about the effect of RR on skinned cardiac fibers is lacking. 

In order to get a better understanding of the skinned fiber 

preparation, the effects of RR on SR ca2+ loading, caffeine

induced ca2+ release, contractile apparatus, and on CICR were 

studied. 

First, the agent was added to the SR loading solution. 

Figure 10 shows that 10 ~ RR had no effect on ca2+ loading 

(estimated by the magnitude of caffeine-contracture), but 2 ~M 

RR did increase the caffeine-contracture. The increase in ca2+ 

loading by 2 ~M RR could be explained by its effect on 

blocking of ca2+ release. It was reported that RR > 2 ~M 

inhibits SR ca2+-ATPase (32). Therefore the effect of 10 ~M 

RR on the ca2+ release and SR ca2+-ATPase could offset each 

other. 

Secondly, to study the effect of RR on caffeine-induced 

ca2+ release, RR was added to the low EGTA solution containing 

50 mM caffeine. Figure 11 indicates that neither 2 nor 10 ~M 

RR blocked caffeine-induced ca2+ release. In contrast, the 

magnitudes of caffeine-contracture were slightly higher when 

RR was present. 

In the third series of experiments, the effect of RR on the 

contractile apparatus (force-pea relationship) was examined. 

Figure 12 shows that RR (10 ~M) significantly increased ca2+ 

sensitivity of the ca2+-activated contraction (K=1.46 ± 0.05 

~M vs. control value 1.56 ± 0.04 ~M, P<0.05, n=6). No effect 

of RR on Fmax was found. The higher magnitude of caffeine

contracture seen in Fig. 11 when RR was present can be the 

57 



Figure 10. Illustration of the effect of ruthenium red on 

SR ca2+ loading. The protocol for this study is the same as 

shown in Figure l. The SR was loaded with ca2+ at pea 6 for 

different times. RR was added to control loading solutions. 

However, no attempt was made to apply an extended step 4 to 

wash out RR. The magnitude of the caffeine-contracture was 

measured as an indicator of the amount of ca2+ loaded to the 

SR. All data (n=6-8) were normalized to the control value 

a'fter ·loading for 3 min. · 
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Figure 11. Effect of ruthenium red on caffeine-induced 

ca2+ release. The protocol for this study is essentially the 

same as shown in Figure 1. After loading at pea 6 for 30 

sec, the fiber was transferred to the low EGTA solution with 

or without RR for 1 min. RR was also added to the low EGTA 

solution containing 50 mM caffeine. The magnitudes of the 

caffeine-contractures produced in the absence or presence of 

RR were compared. All data (n=6-8) were normalized to the 

control value (as 100%). FLA 365, a synthetic compound 

reported to have a synergistic effect with. RR, was also 

added to low EGTA solutions along with RR when it was 

tested. 
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Figure 12. Illustration of the effect of ruthenium· red on 

the force-pea relationship. The fibers were treated with 

Triton X-100 for 30 min. The force-pea relationship was 

obtained by sequentially transferring fibers to a series of 

solutions with increasing [ea2+] (from pea 8.5 to 4.0). The 

K and N values were calculated by fitting the data to the 

Hill equation. Those K and N values were used to generate 

the smooth curves. RR (10 ~M) shifts the curve to the left, 

indicating an increase in the ea 2+ sensitivity of the 

contractile apparatus. 
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result of this higher ca2+ sensitivity of the contractile 

apparatus caused by RR. However, this overestimation of the 

effect of RR on caffeine-induced ca2+ release can be corrected 

by subtracting the extra magnitude according to the 

theoretical value from the Hill fit. After correction, RR 

still does not appear to block caffeine-induced ca2+ release 

(see Fig. 13). The effect of 2 ~M RR on ca2+ loading (seen in 

Fig. 10) could be an artifact of incomplete washout of RR. The 

effect of 2 ~ RR on ca2+ loading was then reexamined when 

two more solutions were used to wash out RR, i.e., relaxing 

solution for 1 min, low EGTA solution for 30 sec, another low 

EGTA solution for 30 sec. Figure 14 shows that after a good 

washout step, 2 ~M RR did not appear to have an effect on ca2+ 

loading. 

In the fourth series of experiments, RR was found to have 

no effect on CICR (Figure 15). FLA 365 has been reported to 

have a synergistic effect with RR on cardiac SR ca2+ release 

in the isolated vesicle preparation (32). However, Figure 11, 

14, and 15 demonstrate that no inhibitory.effect was found 

when RR and FLA 365 were added together. 

B. EFFECT OF INS(l,4,5)P3 ON SR CA2+ TRANSPORT. 

Effect of Ins(l,4.,5)P3 on SR ca2+ oscillations Figure 16 

illustrates the typical response of skinned rat cardiac fibers 

to 30 ~M Ins(l,4,5)P3 , an increase in the magnitude of the 

force oscillations. The frequency of force oscillations in 

response to Ins(l,4,5)P3 was variable among fibers; some 
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Figure 13. Reevaluation of the effect of ruthenium red on 

caffeine-induced ea2+ release. The magnitudes of the 

caffeine-contractures when RR was present (from Figure 11) 

were reevaluated. The higher ea 2+ sensitivity of the 

contractile apparatus to ea2+ caused by RR was taken into 

account. First, according to the data shown in Figure 12, 

two force-pea curves (the control and the test when RR was 

present) were generated. Therefore, if a developed tension 

(% of Fmaxl is known, a theoretical pea value which would 

produce such a tension can be deduced based on those curves. 

Then, the ratio .of the magnitudes of the caffeine-con

tractures in the presence of RR to the Fmax was calculated. 

(F max was routinely performed at the beginning o-f each 

experiment). The corresponding pea at which the tension (% 

of Fmaxl was produced was obtained from the force-pea curve 

in the presence of RR. Assuming the pea value {s correct, 

the tension which would be produced by this pea in the 

absence of RR was obtained from the control curve. This 

theoretical tension value was compared with the real control 

magnitude of the caffeine-contracture. The result is shown 

here. After subtracting the effect of RR on the ea2+ 

sensitivity, the magnitudes of the caffeine-contracture in 

the absence or presence of RR were essentially the same. 
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Figure 14. Reexamination of the effect of ruthenium red 

on SR ca2+ loading. The protocol is basically the same as 

shown in Figure 1. The SR was allowed to take up ca2+ at pea 

6 for 30 sec. RR (2 ~M) was added to control loading 

solutions. Knowing that RR increases the ca2+ sensitivity of 

the contractile apparatus in a reversible manner, an 

extended step 4 was adopted to more completely wash out RR 

after loading. After a more thorough washout step, the 

magnitudes of the caffeine-contracture were measured. Data 

shows that, in contrast to Figure 10, 2 ~M RR does not 

increase the SR ca2+ loading. This indicates that 2 ~M RR 

does not inhibit ca2+ release from cardiac SR in the skinned 

. fibers. Adding FLA 365 and RR together failed to increase 

ca2+ loading. 
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Figure 15. The effect of ruthenium red and FLA 365 on 

ereR. The protocol for this study is shown in Figure 2. 

After loading for 3 min, fibers was treated with an ATP-free 

solution. After a stable rigor tension was developed, fiber 

was treated with a pea 5.5 solution to induce ca2+ release. 

RR or RR + FLA 365 were added to this control releasing 

solution. The magnitude of the caffeine-contracture was used 

as an indicator of the ca 2 + remaining in the SR after 

release. All data (n=4-6) were normalized to the magnitude 

of the caffeine-contracture after treatment with a pea 8.5 

solution. These data show that pea 5.5 solution signifi

cantly releases ea2+ from the SR and that neither RR nor RR 

+ FLA 365 inhibit CICR in the skinned fibers. 
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Figure 16. Effects of Ins(1,4,5)P3 (30 ~M) and GTP-1-s 

(100 ~M) on ca2+ oscillations. The prot.ocol for this study 

is shown in Figure 1. The fiber was first loaded with ca2+ 

for 3 minutes (not shown) and then sequentially exposed to 

control low EGTA solution (ctrl), low EGTA solution+ 30 ~M 

Ins(1,4,5)P3 , control low EGTA solution again to wash away 

Ins(1,4,5)P3 (ctrl), low EGTA solution+ 100 ~M GTP-1-s, low 

EGTA solution containing both 30 ~M Ins(1,4,5)P3 and 100 ~M 

GTP-1-s, and finally to 50 mM caffeine. The large tension 

deflection recorded when the fiber was moved from one 

solution to another is.an artifact of this transition. 

Ins(1,4,5)P3 enhanced the magnitude of tension oscillations. 

GTP-1-S also increased the magnitude of t-ension 

oscillations. However, no additive effect was found when 

Ins(1,4,5)P3 and GTP-1-s were added together. 
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increased while others-decreased. 

Saida and van Breeman (168) reported that in skinned 

smooth muscle, Ins(l,4,5)P3 was able to release ca2+ from the 

SR only when GTP or its non-hydrolyzable analog GTP-,-s was 

present. Figure 16 shows that this is not the case in cardiac 

muscle. We found that 100 ~M GTP-,-s alone caused tension 

oscillations similar to that produced by Ins(l,4,5)P3 alone. 

However, Ins(l,4,5)P3 and GTP-,-s together did not have an 

additive effect on tension development. A similar result was 

observed when GTP was used in place of GTP-1-s (data not 

shown). 

Effect of Ins(l,4.5lP3 on CICR. The tension oscillation 

observed in a medium containing low EGTA, low ca2+ and low 

Mg2+ is thought to be due to spontaneous ca2+ release from 

the SR (48). Ins(l,4,5)P3 , unlike caffeine, was not able to 

release the majority of the· ca2+ stored in the SR under 

current experimental conditions. Therefore, experiments were 

designed to investigate whether Ins(l,4,5)P3 acts as a ca2+ 

release modulator (rather than a primary second messenger) and 

produces its effects by increasing the ca2+ sensitivity of 

CICR in cardiac muscle. Figure 17 shows that 30 ~M 

Ins(l,4,5)P3 neither released ea2+ by itself (see point at pea 

8.5 ) nor enhanced the ea2+ sensitivity of ereR in the 

cardiac SR (no significant shift in the curve). Ins(l,4,5)P3 

neither affected the activation phase of ereR (from pea 6 to 

5) nor the inactivation phase (from pea 4.5 to 4). The 
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Figure 17. Effect of Ins(1,4,5)P3 on CICR. Skinned 

fibers underwent an eight-step protocol (see Figure 2). 

Ins(l,4,5)P 3 (30 pM) was added to control releasing 

solutions. The ordinate represents the amount of ca2+ 

remaining in the SR after CICR treatment. The magnitude of 

caffeine-contracture observed under control conditions after 

treatment with pea 8.5 solution was indexed as 100% of ca2+ 

remaining in the SR. No significant difference was found 

between control and Ins(1,4,5)P 3 treated groups. An 

inhibitor of Ins(1,4,5)P3 hydrolysis, 2,3-diphosphoglycerate 

(1 mM), was present in the releasing solutions in some cases 

(5 out of 9-12 fibers). No difference was found between 

groups with or without this agent. The releasing solution 

(control #1, see Table 2) was used in this experiment. 
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inhibitor of Ins(1,4,5)P3 5-phosphatase, 2,3-diphos

phoglycerate (1 mM), was present in 5 out of 9-12 fibers. No 

difference was found between the groups with and without this 

inhibitor. 

Effect of Ihs(1.4.5lP3 on SR ca2+ loading. From Fig.7, we 

know that the ca2+-releasing agent caffeine decreases SR ca2+ 

loading. If Ins(l,4,5)P3 does increase ca2+ release, one 

would expect that, like 5 mM caffeine (see Fig.7), it would 

decrease the ca2+ content within the SR and shift the curve 

down and to the right. However, neither 10 ~M (data not shown) 

nor 30 ~M Ins(l,4,5)P3 (Fig. 18) decreased the ca2+ content 

within the SR during different loading times. 

Figure 19 demonstrates the ca2+ dependence of SR ca2+ 

loading. As the ca2+ concentration of the loading solution was 

increased above 1 ~M, the ca2+ content within the SR declined 

(see the control curve). This decrease in the ca2+ content 

is thought to be due to CICR (45). If Ins(l,4,5)P3 enhances 

CICR, it would shift the curve downward. Figure 19 shows that 

Ins(l,4,5)P3 (30 ~) did not decrease the ca2+ content within 

the SR at any given loading pea even though 0.1 mM CdC12 , an 

inhibitor of Ins(l,4,5)P3 hydrolysis, was added to all loading 

solutions. 

Effect of Topical Injection of Ins(l.4.5JP3~ Donaldson et 

al. (37) reported that 1 ~M Ins(l,4,5)P3 stimulated ca2+ 

release when it was microinjected into the myofilament lattice 
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Figure 18. Effect of Ins(1,4,5)P3 on the time dependence 

of SR ca2+ loading. Skinned fibers underwent a five-step 

loading procedure (see Figure 1) at a fixed ca 2+ 

concentration (pea 6) but different loading times. 

Ins(1,4,5)P3 (30 ~M) was added to control loading solutions. 

The magnitude of the caffeine-contracture observed after a 

3-minute loading period under control condition was treated 

as 100% of ca2+ within the SR. (n=6-8). No difference was 

found between the control and Ins(l,4,5)P3-treated groups. 
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Figure ~9. Effect of Ins(1,4,5)P3 on the ca2+ dependence 

of SR ca2+ loading. Skinned fibers underwent a five-step 

loading procedure (see Figure 1) at a fixed loading time (3 

minutes) but different concentrations of ca2+. Ins(1,4,5)P3 

(30 ~M) was added to control loading solutions. The 

magnitude of the caffeine-contracture observed after loading 

at pea 6 under control conditions was treated as 100% of 

ca 2 + content within the SR. All loading solutions 

contained 0.1 mM CdC1 2 , an inhibitor of Ins(1,4,5)P3 

hydrolysis (n=6-9). No difference was found between the 

control and Ins(1,4,5)P3-treated groups. 
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of skinned skeletal fibers. On the other hand, 100-300 ~M 

Ins(1,4,5)P3 was needed in the bathing solution to induce the 

same effect. Under current experimental conditions, the 

technique to inject a tiny amount of solution (nl) into the 

myofilament lattice was not available, however, it was 

feasible to use a Hamilton syringe to inject 10 ~1 test 

solutions topically just above the fiber. It was found that, 

after loading for 3 minutes, topical injection of 10 ~1 of 50 

mM caffeine (final concentration in trough = 0.13 mM) was able 

to release ca2+ from the SR as effectively as transferring of 

the fibers to a bathing solution containing 50 mM caffeine. 

Using this method, we found that topical· injection of 10 ~1 of 

10 mM Ins(l,4,5)P3 stock solution (final concentration in 

trough = 26 ~M) did not induce ca2+ release in skinned fibers. 

C. EFFECTS OF CYCLIC AMP AND PHORBOL ESTER. 

Effect of cyclic AMP and PMA on contractile apparatus. Both 

protein kinase A and c can phosphorylate troponin I (89,134), 

though the physiological role of the phosphorylation by PKC is 

not clear. Figure 20 illustrates the effect of cyclic AMP on 

the force-pea relationship in saponin-treated cardiac muscle. 

Ten micromolar cAMP significantly decreased the ca2+ 

sensitivity (K=2.96 ± 0.09 ~M vs. 2.48 ± 0.16 ~M, P<O.Ol, n=8) 

but had no effect on Fmax· The effect of cAMP on ca2+ 

sensitivity was not reversible since removing cAMP from 

solutions did not restore the sensitivity. This study provided 
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Figure 20. Effect of cyclic AMP on the force-pea 

relationship. The fibers were treated with saponin for 30 

min (not Triton X-lOO). The force-pea relationship was 

determined by transferring the fibers to a series of 

solutions with increasing (Ca2+]. The smooth curves were 

drawn according to the K and N value obtained by fitting the 

data (n=S) to the Hill equation. cyclic AMP (lO ~M) was 

added to control solutions. The curve in the presence of 

cyclic AMP was shifted to the right, indicating a decrease 

in ca2+ sensitivity of the contractile apparatus. No effect 

of cyclic AMP on Fmax was found. The effect of cyclic AMP on 

ca2+ sensitivity was not reversible (data not shown). 
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the interesting information that, after saponin treatment, 

protein kinase A is apparently present inside the cells. 

Assuming that protein kinase C is also present within the 

cells after saponin skinning, 100 nM PMA was used to try to 

activate the enzym·e. Figure 21 shows that 100 nM PMA had no 

effect on contractile apparatus. 

Effect of cyclic AMP and PMA on SR ca2+ loading. It is 

known that protein kinase A phosphorylates phospholamban of 

cardiac SR. Phosphorylated phospholamban activates the SR 

ca2+-ATPase and stimulates SR ca2+ loading (100). Figure 22 

demonstrates the enhancement of SR ca2+ loading by cyclic AMP 

in saponin-treated fibers. This study also supports the 

presence of protein kinase A after saponin skinning. Since 

cAMP decreases the ca2+ sensitivity irreversibly (present 

study and (72)), the enhancement of SR ca2+ loading by cyclic 

AMP could be underestimated. Interestingly, the enhancement of 

ca2+ loading induced by cyclic AMP could be reversed by 

removing cyclic AMP from the solution, since the second 

control caffeine-contracture was always smaller than the test 

contracture (104 ± 20% vs. 132 ± 13%) and not much different 

from the first control (100%, n=7). This indicates that the 

phosphatase which dephosphorylates phospholamban is also 

likely to be present within the fibers after saponin skinning. 

The effect of protein kinase Con SR ca2+ loading is 

controversial (115,136,164). We did not find any effect of 

PMA (100 nM) on SR ca2+ loading (Figure 22) • 
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Figure 21. Effect of PMA on the force-pea relationship. 

The protocol used here is the same as described in Figure 

20. PMA (4P-phorbol 12-myristate acetate, 100 nM) was added 

to control solutions. No effect of PMA on ca2+ sensitivity 

or Fmax was found (n=14). 
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Figure 22. Effect of cyclic AMP and PMA on SR ca2+ 

loading. The protocol for this study is shown in Figure 1. 

The SR was allowed to take up ca2+ from loading solutions 

(pea 6) for different times. cyclic AMP (10 ~M) and PMA (100 

nM) were added to control loading solutions. The magnitude 

of the caffeine-contracture was measured as an indicator of 

the amount of ca2+ loaded into the SR. All data (n=3-7) were 

normalized to the control value after loading for 3 min. 

Cyclic AMP increased SR ca2+ loading while PMA had no effect 

on SR ca2+ loading. 
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D. EFFECTS OF INTRACELLULAR MILIEU CHANGES ASSOCIATED WITH 

HYPOXIA. 

Effect of milieu changes on SR ca2+ loading. Figure 23A 

illustrates the effect of milieu changes mimicking those 

produced by short term hypoxia on SR ca2+ loading. The SR ca2+ 

loading was inhibited by intracellular milieu changes 

associated with hypoxia at loading time ~30 seconds. The 

inhibitory effect was not observed with loading time >30 

seconds (up to 3 minutes). Figure 23B shows a different way to 

express the same results seen in Figure 23A. In Figure 23A, 

all data were normalized to the magnitude of the caffeine-con

tracture under control conditions after loading for 3 min. 

This normalization blunts the differences in SR ca2+ content 

between the control and hypoxia groups at short term loading. 

In Figure 23B, all data were normalized to their-control 

values obtained after loading for different times. The ca2+ 

content within the SR after loading for 7 sec in hypoxic 

solution was 11% less than that of control (P<0.02, n=l3). The 

ca2+ content within the SR after being treated with hypoxic 

solution was 7% less than the control value after loading for 

15 sec (P<O.OOl, n=20) and was 3% less than the control value 

after loading for 30 sec (P<0.05, n=20). 

Figure 24 shows ca2+ dependency of SR ca2+ loading and the 

effect of hypoxia on it. SR ca2+ loading (15 sec) increased 

with increasing ca2+ concentration in the loading solutions. 

The hypoxic milieu had a larger effect at a higher ca2+ 

concentration. 
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Figure 23A. Effect of a solution mimicking hypoxia on SR 

ca2+ loading. The protocol for this study is shown in Figure 

l. The SR was allowed to take up ca2+ from loading solutions 

(pea 6) for various times. The loading solution which mimics 

the intracellular milieu changes associated with hypoxia 

(hypoxic solution) was utilized (see Table l for 

constituents). since this solution (containing high Pi) has 

an inhibitory effect on the contractile apparatus, an 

extended step 4 was adopted to wash out Pi. The magnitude of 

the caffeine-contracture was measured as an indicator of the 

amount of ca2+ loaded into the SR. All data (n=7-20) were 

normalized to the magnitude of the caffeine-contracture 

produced after loading in control solution for 3 min;~-The SR 

ca 2 + loading was inhibited by the hypoxic solution at 

loading times ~ 30 sec. A paired Student's t-test was used 

to examine the significance of the differences. 
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Figure 23B. A different expression of the same data of 

Figure 23A. In Figure 23A, all data were normalized to the 

magnitude of the caffeine-contracture after loading in 

control solution for 3 min. The magnitude of the caffeine

contracture after loading for 7 sec was less than 50% of 

that after 3-min loading. The differences in SR ca2+ content 

between the control and hypoxia groups were then reduced by 

such normalization. To appropriately express the differences 

in SR ca2+ content after short time loading, in this figure, 

all data were normalized to the magnitude of the caffeine

contracture after loading under control conditions. The 

differences in SR ca2+ conte-nt between the control and 

hypoxia groups were about 11% (P<0.02, n=l3), 7% (P<O.OOl, 

n=20), and 3% (P<0.05, n=20) after loading for 7 sec, 15 

sec, and 30 sec, respectively. A paired student t•-test was 

used. 
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Figure 24. Effect of hypoxic solution on ea2+ dependence 

of SR ea2+ loading. The protocol for this study is shown in 

Figure 1. The SR was allowed to take up ea2+ from loading 

solutions (containing different pea) for a fixed time (15 

sec) • The loading solutions mimicking tha intracellular 

milieu changes associated with hypoxia (hypoxic solutions) 

were used (see Table 1 for constituents). An extended step 

4 was adopted to wash out Pi. The magnitude of the 

caffeine-contracture was measured as an indicator of the 

amount of ea2+ loaded into the SR. All data '(n=7-14) were 

normalized to the magnitude of the caffeine-contracture 

produced after loading in control solution (pea 6) for 15 

sec. The SR ea2+ loading was inhibited by the hypoxic 

solution at pea ~ 6.0. A paired Student's t-test was used to 

examine the significance of the differences. 
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Studies from isolated SR vesicles indicate that the 

inhibitory effect of the hypoxic milieu is mainly due to the 

inhibitory effects of ADP and Pi (156). We did parallel 

studies in skinned fibers to analyze the cause of the net 

inhibition. The effect of high ADP on SR ca2+ loading was 

first tested. Figure 25 shows that in a solution containing no 

CP, creatine or exogenous creatine kinase, 0.7 mM ADP had no 

effect on ca2+ loading. Since endogenous creatine kinase is 

present in skinned cardiac muscle preparations (66), the 

inhibitor of this enzyme, 0.38 mM FDNB was used and 0.1 mM 

AP5A was added to solutions to inhibit endogenous myokinase. 

Secondly, the effect of high Pi on SR 'ca2+ loading was 

examined. Figure 26 shows a biphasic effect of Pi on SR ca2+ 

loading. At short loading times (<30 sec), 17.38 mM Pi 

decreased the ca2+ loading. When loading time> i'min, Pi 

enhanced the ca2+ loading significantly. A factor that must be 

taken into account when evaluating the effect of Pi on SR ca2+ 

loading is accurate compensation for ca2+ bound to Pi in the 

solutions containing high concentration of Pi. To check for 

the adequacy of this compensation calculated by computer 

program, a ca2+. selective electrode was utilized to compare 

the ca2+ activity of control and test solutions. Figure 27 

illustrates that there is no difference in ca2+ activities 

between solutions with and without Pi. 

The inhibitory effect of the entire milieu changes on SR 

ca2+ loading at short loading times could be mainly due to the 

effect .of Pi. However, the enhancement of ca2+ loading by Pi 
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Figure 25. Effect of ADP on SR ca2+ loading. The protocol 

for this study is shown in Figure 1.· The SR was allowed to 

take up ca2+ from loading solutions (pea 6) for different 

times. The control loading solution (see Table 1) contained 

no CP, no creatine, and no creatine kinase. An inhibitor of 

endogenous creatine kinase, FDNB, and an inhibitor of 

myokinase, AP5A, were added to loading solutions. The ADP 

concentration in the control and the test loading solution 

was 0.05 and 0.7 mM, respectively. An extended step 4 was 

applied to wash out ADP. The magnitude of the caffeine

contracture was measured. All data (n=6-13) were normalized 

to the control value after loading for 3 min. No difference 

was found between control and high ADP groups. 
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Figure 26. Effect of Pi on SR ca2+ loading. The protocol 

for this study is shown in Figure 1. The SR was allowed to 

take up ca2+ from loading solutions (pCa 6) for various 

times. The constituents of the test loading solution were 

basically the same as those of the control loading solution 

(see Table 1) except that the Pi concentration was increased 

from 0.88 mM to 17.38 mM. An extended step 4 was applied to 

wash out Pi after loading. The magnitude of the caffeine

contracture was measured as an indicator of the amount of 

ca2+ loaded into the SR. All data (n=5-13) were normalized 

to the magnitude of the caffeine-contracture produced after 

loading in control solution for 3 min. SR ca2+ loading was 

inhibited by 17.38 mM Pi at loading times < 30 sec and was 

enhanced at a loading time > 1 min. A paired Student's t

test was used. 
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Figure 27. ea2+ activity in solutions estimated using a 

ea2+ selective electrode. The method is described in detail 

in Appendix B. The ea2+ activities in loading solutions with 

or without 30 mM Pi were examined by using a ea2+ selective 

electrode. The constituents of control solution are shown in 

Table 1. The test solution was the same as the control 

solution except that 30 mM Pi was added according to the 

computer program. The ea2+ activity was expressed as voltage 

(mV). At every calculated pea (from 6.8 to 6.0), no 

difference in ea2+ activities was found between solutions 

with and without Pi. The slope of those lines are close to 

an ideal one for a ea2+ selective electrode (28 mV per pea) 

at the pea range tested here. 
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at long loading times was not seen in the studies when the 

total milieu changes were evaluated. Therefore, thirdly, the 

effect of low CP on SR ca2+ loading was investigated since CP 

concentration drops substantially during short term hypoxia 

(88). It was found that lowering CP from the control value 

(14.16 mM) to 1.42 mM had a inhibitory effect on SR ca2+ 

loading at a loading time > 30 sec (Figure 28). 

Since studies from isolated vesicles indicate that changes 

in ATP, AMP and creatine observed with short term hypoxia have 

no effect on ca2+ loading (156), no attempt was made to study 

those changes in skinned fibers. 

Effect of hypoxia milieu changes on CICR. CICR plays a 

major role in ECC in cardiac muscle. Whether hypoxia 

interferes with this process is an important aspect in 

understanding the mechanism of heart failure under this 

condition. As described above, in order to specifically study 

the ca2+ release process, an ATP-free solution is needed to 

inhibit SR ca2+-ATPase activity. In order to satisfy this 

requirement and to adequately mimic the hypoxic situation, a 

non-hydrolyzable analog of ATP, AMPPCP was used to substitute 

for ATP. In the presence of CP and ADP, endogenous creatine 

kinase and myokinase can produce enough ATP to relax the 

muscle from rigor. Therefore, endogenous creatine kinase and 

myokinase were inhibited by FDNB and AP5A respectively. Figure 

29 compares CICR in the solution containing no ATP, no CP, and 

no Mg2+ and. CICR in the· solution containing AMPPCP, CP, ADP, 

84 



Figure 28. Effect of low CP on SR ca2+ loading. The 

protocol for this study is shown in Figure 1. The control 

loading solution was basically the same as shown in Table 1 

except that [MgATP) was 4.7 mM instead of 6.18 mM and no 

creatine was added. In the test loading solution, [CP) was 

reduced from 14:16 mM to 1. 42 mM. The SR was allowed to take 

up ca2+ from those loading solutions (pea 6) for different 

times. The magnitude of the caffeine-contracture was 

measured as an indicator of the amount of ca2+ loaded into 

the SR. All data (n=6-8) were normalized to the magnitude of 

the caffeine-contracture produced after loading in control 

solution for 3 min. The SR ca2+ loading was inhibited by 

lowering CP from 14.16 mM to 1.42 mM at loading times > 30 

sec. A paired Student's t-test was used to compare test and 

control values. 
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Figure 29. Comparison of CICR under different conditions. 

The protocol for this study is shown in Figure 2. The 

constituents of two different releasing solutions are shown 

in Table 2. The control #1 releasing solution contained no 

ATP, CP, Mg2+, creatine, or CK. The control #2 releasing 

solution contained MgAMPPCP (a non-hydrolyzable ATP analog), 

Mg2+ (1 mM), and the other regular constituents of the 

control solutions. No exogenous creatine kinase was added. 

FDNB and AP 5A were added to the control #2 releasing 

solution to inhibit endogenous creatine kinase and myokinase 

activities, respectively. The ordinate represents the amount 

of ca 2+ remaining in the SR after CICR treatment. The 

magnitude of the caffeine-contracture observed-after 

treatment with a pea 8.5 solution was indexed as 100% of 

ca2+ remaining in the SR. CICR in the control #1 releasing 

solution (no ATP, no Mg2+) is represented here by open 

circles. CICR in the control #2 releasing solution (6.18 mM 

AMPPCP, 1 mM Mg2+) is represented here by filled triangles. 

In the presence of Mg2+, the extent of ca2+ release was 

reduced (see filled triangles) even though AMPPCP is known 

to enhance CICR. 
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and 1 mM Mg2+. The data shows that in the presence of Mg2+, 

the ca2+ release was decreased even though the ATP analog, 

AMPPCP (known to support ca2+ release (128)) was present. This 

is consistent with the data reported from isolated cardiac SR 

vesicles (128) and skinned skeletal muscle (152) where. AMPPCP 

and Mg2+ were added. 

Figure 30 indicates that the intracellular milieu changes 

associated with hypoxia do not affect CICR in cardiac muscle 

(n=6). However, this study does not exclude the possibility 

that some components of the milieu changes have opposing and 

counteracting effects on CICR. We tested one component, Pi, of 

the total milieu changes. Figure 31 shows that 17.38 mM Pi had 

no effect on CICR. 

Reversal of SR'Ca2+-pump by Pi and ADP. In vitro studies 

using isolated SR vesicles show that in the absence of ATP and 

in the presence of Pi, ADP and Mg2+, the reaction mediated by 

the ca2+-ATPase can be reversed (35). That is, instead of 

hydrolysis of ATP and transport of ca2+ into SR against the 

concentration gradient, the ca2+-pump uses Pi and ADP to 

synthesize ATP at the expense of the ca2+ gradient (i.e., ca2+ 

leaks out from SR). This reversal reaction could occur 

theoretically in late hypoxia and ischemia when ATP is 

exhausted and .Pi and ADP are built up. In this final series of 

experiments reported here, it was determined whether or not 

this is the c,ase in the skinned fiber preparation. The 

protocol for this study was similar to that for CICR. The only 
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Figure 30. Effect of hypoxic solution on eieR. The 

protocol for this study is shown in Figure 2. The solutions 

used here are·described in Tables .1 & 2 and in Figure 30. 

The fibers were first treated with loading solution (pea 6) 

for 3 min. After loading, fibers were treated with rigor 

solution to remove ATP from the medium. FDNB and AP5A were 

added to the rigor solution. These two agents, inhibiting 

endogenous creatine kinase and myokinase activities, 

respectively; significantly accelerate rigor tension 

development. After a stable rigor tension was developed, the 

effect of the control #2 releasing and hypoxic releasing 

solutions were evaluated at step 5. The eieR process was 

stopped by transferring fibers to the stopping s~lution 

containing 10 mM Mg2+ and 2.5 mM EGTA. The magnitude of the 

caffeine-contracture was measured as an indicator of the 

ea2+ remaining in the SR after ea2+ release. All data (n=6) 

were normalized to the magnitude of the caffeine-contracture 

under control conditions after treatment with a pea 8.5 

solution for 30 sec. No difference in the amount of ea2+ 

remaining in the SR was found between fibers exposed to the 

control and hypoxic solutions. A paired student's t-test was 

used to compare the differences between control and test 

values. 
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Figure 31. Effect of Pi on CICR. The protocol for this 

study is shown in Figure 2. The fibers were first treated 

with loading solution (pea 6) for 3 min. After loading, 

fibers were treated with rigor solution to remove ATP from 

the medium. After a stable rigor tension was developed, the 

effect of the control #1 releasing solution (see Table 2) 

was examined. The test releasing solution was the same as 

the control except that it contained 17.38 mM Pi. CICR was 

stopped by transferring fibers to the stopping solution 

containing 10 mM Mg2+ and 2.5 mM EGTA. The magnitude of the 

caffeine-contracture was measured as an indicator of the 

ca2+ remaining in the SR after ca2+ release. All data (n=5-

14) were normalized to the magnitude of the caffeine-con

tracture under control conditions after treatment with a pea 

8.5 solution for 30 sec. No difference in the amount of ca2+ 

remaining in the SR was found between the control and high 

Pi groups. A paired Student's t-test was used to compare the 

differences between control and test values. 
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difference was that after a rigor solution treatment, the 

fi~ers were treated with a pea 8.5 and ATP-free solution 

containing different test chemicals. Figure 32 compares the 

effect of Pi, ADP, Pi+ADP, and Pi+ADP+Mg2+ on ca2+ content 

within the SR under rigor condition. Pi (17.38 mM) alone or 

ADP (0.7 mM) alone had no effect on SR ca2+ content. But Pi 

plus ADP significantly decreased the SR ca2+ content. This 

decrease in ca2+ content is not due to the increase in ca2+ 

release since the ca2+ release blocker Mg2+ (10 mM) (also see 

Fig.9) did not block this leakage of ca2+ from the SR. 

Therefore, the decrease in ca2+ content caused by high Pi + 

ADP is probably due to reversal of ca2+-ATPase reaction. 
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Figure 32. Reversal of SR ca2+-ATPase by ADP + Pi + Mg2+. 

The protocol for this study is essentially the same as shown 

in Figure 2. The SR was first allowed to take up ca2+ from 

loading solution (pCa 6} for 3 min. After loading, the fiber 

was treated with a ATP-free and Mg2+-free solution (rigor 

solution, see Table 2). After a stable rigor tension was 

developed, the fiber was treated with either rigor solution 

(pea 8.5) for 30 sec as a control, or rigor solutions 

containing 17.38 mM Pi alone, 0.7 mM ADP alone, Pi+ ADP, or 

Pi + ADP + Mg2+. subsequently, the fiber was treated with 

the stopping solution followed by the low EGTA solution. The 

magnitude of the caffeine-contracture was measured as an 

indicator of the amount of ca2+ remaining in the SR after 

ca 2 + efflux. All data (n=6-9) were normalized to the 

magnitude of the caffeine-contracture after treatment with 

rigor solution for 30 sec. A paired Student's t-test was 

utilized to compare the control and test values. 
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IV. DISCUSSION 

A. UNDERSTANDING OF SKINNED FIBER PREPARATION 

Effects of caffeine on skinned cardiac muscle. Caffeine has 

been widely used as pharmacological tool for releasing ca2+ 

from intracellular stores in the study of ECC (43). In the 

present research, the mechanical response of skinned fibers to 

ca2+ released from the SR by 50 mM caffeine was used as an 

indicator of the amount of ca2+ remaining in the SR. The 

time-course of the caffeine-contracture was very fast, almost 

instantaneous. The time to the peak of caffeine-contracture 

was < 5 seconds (see Figure 1 & 2). In contrast, the time to 

peak for muscle contraction developed in a high [Ca2+] 

solution was about 30 sec to 1 min (data not shown). The 

difference in the time-course of tension development between 
. . \ ~' 

the two different experimental treatments is probably due to 

the diffusion distance. Anatomically, myofilaments are 

surrounded by the SR network. Therefore, ca2+ released from 

the SR can quickly reach nearby myofilaments to induce 

contraction. When a fiber i~ transferred to a high [Ca2+] 

solution, diffusion of ca2+ into the fiber to induce 

contraction is slow because ca2+ and CaEGTA must diffuse in 

and EGTA must diffuse out. EGTA within the fiber will chelate 

ca2+, keeping dca2+;dt low. 
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Caffeine has been reported to increase the sensitivity of 

the myofilaments to ca2+ in skinned cardiac muscle (57). Wendt 

and stephenson (201) reported that caffeine, 5-40 mM, enhanced 

the ca2+ sensitivity of cardiac muscle (rat) and, at a 

concentration > 20 mM, depressed Fmax significantly. The 

present study is consistent with their results. Although 1 mM 

caffeine did not decrease the K value significantly, it 

increased the force significantly at both pea 5.8 and 5.4 (see 

Figure 5) suggesting an increase in ca2+ sensitivity. This was 

not reflected in the Hill K values probably because 

insufficient pea values on the steep portion of force-pea 

curve were tested. Caffeine at 1 mM concentration had no 

effect on Fmax• but 50 mM caffeine significantly decreased the 

Fmax (to 59% of control). The mechanism of this inhibition is 

not known. It has been suggested that this may not be a 

specific effect of caffeine since other apparently inert 

substances (e.g., some sugars) can have a similar influence on 

Fmax in the same range of concentrations (201). 

Figure 6B shows that, after a 3-min ca2+ loading period, 50 

mM caffeine can produce 76% of Fmax· After loading for 10 

minutes, the magnitude of the caffeine-contracture was about 

90% of Fmax· Loading for 30 minutes produced even larger 

caffeine-contracture (tested in a few fibers) which approached 

Fmax· This raises a very interesting question: why does 50 mM 

caffeine inhibit force development less, if at all, when the 

SR ca2+ release mechanism is intact? One possible explanation 

is that the solution used to produce the caffeine-contracture 
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is different from the one used to generate the force-pea 

relationship, the former contains less Mg2+ (0.1 mM) whereas 

the latter contains 1 mM Mg2+. It is known that an increase in 

[Mg2+] (in mM range) decreases the ca2+ sensitivity of 

contractile apparatus but has no effect on Fmax (55). 

However, a higher ca2+ sensitivity caused by low [Mg2+] cannot 

explain the fact that after a long loading time, the 

caffeine-contracture approaches Fmax· Another possibility 

would be, again, the diffusion distance. As mentioned above, 

the time-course of caffeine-contracture is far faster than 

that of tension development in high [Ca2+] solution. It is 

possible that ca2+ released from the SR by caffeine reaches 

the myofilaments earlier than caffeine does. Therefore, 50 mM 

caffeine has less effect on the magnitude of the contracture. 

This speculation is supported by the observation~of Wendt & 

Stephenson (201) that the force development in a solution 

containing caffeine was faster than that in a solution 

containing an equivalent amount of ca2+. They suggested that 

the reactions involving caffeine which lead to an increase in 

the apparent ca2+ sensitivity must be faster than the 

diffusion of caffeine into a 150 ~m diameter preparation. 

Nevertheless, since 50 mM caffeine produced a maximal SR 

ca2+ release response (see Fig.4) and every fiber was treated 

with the same amount of caffeine (50 mM), the inhibitory 

effect of caffeine on Fmax observed under different condition 

did not affect the assay employed here to estimate the SR ca2+ 

content under various experimental conditions. 
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SR ca2+ uptake. ca2+ transport across the SR membrane 

involves two major processes: uptake and release. Both take 

place at the same time but with different kinetics (82). The 

amount of ca2+ within the SR of skinned fibers at a given time 

can be measured from the magnitude of the caffeine-contracture 

(186). The estimated ca2+ content represents the net result of 

ca2+ transport (both uptake and release) during the ca2+ 

loading period. If an agent enhances ca2+ release but is 

without a significant effect on the ca2+ uptake, it will 

decrease the amount of ca2+ loaded into the SR and vice versa. 

Figure 7 shows that the ca2+-releasing agent caffeine 

decreases the amount of ca2+ loaded into the SR. A ca2+-

release inhibitor, procaine, increases ca2+ content. These 

data indicate that the skinned fiber preparation can· be used 

to estimate changes in the amount of ca2+ within the SR caused 

by an agent which either enhances or inhibits ca2+ release. 

However, these experiments only study the net result of 

ca2+ uptake and release and cannot distinguish between the 

effects of an agent on ca2+ release or on ca2+ uptake. The 

ca2+ released by an agent could be reabsorbed into the SR by 

the SR ca2+-ATPase, or an agent could stimulate (or inhibit) 

both ca2+ release and uptake processes to the same extent. 

Those possible effects would have no net effect on' the SR ca2+ 

content. In order to exclude these possibilities, an 

experimental protocol that only measures the release process 

was needed. 

-- -; 
•' 
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CICR from cardiac SR in skinned fibers. It is possible to 

separate the SR ca2+ release and uptake processes by 

inhibiting the SR ca2+-ATPase while leaving the release 

process intact. So far no specific, reversible inhibitor has 

been identified. Some chemicals which have been reported to 

inhibit the SR ca2+-ATPase are either irreversible inhibitors 

(e.g., cyclopiazonic acid (171)) or have effects on other 

ATPases such as the myosin ATPase (e.g., vanadate (170)) o~ 

interfere with ca2+ release (e.g., quercetin (105)). None of 

those inhibitors are suitable for the skinned fiber studies. 

However, the SR· ca2+-ATPase can be reversibly inhibited by a 

MgATP-free solution. (rigor solution). The protocol described 

by Endo & Iino (45) with slight modification was applied in 

the present research to study CICR. The modification was that 

the EGTA concentration in solutions was relatively lower than 

that used for skeletal muscle, since it is reported that high 

EGTA (> 5 mM) makes cardiac SR leaky (46). 

In the present study, CICR was observed at a [Ca2+] > 1 ~M. 

[Ca2+] > 0.1 mM inhibited CICR (see Figure 9). Caffeine (5 mM) 

increased CICR whereas 10 mM Mg2+ inhibited it. These 

characteristics of CICR in skinned cardiac muscle are 

consistent with those reported in isolated cardiac SR vesicles 

(128) and in skinned skeletal muscle (152). These results 

demonstrate that the skinned cardiac muscle fiber 

preparation is useful to detect the SR ca2+ content changes 

caused by agents which enhance or inhibit ca2+ release. The 

mechanism of the inhibition of CICR by Mg2+ is not clear. It 
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is possible that Mg2+ competes with ca2+ for the binding 

site(s) on the ca2+ release channel. The inhibition can be 

reversed by an increase in the ca2+ concentration in the 

releasing solution (128,152) (also see Figure 9). 

Effects of ruthenium red on skinned cardiac muscle. RR is a 

very effective inhibitor of ca2+ release from the SR in 

skeletal muscle (11,79,122,196). In cardiac muscle, RR 

inhibits the frequency of tension oscillations but increases 

the amplitude of the oscillations in the skinned fibers (54), 

inhibits ca2+ efflux in isolated SR vesicles (31,128), and 

blocks the single channel activity in the reconstituted ca2+

channel preparation (7). However, in the.present research, RR 

does not appear to inhibit ca2+ release from cardiac SR in the 

skinned fibers. It neither inhibits caffeine-induced ca2+ 

release nor CICR, and it does .not enhance ca2+ loading. The 

lack of an effect of RR alone on ca2+ release in the skinned 

fibers is not unexpected since it has been shown to be less 

effective in cardiac muscle than in skeletal muscle (32,128); 

Chiesi et al. (32) reported that 2 ~M RR had a marginal effect 

on cardiac SR ca2+ uptake studied in isolated vesicle 

preparations, indicating a minor effect on ca2+ release. 

However, they found that if FLA 365 (which alone does not have 

an effect) and RR were presented together, the ca2+ uptake 

was enhanced significantly, indicating that ca2+ release was 

inhibited significantly. In contrast, in the current research, . 

no inhibitory effect on SR ca2+ release was found when RR and 
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FLA 365 were added together. 

The discrepancy between the present study and others 

showing an effect of RR when in combination with FLA 365 on 

ca2+ release could be due to different preparations. Heavy SR 

vesicles (containing concentrated ca2+ release channels) were 

used in the studies showing a combined effect (32). In the 

present study, both the junctional and longitudinal SR are 

present within the skinned fibers. It is possible that only 

those ca2+ channels located.on the terminal cisternae are 

sensitive to RR. ca2+ relea's.e from the longitudinal SR may not 

be sensitive to RR but is sensitive to caffeine and ca2+ 

stimulation. The mechanism of the ca2+ release from the 

longitudinal SR is not clear. The ryanodine receptor (which 

constitutes ca2+ release channel) is apparently absent in the 

.longitudinal SR (82). However, the foot structurejryanodine 

receptor may not be the sole ca2+ release pathway. First, the 

corbular SR·(which·apparently does not contain the foot 

structure) has a high content of calsequestrin and is a main 

storage site for ca2+ under resting condition (84). It is very 

similar to the junctional SR. The function of the corbular SR 

is not known. Based on the morphological similarity between 

the corbular and junctional SR, one would speculate that the 

corbular SR could be another ca2+ release site although 

without the foot structure. Secondly, recent studies from 

Salama's lab (75,206) show that the skeletal SR contains a 

sulfhydryl-gated 106 kDa ca2+ channel. This channel is not the 

same as the 400 kDa foot protein although it has similar 
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characteristics. Thirdly, evidence has appeared which 

indicates that the ca2+-ATPase may be involved in ca2+ release 

(67,138). ca2+-ATPase is abundant in the longitudinal SR. 

Therefore, it is possible that ca2+ release observed in the 

skinned fibers arises from both terminal and longitudinal SR. 

If ca2+ release from the longitudinal SR is not sensitive to 

RR and if it constitutes a larger portion of the release seen 

in the skinned fibers, the lack of an effect of RR on skinned 

fibers would be explainable. The fact that RR is very 

effective to inhibit ca2+ channel in the single channel 

preparation (7), less effective in the isolated vesicles (32), 

and has no effect in the skinned fibers (present study) 

suggests a heterogeneity in ca2+ release from the SR. 

The effect of RR to inhibit mitochondrial ca2+ uptake (181) 

does not account for the lack of an effect on SR ca2+ release. 

First, 5 mM sodium azide was added to all loading solutions to 

block mitochondrial metabolism including ca2+ uptake. 

Secondly, caffeine, used to estimate the amount of ca2+ in the 

SR of skinned fibers, does not release ca2+ from mitochondria 

(17,200). Thirdly, in the presence of RR, mitochondrial ca2+ 

transport is inhibited and would not interfere with the 

measurement of SR ca2+ transport. 

The present studies show that RR significantly increases 

the ca2+ sensitivity of the contractile apparatus (Figure 12). 

This could account for the observation that RR increases the 

amplitude of force oscillations seen in the skinned fibers by 

Fabiato (54) as well as the report by smith (175) that 
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addition of RR during reperfusion improved the contractile 

activity of ischemic dog heart. Gupta et al. (69) found that 

RR had a biphasic effect on isolated perfused heart. A 

negative inotropic effect was observed with concentrations of 

0.025-0.5 ~M, whereas high concentrations (12.5-25 ~M) caused 

a sustained contracture (69). Therefore, the positive 

inotropic effect of RR in intact heart could be attributed to 

a direct effect of RR on contractile proteins provided that RR 

can penetrate the surface membrane. The ability of RR to cross 

the cell membrane is inconclusive. some investigators have 

shown a low permeability of cells toRR (10,118). On the other 

hand, Forges & Sperelakis (62) have demonstrated the presence 

of RR in the myoplasm of cardiac cells after a prolonged 

exposure to this agent. Gupta et al. (69) reported that when 

hearts were perfused with 5 ~M RR for 20 min, the dye was 

found to be present inside the cardiac cells. Those studies 

show that RR is able to penetrate the cell membrane although 

it is a slow process. The direct stimulatory effect of RR on 

the contractile apparatus and the lack of an inhibitory effect 

on SR ca2+ release provides a mechanism for the positive 

inotropic effect of this agent observed in the intact hearts. 

B. ROLE OF INS(1,4,5)P3 IN CARDIAC MUSCLE 

The present data from rat cardiac muscle confirm the 

previous findings from guinea pig papillary muscle that 

Ins(1,4,5)P3 enhances ca2+ oscillations (149). A slight 

difference between these two preparations is that ca2+-
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oscillations were more easily induced andjor enhanced in rat. 

This could be due to the higher density of SR in rat papillary 

muscle (56). However, Ins(l,4,5)P3 does not enhance CICR 

(which is believed to be more physiologically relevant than 

ca2+ oscillations) and does not affect ca2+ loading even when 

an inhibitor of 5-phosphatase is present; These results, 

together with the earlier report that Ins(l,4,5)P3 had no 

direct effect on either the maximal tension or the ca2+ 

sensitivity of the contractile apparatus (146,149) and 

unpublished observations from this lab that Ins(l,4,5)P3 

levels do not change during the cardiac contractile cycle, do 

not support the hypothesis that Ins(l,4,5)P3 plays a major 

physiological role in ECC in cardiac muscle. 

current results support the notion proposed by Fabiato (49) 

that there exist distinct gating mechanisms for ca2+ 

oscillations and CICR, although both are from the same release 

channel and are inhibited by ryanodine (50) • The former can be 

enhanced by Ins(l,4,5)P3 while the latter is not affected by 

Ins(l,4,5)P3 under current experimental conditions. CICR is 

believed to be a major mechanism for ECC whereas the 

physiological relevance of ca2+ oscillations is not clear 

(13). ca2+ oscillations are usually considered to arise only 

from ca2+-overloaded SR (50) and have been observed in a 

ca2+-overloaded heart (1). ca2+ overload is commonly seen in a 

reperfused heart after ischemia (107). Therefore, Ca2+ 

oscillations are more important under pathological conditions. 

It has been suggested that they may contribute to 

101 



arrhythmogenesis in cardiac muscle (24). Recently, Heathers et 

al. (71) reported that Ins(1,4,5)P3 levels were increased in 

response to a1-adrenergic stimulation in cardiac myocytes 

exposed to hypoxia. Those authors speculated that the 

activation of the a1-adrenergic mechanism by hypoxia leading 

to enhanced production of Ins(1,4,5)P3 could be an important 

mediator of malignant cardiac arrhythmias. Otani et al. (155) 

found that reperfusion of ischemic rat heart resulted in a 

significant accumulation of radiolabeled inositol phosphates. 

They hypothesized that electrophysiological derangements often 

seen during reperfusion may be induced by such enhanced 

phosphoinositide breakdown. Current findings suggest that 

Ins(1,4,5)P3 may play a pathological role in cardiac 

arrhythmogenesis by enhancing spontaneous ca2+ oscillations. 

At least two different ca2+ release pools have been reported 

to exist in smooth muscle: one is sensitive to Ins(1,4,5)P3, 

the other is sensitive to GTP (97). Whether this is the case 

in cardiac muscle is not known. Current data showed that 

GTP-,-s (or GTP) alone was able to induce ca2+ oscillations. 

However no additive effects were observed when Ins(1,4,5)P3 

and GTP-,-s were added together. Therefore, unlike smooth 

muscle, there is no evidence to show the existence of two 

different ca2+ release pools in cardiac muscle or to suggest a 

GTP dependence of ca2+ release by Ins(1,4,5)P3 as described by 

saida et al. (168). The tension oscillations induced by GTP or 

GTP-,-s can be explained by endogenous Ins(1,4,5)P3 production 

from the sarcolemma through a GTP-activated process (36). 
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Brown and Jones (20) have reported that GTP-7-S had a marked 

stimulatory effect on [3H] inositol phosphate formation in 

saponin-treated chick heart cells, suggesting that a G-protein 

regulated phosphoinositide hydrolysis is involved. Renard and 

Poggioli (162) recently found evidence to show that GTP-7-s 

mediated Ins(1,4,5)P3 generation in rat heart membrane. 

Several possibilities to explain the lack of an effect of 

Ins(l,4,5)P3 on CICR have been considered. Firstly, the rapid 

hydrolysis of Ins(l,4,5)P3_ in the bathing solution was consid

ered. Vergara et al. (193) have reported t.hat 0.1 mM Cd2+ 

reduced the effective dose of Ins(l,4,5)P3 from 300 ~M to 30 

~M, indicating that 5-phosphatase is still active in skinned 

fiber preparation. However in the present study, the presence 

of an Ins(1,4,5)P3 5-phosphatase inhibitor (cd2+ or 2,3-

diphosphoglycerate) does not reveal an effect o~Ins(l,4,5)P3 • 

Secondly, the membrane voltage dependency of the Ins(l,4,5)P3 

effect was considered. Donaldson's lab (38) has shown that the 

Ins(l,4,5)P3 effect on ca2+ release from the SR was evident 

only when the plasma membrane (mainly transverse tubules) was 

depolarized in their mechanically-skinned skeletal fiber 

preparation. In the present study, the sarcolemma (including 

transverse tubules) has been permeabilized by saponin 

treatment. No ion concentration gradients or potential 

difference across the plasma membrane would exist; the plasma 

membrane is presumably in a depolarized state. This situation 

is most favorable to observing an Ins(l,4,5)P3 action if 

Ins(l,4,5)P3 could release ca2+ or increase ca2+ sensitivity 
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of CICR. Thirdly, we considered the possibility that the 

chemical skinning treatment causes the loss of some key 

factor(s) necessary for an Ins(1,4,5)P3 effect. However, in 

our skinned fiber preparation, ca2+ uptake and ca2+ release 

and their stimulation and inhibition can be easily observed. 

This suggests that the procedure of chemical skinning well 

preserves the release and uptake machinery. Fane et al. (58) 

reported that saponin (< 100 ~gjml) did not change the ca2+ 

uptake/release mechanism in isolated skeletal SR vesicles. 

They also found that vesicles with or without saponin 

treatment showed similar protein profiles characterized by 

gel-electrophoresis, suggesting that saponin is a gentle 

skinning agent. 

C. ROLE OF PKC AND PKA IN CONTROL OF CARDIAC MUSCLE 

CONTRACTION. 

Effect of PKC and PKA on contractile apparatus. 

Phosphorylation of cardiac troponin I and troponin T by PKC is 

known (89). The phosphorylation sites in Tn-I and Tn-T have 

been identified (143). However, the phy~iological significance 

of the phosphorylation is not clear. In the present research, 

100 nM PMA was chosen because this concentration is reported 

to induce a negative inotropic effect in several intact 

preparations (25,39,111,205). Figure 21 .shows that PMA had no 

effect on the force-pea relationship in the saponin-skinned 

fiber preparation. Two explanations for this result can be 

given. One is that PKC-induced phosphorylation of Tn-I andjor 
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Tn-T in vitro does not have a physiological effect. At least 

one study has shown indirectly that no inhibitory effect of 

PMA on myofilaments was found (25). A second possibility would 

be that PKC has leaked out of the fiber after saponin 

skinning. PKC has a molecular weight of approximately 90 kDa 

(204) and is both cytosolic and membranous (161,205). The 

ratio of PKC activities in the cytosolic to the membranous 

fraction before activation was reported to be about 4:1 (205), 

1:1 (161), and 2:3 (205) in cardiac muscle. one study showed 

that, after a 10-min treatment with 10 ~M digitonin (an agent 

similar to saponin), 38% of the PKC activity in intact cells 

remained in permeabilized cultured rat ventricle myocytes 
' 

(164). In those permeabilized cells, PMA was shown to have 

some biological effects (inhibition of SR ca2+ uptake). 

However, under current experimental conditions, it is not 

known how much PKC activity remains after treatment with 50 

~g/ml saponin for 30 min. PKC isolated from rat brain is the · 

only commercially available enzyme (Calbiochem). It is 

expensive. Recent analysis (141) has revealed that PKC is a 

large family of proteins with multiple subspecies. Biochemical 

and immunohistochemical studies indicate that those subspecies 

may be differently distributed in particular cell types and 

with limited intracellular locations. Nishizuka (141) 

suggested that each member of the family might play discrete 

roles in the process of signal transduction. Therefore, no 

attempt was made to use PKC from rat brain to study its effect 

on cardiac muscle. 
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Protein kinase A can phosphorylate Tn-I (89). The 

phosphorylation of Tn-I induced by cyclic AMP decreases the 

ca2+ sensitivity of the contractile apparatus in EGTA-skinned 

fibers (134) and in glycerol and triton treated fibers (72). 

The inhibitory effect of cyclic AMP is .believed to be through 

PKA. Addition of the catalytic subunit of PKA to skinned 

fibers mimicked the effect of cyclic AMP (157). Data from the 

current study (Figure 20) is consistent with those reports. 

Ten micromolar cyclic AMP significantly decreased the K value. 

The current data indicate that PKA is well preserved in the 

skinned fibers after saponin treatment. PKA is a holoenzyme 

with a molecular weight of 170 kDa (102) and is larger than 

PKC (90 kDa) (104). However, upon activation by cyclic AMP, 

·this holoenzyme undergoes dissociation to yield two catalytic 

subunits, each with a.Mr. of 40 kDa (102). Therefore, if PKC 

can diffuse out of the fiber after saponin treatment, the 

catalytic subunits should also be able to diffuse out if they_ 

are free to move. In fact, the effect of cyclic AMP on the 

contractile apparatus can be demonstrated even after glycerol 

and Triton X-100 treatment (72), processes which totally 

eliminate cellular membranes. This suggests that PKA 

(especially the catalytic subunit) is tightly connected to the 

contractile structures. 

In the present study, the SR is still functioning after 

saponin treatment. However, the solution used for measuring K 

and Fmax contained a relatively high concentration of EGTA (7 

mM, which well buffers ca2+) and 1 mM Mg2 (which inhibits ca2+ 
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release from the SR), and only the steady-state tension was 

measured. Therefore, ca2+ transport across the SR membrane 

contributes little to the force measurement in the solution 

containing a high concentration of EGTA. The effect of cyclic 

AMP on the contractile apparatus was not reversible, which is 

consistent with the study by Herzig et al. (72) in which 

glycerol and Triton were used. This suggests that the 

phosphatase which dephosphorylates Tn-I was inactivated and/or 

extracted by saponin treatment. 

Effect of PKC and PKA on SR ca2+ transport. The effect of 

PKC on SR ca2+ transport is not well understood (see 

literature review). In the present study; 100 nM PMA did 

nothing to the SR ca2+ uptake after either a 30 sec or a 3 min 

loading period (see Figure 22). Again, the leakage of 

endogenous PKC out of the fibers cannot be excluded. Another 

possibility would be that PKC does not play a role in control 

of SR ca2+ transport. In one study, in which an inhibitory 

effect of PMA on SR ca2+ uptake was reported (164), oxalate 

had to be used to support SR ca2+ loading in digitonin-skinned 

cultured neonatal rat ventricle myocytes. Oxalate-supported 

SR ca2+ uptake is not a physiological process. Studies by 

Presti et al. (160) have shown that the intrinsic PKC 

activity is most concentrated in cardiac sarcolemmal vesicles 

and absent from SR membranes. An intrinsic 15-kDa protein from 

sarcolemma is the principal endogenous substrate for the 

endogenous PKC. Phospholamban appears to be a poor substrate 

for this endogenous PKC (164). Therefore,. it is possible that 
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PKC exerts its effects mainly through sarcolemmal protein 

phosphorylation, not through phosphorylation of the SR 

proteins. 

In contrast, phosphorylation of phospholamban by protein 

kinase A results in an increased rate of ca2+ accumulation in 

cardiac SR (100). Dephosphorylation of phospholamban by a 

protein phosphatase reverses the stimulation of ca2+ 

transport, indicating that the cardiac SR ca2+ pump activity 

is regulated by a protein kinase-phosphatase system (100). In 

the present study, 10 ~M cyclic AMP significantly increases SR 

ca2+ loading (Figure 22), which is consistent with the results 

reported by others (see ref. (90) for review). Since cyclic 

AMP also irreversibly decreases the ca2+ sensitivity of the 

contractile apparatus, the enhancement of SR ca2+ loading by 

cyclic AMP could be underestimated. Interestingly, the 

enhancement of ca2+ loading induced by cyclic AMP could be 

reversed by removing cyclic AMP from the solution. It is not 

certain, at this point, whether the second control contracture 

results from a combination of a decreased ca2+ sensitivity of 

the myofilaments and an increased ca2+ loading. Those two 

effects could offset each other. 

D. EFFECTS OF INTRACELLULAR MILIEU CHANGES ASSOCIATED WITH 

HYPOXIA 

Effect of hypoxic changes on SR ca2+ uptake. Whether or not 

SR function is affected by short term hypoxia is still an open 

question. The current data show that solutions which mimic the 
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intracellular milieu changes associated with short term 

hypoxia (hypoxic solutions) inhibit SR ca2+ loading. The 

inhibition is time-dependent (Figures 23A· & B) and is more 

apparent at loading times < 30 sec. It is very likely that 

after a shorter (< 7 sec) loading time the effect of the 

hypoxic solution on SR ca2+ uptake would be even more 

remarkable. However, due to technical limitations, the skinned 

fiber preparation cannot be used to study loading times less 

than 7 seconds. The inhibition is also ca2+-dependent (Figure 

24). The hypoxic milieu had a larger effect at a higher ca2+ 

concentration. Since the higher ca2+ activates the SR ca2+

ATPase more than the lower ca2+ does, it could make the 

inhibitory effect of hypoxia on the rate of ca2+ uptake more 

apparent. 

These data- are consistent with observations on isolated 

vesicles (156). Perlitz et al. (156) reported that hypoxic 

solutions inhibited the rate of ca2+ uptake but had no effect 

on the total amount of ca2+ taken up by the SR vesicles. 

Inhibition of the rate of ca2+ uptake is more physiologically 

important than inhibition of the total amount of ca2+ loaded 

after a steady-state loading. Considering that the normal 

heart rate in rats is about 400 beats/min, the cardiac SR only 

has 0.15 sec to take up ca2+. The role of a decrease in the 

rate of ca2+ uptake will become significant when loading time 

is limited. It has been shown that the mechanical performance 

of the heart during hypoxia is dependent on the frequency of 

the heartbeat (87); that is, an increase in the frequency of 
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the heartbeat accelerates the decline in the contractions of 

those hearts suffering hypoxia (87). One explanation for this 

frequency-dependent phenomenon would be that the SR ca2+ 

uptake was affected by the short term hypoxia in a time-

dependent manner (as seen in Figures 23A & B). Under hypoxic 

condition, if enough time is given, the SR can accumulate ca2+ 

up to an amount close to the normal level for the next 

contraction. However, if the time for the SR to take up ca2+ 

is shortened by the increase in the beating frequency, the 

amount of ca2+ loaded into the SR will decrease due to a 

limited loading time. The ca2+ left in the cytosol will be 

extruded out of the cell by the sarcolemmal Na+-ca2+ exchanger 

and the ca2+-ATPase. The amount of ca2+ stored in the SR for 

subsequent release will be less than normal. After several 

negative cycles, the contraction declines. Here-the time for 

the SR loading (reciprocal to the frequency of the heartbeat) 

is crucial. The less the time for the SR to take up ca2+, the 

more pronounced the inhibition in the rate of the uptake 

appears to be. 

Studies from isolated SR vesicles (156) indicate that the 

inhibition in the rate of ca2+ uptake is mainly due to the ef-
' -

fects of Pi and ADP. In skinned fibers, parallel experiments 

were performed to test the effects of ADP and Pi on SR ca2+ 

loading. In the present study, increasing ADP from the control 

level of 0.06 mM to 0.7 mM does not influence SR ca2+'loading 

even though the ADP concentration was clamped by removing CP 

from the bathing solutions and adding FDNB·and AP5A to inhibit 
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endogenous creatine kinase and myokinase, respectively. The 

discrepancy between the ADP effect in skinned fibers and 

isolated vesicles could be due to the difference in 

preparations. 

Accumulation of Pi after short term hypoxia is significant 

(88) • Pi has been shown to have biphasic effects on SR ca2+ 

loading in skinned fibers (148). At low concentration(< 25 

mM), Pi inhibits ca2+ loading, whereas at high concentration 

(> 25 mM) it enhances ca2+ loading. The inhibitory effect of 

Pi on ca2+ loading is due to direct inhibition of ca2+-ATPase 

activity by Pi (148). on the other hand, Pi can accumulate 

within the SR lumen by passive transport'(91) or an ATP

dependent transport process (26). Once inside the SR, Pi can 

precipitate ca2+ to form a calcium phosphate complex as long 

as the solubility product for calcium phosphate~s exceeded 

(103). Therefore, the intrareticular ca2+ concentration is 

kept low by this precipitation which favors further ca2+ 

uptake. The amount of ca2+ accumulated within the SR can be 

greatly enhanced by high levels of Pi. The precipitating 

effect of Pi can overcome the direct inhibitory effect of Pi 

on the SR ca2+-ATPase (148). The dual effect of Pi on SR ca2+ 

loading can explain the results of the present study. As shown 

in Figure 26, 17.38 mM Pi inhibits ca2+ loading at a loading 

time < 30 sec. The inhibitory effect disappears after loading 

for > 30 sec, and increases the ca2+ loading at 3 min. Here 

the inhibitory effect of Pi on SR ca2+ loading can be 

attributed to direct inhibition of ca2+-ATPase while the 
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stimulatory effect on SR ca2+ loading could arise from the 

chelating of ca2+ by Pi within the SR. over time, 

precipitation of ca2+ by Pi within the SR exceeds the 

inhibitory effect of Pi on the ca2+-ATPase. Within the SR, 

conditions are .suitable for the formation of calcium 

phosphate. The intrareticular pH is presumably about 7, since 

no proton gradient was found across the SR membrane (151). At 

this pH, Pi exists in both mono- (57% of the total Pi) and 

diprotonated (43% of the total Pi) forms according to their 

dissociation constant (147). The free ca2+ concentration 

within the SR is in the millimolar range. At a free ca2+ 

concentration of 2.0 mM, the solubility product for ca2+ X 

HPo4 - 2 is about 2.4 X 10-6 (103). This value will be exceeded· 

when the total Pi within the SR is~ 2.1 mM (148). The exact 

concentration of Pi within the SR under the conditions of the 

present study is not known. It is very likely to be close to 

17 mM no matter whether it is passively loaded into the SR 

(91) or transported by an ATP-dependent mechanism (Km = 15 mM 

Pi) (26). 

The inhibition of SR ca2+ loading by solutions mimicking 

the entire milieu changes associated with short time of 

loading primarily results from the inhibition of SR ca2+

ATPase by Pi. However, the stimulatory effect of Pi on SR ca2+ 

loading at longer time of loading was not seen when the total 

milieu changes were used. Since the CP concentration drops 

substantially from 14.16 mM to 1.42 mM during hypoxia (88), 

the effect of CP on SR ca2+ loading was tested. It was found 

112 



that lowering CP from the control value (14.16 mM) to 1.42 mM 

had an inhibitory effect on SR ca2+ loading at a loading time 

~ 1 min (see Figure 28). This inhibition in ca2+ loading by 

low CP was able to counteract the stimulatory effect of Pi on 

ca2+ loading. This could well account for the net result (no 

effect at all) that was seen when the entire milieu changes 

were evaluated after a long time of loading. It is unlikely 

that the effect of low CP on SR ca2+ loading is due to a 

direct effect on the SR ca2+-ATPase, since CP is known to be 

involved only in the Lohmann reaction (catalyzed by creatine 

kinase): 

ADP + CP + H+ ~-~ ATP + creatine. 

Godt & Nosek have shown (66) that decreasing [CP] from 15 to 

1 mM increases Fmax in skinned fibers and the response is 

not due to a direct effect of CP. The effect of-cp on Fmax is 

probably attributable to the poor buffering of ATP by low [CPJ 

within the skinned fibers (93), since low ATP (and high ADP) 

increases Fmax (60). Cooke & Pate (33) demonstrate that, in 

the absence of an active CP/CK system, ATPase activity of the 

skinned fibers can lead to marked depletion of ATP and 

elevation of ADP within the preparation. Therefore, the effect 

of CP on SR ca2+ loading is more likely related to its role in 

maintaining an adequate spatial and temporal buffering of ATP 

within the skinned fiber preparation. 

In the current study, the ATP concentration in the bathing 

solution was 4.7 mM. This concentration is much higher than. 

the minimal level needed for operating SR ca2+-ATPase (Km = 

113 



0.18 mM ATP (173)). If the distribution of ATP within the 

fiber is uniform, the ATP concentration within the fiber 

should be kept relatively constant by simple diffusion. The 

diffusion gradient .of ATP within a muscle fiber can be 

estimated by the following equation (131): 

Cs - ci = (K * r 2) 1 (4 * D) 

where Cs is the concentration of ATP at the surface of a 

muscle fiber, ci is the concentration of ATP at the center of 

the fiber, K is the rate of ATP consumption by the fiber, r is 

the radius of the fiber, and D is the diffusion coefficient of 

ATP in muscle. Assuming that D = l.l9E+4 cm2jsec (106), K = 
0.52 ~M/ml fiber/sec (Godt, unpublished data) and r = 200 ~m, 

thus Cs - Ci = 10.5 ~M. This indicates that the concentration 

of ATP at the center of a fiber with a diameter of 200 ~m is 

only 10.5 ~M less than that at the surface which-is equivalent 

to the [ATP] in the bathing solution. However, in the present 

research, it appears that CP is needed to buffer the 

concentration of ATP within the fibers. This may indicate that 

there exist some unidentified barriers to the diffusion of ATP 

within the fibers. Compartmentation of ATP within cardiac 

cells has been suggested by Gudjbuarnason et al. (68) and 

Geisbuhler et al. (65). A recent study by Takami et al. 

(188) shows that there are two forms of ATP in rat heart: one 

is detectable by NMR and the other is not. The former seems to 

be free ATP in the cytosol and the latter to be protein-bound 

and mitochondrial ATP. The fact that the inhibitory effect of 

CP seen in the skinned fibers was not found in isolated SR 
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vesicle preparation (156) also supports the possibility of 

intracellular compartmentation of ATP. 

In summary, three factors contribute to the observed result 

of hypoxic solution on the SR ca2+ loading in the skinned 

fibers. During short term loading(< 30 sec), the inhibitory 

effect of Pi on SR ca2+ uptake was predominant. After a longer 

loading times, inhibition of SR ca2+ uptake by Pi was overcome 

by the ability of Pi to precipitate ca2+ within the SR. 

However, this stimulatory effect of Pi on SR ca2+ uptake was 

attenuated due to the poor buffering of ATP by low [CP] within 

the fibers. In intact cells, the situation would be more 

complicated than that in the skinned fiber. The [Ca2+]i is not 

only controlled by the SR but also influenced by the 

sarcolemma and the mitochondria, the latter playing 

significant role only under pathological conditions. 

Therefore, whether an inhibition of SR ca2+ transport by 

hypoxia can be detected or not in intact cells depends on 

whether the inhibitory factors dominate or not and also 

depends on the stimulatory frequency. This may account for the 

discrepancy between different laboratories regarding the 

importance of the availability of activator ca2+ during 

hypoxia (3,95,99,114,119). 

Effect of hypoxic changes on CICR. CICR plays a central 

role in ECC in cardiac muscle. Whether hypoxia interferes with 

this process is an important aspect in understanding the 

mechanism of heart failure under this condition. The present 
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research indicates that the intracellular milieu changes 

associated with short term hypoxia do not affect CICR in 

cardiac muscle (Figure 30). This is consistent with the 

reports by stern et al. (185) and Lederer et al. (113). In 

their studies, the caffeine-induced ca2+ release from the SR 

is not different from control after a few minutes of anoxia 

(185) or metabolic blockade (113). However, those authors do 

not report the effect of anoxia or metabolic inhibition on 

CICR, a process which is not identical to caffeine-induced 

ca2+ release according to Fabiato (50). The current study 

provided direct evidence that CICR was not affected by 

solutions mimicking the intracellular milieu changes 

associated with short term hypoxia. However, this study does 

not exclude the possibility that some components of the milieu 

changes have opposing effects on CICR that counteract each 

other. The effect on CICR of one component of the total 

milieu changes, Pi, was tested. Figure 31 shows that 17.38 mM 

Pi had no effect on CICR. This study suggests that the effect 

of Pi on SR ca2+ loading is due to its effect on the ca2+

ATPase and not to an effect on the ca2+ release process. 

Reversal of SR ca2+-pump by Pi and ADP. It is known that 

different membrane-bound enzymes (e.g., the ~R ca2+-ATPase, 

the F1-ATPase of mitochondria, and the Na+,K+-ATPase of plasma 

membrane) are able to use the energy derived from ionic 

gradients for the synthesis of ATP (35). In vitro studies 

using isolated SR vesicles show that in the absence of ATP and 

in the presence of Pi, ADP and Mg2+, the reaction mediated by 
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the SR ca2+-ATPase can be reversed (see (35) for review). 

This reversal reaction could occur theoretically in late 

hypoxia and ischemia when ATP is exhausted and Pi and ADP are 

built up (88). Figure 32 demonstrates that, in the absence of 

ATP, Pi (17.38 mM) alone or ADP (0.7 mM) alone had no effect 

on SR ca2+ content. However, Pi plus ADP significantly 

decreased the SR ca2+ content. This decrease in ca2+ content 

is not due to an increase in ca2+ release since the pea of 

solutions was 8.5 (below the [Ca2+] required to trigger ca2+ 

release) and the ca2+ release blocker Mg2+ (10 mM) did not 

block this leakage of ca2+ from the SR. Therefore, the 

decrease in ca2+ content caused by high Pi + ADP is probably 

due to reversal of ca2+-ATPase reaction. It is known that Mg2+ 

is needed for the reversal of ca2+-ATPase (35). In the 

solution where Pi and ADP were added together, no Mg2+ was 

added. Nevertheless, this solution significantly decreases the 

SR ca2+ content, with a similar effect to that where Pi, ADP 

and Mg2+ were added together. This result indicates that 

sufficient Mg2+ binds to the enzyme within the fibers and is 

not removed by the washout procedure used. 

It has been recognized that the [Ca2+Ji increases during 

late hypoxia and ischemia (182). Several mechanisms have been 

proposed to explain the phenomenon. One possibility is 

intracellular acidosis (4). Low pH has been shown to.increase 

the amplitude of the ca2+ transient in cardiac cells .(4,153). 

However, acidosis may not fully explain the elevation in 

[Ca2+Ji during ischemia· (98). Another possibility is · 

. . '\!: 
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impairment in the ATP-dependent ca2+ sequestration and 

extrusion mechanisms (5). The present research provides an 

alternative possibility. on one hand, the ca2+ uptake is 

inhibited; on the other hand, ca2+ leaks out of the SR through 

the reversal of ca2+-pump. Taken together, those mechanisms 

could account for the high intracellular ca2+ level found at 

late hypoxia and ischemia. The causal relationship between the 

elevation in [Ca2+] and the ischemic contracture is still 

controversial (98,145). If the ca2+ leakage through the ca2+

ATPase (as demonstrated in the present study) is responsible 

for the increase in [Ca2+]i, the high [Ca2+]i must be the 

result of ATP deprivation. Therefore, logically, the ischemic 

contracture would be primarily caused by ATP exhaustion. This 

is supported by findings of Koretsune & Marban (98) that the 

rise in resting force in perfused hearts after ischemia 

reflects the formation of rigor cross bridges not the increase 

in [Ca2+]i· 
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V.SUMMARY 

In the present research, a number of elements which could 

affect SR ca2+ transport were studied in the skinned cardiac 

muscle fibers. 

It was found that RR significantly increased the ca2+ 

sensitivity of the contractile apparatus but failed to 

inhibit ca2+ release from the SR in the skinned fiber 

preparation. The lack of effect of RR on SR ca2+ release in 

the skinned fiber suggests a heterogeneity in ca2+ release 

from the SR in cardiac muscle. 

Ins(1,4,5)P3 (as well as GTP and GTP-7-S) increased the 

magnitude of force oscillations. However, Ins(1,4,5)P3 neither 

released the majority of ca2+ from the SR nor enhanced the 

ca2+ sensitivity of CICR and had no effect on SR ca2+ loading. 

These results do not support a second messenger role for 

Ins(1,4,5)P3 in cardiac muscle. Instead, Ins(1,4,5)P3 may play 

a pathological role in arrhythmogenesis by enhancing ca2+ 

oscillations. 

cyclic AMP significantly increased SR ca2+ loading and de

creased the ca2+ sensitivity of the contractile apparatus. 

These data support the involvement of PKA in control of 

cardiac contraction. PMA had no effect on either SR ca2+ 

loading or the contractile apparatus. 
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Solutions mimicking the intracellular milieu changes during 

short term hypoxia inhibited SR ca2+ loading in both time- and 

ca2+-dependent manners. The inhibitory effect primarily arised 

from the effect of high Pi on SR ca2+ loading at short term. 

The stimulatory effect of high Pi on SR ca2+ loading at long 

term was offset by the inhibitory effect of low CP on SR ca2+ 

loading. No effect on CICR was found when either total milieu 

changes or only high Pi was tested. These results suggest the 

rapid heart failure observed after short term hypoxia can be 

partly due to inhibition of SR ca2+ uptake by the associated 

intracellular milieu changes. 

The solution containing high Pi, ADP, and Mg2+ but no ATP 

decreased the ca2+ content within the SR presumably through a 

reversal of the SR ca2+-ATPase. This provides one explanation 

for the increase in [Ca2+]i seen in the late hypoxia and 

ischemia. 
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VI. APPENDIX 

A. MEASUREMENT OF APPARENT BINDING CONSTANT OF MgAMPPCP. 

Materials and Methods. Two kinds of solutions were used: 

one for the free Mg2+ calibration (standard solutions) 

containing no ATP and different concentrations of Mg2+; the 

other for the test (test solutions) containing 1 mM free Mg2+ 

and 1 mM MgATP or MgAMPPCP. The amount of AMPPCP required to 

make the solution was calculated by a computer program, 

assuming that the binding constant of MgAMPPCP was the same as 

MgATP. The ionic strength of all solutions was adjusted to 150 

mM by KMS. Other constituents were: 20 mM imidazole, 0.05 mM 

EGTA, pH 7.0, and pCa 8.5. 

Magfura-2 (Molecular Probes) was used as the-Mg2+ 

indicator. The stock dye was made in Fisher buffer solution 

(pH 10.4) and stored at -2o·c. The final concentration in 2 ml 

solution was 2 ~M. A cuvette containing 2 ml of continuously 

stirred solution was placed in. the chamber of the Deltascan 1 

spectrophotometer (Photon Technology International, Inc.). The 

spectrophotometer was controlled by a computer program 

(Deltascan, PTI). The fluorescent intensity produced by 

Magfura-2 was measured at an emission wavelength of 500 nm. 

The measurement was made at room temperature. 

Procedures and calculations. The appropriate excitation 

wavelengths were first determined by scanning the sample from 
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250 to 400 nm with and without sufficient Mg2+ to saturate the 

dye. Figure 1 of the Appendix shows that the peak of the 

fluorescent intensity in the absence of Mg2+ appears at about 

380 nm. After adding 100 ~1 1 M Mgc12 (final concentration = 

35 mM), the peak shifted to about 340 nm. Therefore, the dual 

excitation wavelengths of 340/380 nm was adopted to measure 

the ratio of the fluorescence. 

Figure 2 of the Appendix illustrates the time traces of the 

ratio (R) of the fluorescent intensities resulting from 

excitations at 340 and 380 nm in solutions with different 

concentrations of Mg2+ and without ATP. The traces were 

smoothed by a computer program and the average values were 

obtained. In Figure 3 of Appendix the R values are plotted 

against the Mg2+ concentrations. The relationship between the 

R values and the [Mg2+] is quite linear at low concentration 

of Mg2+ (< 5 mM). This indicates that Magfura-2 is a good Mg2+ 

indicator at the concentrations which are considered 

physiological. The R value gradually plateaus at a high 

concentration of Mg2+. 

Figure 4 of the Appendix plots the linear regression of R's 

of standard solutions in the low Mg2+ concentration and the 

R's of test solutions containing MgATP and MgAMPPCP. The 

solution containing 1 mM free Mg2+ and 1 mM MgATP has a 
.-

similar R value to that of standard solution containing no 
-..•_ -

' . 
ATP. The agreement between R's with and without ATP indicates 

that the binding constant of MgATP used by our computer 
' . 

program is correct. The R value of the solution'co~taining 1 
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Figure l of Appendix. Wavelength scanning of fluorescence 

produced by Magfura-2. Two ml of standard solution 

containing no Mg2+ (see text for constituents) was added to 

cuvette. The solution was continuously stirred. The 

background fluorescence in the absence of Magfura-2 was 

first checked. Two ~M of Magfura-2 was then added to the 

cuvette. The spectrum of the solution was scanned from 250 

to 400 nm by the Deltascan spectrophotometer controlled by a 

computer program. The emission wavelength was at 500 nm. The 

chopper speed was 2oo Hz. The width of light slit was 1.5 

mm. The peak of the fluorescent intensity (ordinate) 

appeared at wavelength about 380 nm (from 375 to 385 nm). 

This indicates that most of Magfura-2 was in a free dye 

form. After the first scanning, ·100 ~1 of 1 M MgC1 2 was 

added ·to solution. The [Mg2+] concent~ation in the solution 

was then about 35 mM. The solution was scanned again under 

same condition. The peak of the second spectrum was shifted 

-to the left at about 340 nm. This indicates that the free 

form of. the dye w~s decreased and the bound form of 

Magfura-2 (to Mg 2+) was increased. These excitation 

wavelengths (340 nmj380 nm) were chosen for the subsequent 

measurement. 
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Figure 2 of Appendix. Tracings of the ratio (R) of 

fluorescence of standard solutions. standard solutions 

contained (mM): 0.05 EGTA, 20 imidazole, pea 8.5, pH 7.0, 

ionic strength 150 adjusted with KMS, and various 

concentrations of Mg2+. The final concentration of Magfura-2 

in solutions was 2 ~M. Excitation wavelengths were 340 and 

380 nm. Emission wavelength was 500 nm. The chopper speed 

was 60 Hz. The ordinate here represents the ratio (R) of

fluorescent intensities excited at 340/380 nm. The sampling 

rate was 20 Hz and total sampling time was 10 sec (shown as 

abscissa). 
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·Figure 3 of Appendix. standard curve for [Mg 2 +] 

calibration. The ratio (R) values from the previous figure 

was plotted against the calculated [Mg2+]. The relationship 

between the R values and [Mg 2+] is relatively linear and 

steep at low [Mg2+] (< 5 mM). The curve gradually flatted at 

high concentration of Mg2+. 



N 
.-i 

rn 
c 
0 ·-....... 
0 ....... ·-u 
X 
Q) 

E 
c 

0 
00 
I") 

........... 
0 
.q-
I") -0 

0 ·-....... 
0 

0::: 

Figure 3 of Appendix; Stand.ard curve for Mg calibration 

3.3 

2.8 

2.3 

1.8. r 

1.3 

0.8 

0.3 
0 5 10 15 20 25 30 35 

Free Mg (mM) 



Figure 4 of Appendix. Linear regression analysis of 

standard curve and test solutions. The linear regression of 

the ratio (R) of standard solutions in the low Mg 2+ 

concentration (<2 mM) is shown here and the Rs of test 

solutions containing MgATP and MgAMPPCP are positioned on 

the regression line. The solution containing 1 mM Mg2+ and 1 

mM MgATP has a similar R value to that of standard solution. 

The R value of the solution containing 1 mM calculated Mg2+ 

and 1 mM MgAMPPCP is higher than that of the standard, 

indicating a weaker binding ability of AMPPCP.for Mg2+. The 

real [Mg 2 +] of those test solutions were calculated 

according to the linear regression analysis (detail see 

text). 
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mM calculated Mg2+ and 1 mM MgAMPPCP is higher than that of 

the standard, indicating a weaker binding ability of AMPPCP 

for Mg2+. 

From the linear regression equation of the standard 

solutions (y = 0.22x + 0.42, where y is the R value and x is 

the Mg2+ concentration), the real Mg2+ concentrations in 

solutions with MgATP and MgAMPPCP were obtained by solving the 

x value of the equation where y is the known R value measured. 

The real Mg2+ in the solution containing MgATP is 1.025 mM, 

very close to 1 mM calculated by the computer program. The 

real Mg2+ in the solution containing MgAMPPCP is 1.14 mM, 

higher than the value calculated assuming that the binding 

constant of MgAMPPCP is equal to that of MgATP. 

The binding constant of MgAMPPCP can be calculated 

accord~ng to the following equations: 

Mg2+ + AMPPCPfree ~--~ MgAMPPCP 

K = MgAMPPCP / (Mg2+ * AMPPCPfreel 

Mgtotal = 

(1) 

(2) 

Mg2+ + MgAMPPCP + Mg bound to other ionic species (3) 

MgAMPPCP = 

Mgtotal - Mg2+ - Mg bound to other ionic species (4) 

AMPPCPtotal = 
AMPPCPfree + MgAMPPCP + AMPPCP bound to other species (5) 

AMPPCPfree = 

AMPPCPtotal - MgAMPPCP - AMPPCP bound to other species (6) 
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To solve equation (2), equations (4) and (6) must be solved 

first. In equation (4), Mgtotal is the amount of magnesium 

actually added to solutions. This is a known parameter. Mg2+ 

is the free Mg2+ value determined from the Magfura-2 

experiment. Mg bound to other ionic species is not significant 

in our solutions, according to the computer program. 

Therefore, equation (4) can be simplified as: 

MgAMPPCP = Mgtotal - Mg2+ (7) 

In equation (6), AMPPCPtotal is the amount of this agent 

actually added to solution. MgAMPPCP is the result of equation 

(7). AMPPCP bound to other ionic species is not known. Based 

on a structure that is similar to ATP, the AMPPCP bound to 

other species can be assumed to be insignificant. Therefore, 

equation (6) can be simplified as follows: 

AMPPCPfree = AMPPCPtotal - MgAMPPCP (8) 

However, after this modification, K is no longer the true 

binding constant but rather the apparent binding constant K'. 

K' for MgAMPPCP can be calculated by solving equations (7), 

(8), and (2) and is equal to 3.311. Using the same technique, 

the K' for MgATP was calculated to be 9.52; i.e., K'(MgATP) I 

K'(MgAMPPCP) = 2.8748. This means that the ability of AMPPCP 

to bind Mg2+ is apparently 2.8 times lower than that of ATP 

according to our calculation. The true binding constant of 

MgAMPPCP was deduced by dividing the true binding constant of 

MgATP (1.05 E+7) by a factor of 2.8748. This value (3.65 E+6) 

was used in our computer program to calculate the constituents 

of solutions where ATP was replaced by AMPPCP. 
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B. MEASUREMENT OF CALCIUM ACTIVITY BY ELECTRODES. 

The standard solution consisted of the following 

constituents (mM): 1 EGTA, 10 imidazole, ionic strength 12 

(adjusted by KMS), pH 7 (adjusted by KOH or HMS), pea from 7-4 

(adjusted by CaC12). 

A ca2+ selective electrode (Kwik-Tip from World Precision 

Instruments, Inc.) was filled with 0.1 M cac12 • The reference 

electrode (also Kwik-Tip) was filled with 3 M KCl. Both elec-

trades were connected to a Digital !analyzer (model 701, Orion 

Research). The ca2+ activity in solutions was expressed as mV. 

Figure 5 of the Appendix shows a standard curve of a series 

of solutions with minimal ions (ionic strength of 12) and 

relatively constant ca2+ concentrations calculated by our 

computer program. The relationship between the measured 

voltages and the calculated [Ca2+] is sigmoid, -with a 

relatively linear and steep range between pea 6 to 5. To check 

the ability of Chelex 100 (Bio-Rad) to chelate ca2+ from 

solutions, a test solution made by adding stock cacl2 to water 

with a estimated (not computer-calculated) pea of 5 was 

examined before and after passing it through the Chelex 

column. The result is shown in Figure 5 of the Appendix. 

Before chelating, the solution had a pea close to 5. After 

chelating, the pea went to nearly 7. This indicates that 

Chelex 100 chelated most of the ca2+ in the solution. 

Therefore, Chelex 100 was routinely used to remove ca2+ 

contamination from water and some stock solutions. 
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Figure 5 of Appendix. ca2+ activities of standard and 

test solutions. The constituents of standard solutions are 

detailed in the text. ca2+ activities were determined by a 

ca2+ selective electrode. The ca2+ activity in solutions is 

expressed as mV (ordinate). The standard curve for ca2+ 

calibration is shown here as open circles. The relationship 

between the measured voltages and the calculated [Ca2+] is 

sigmoidal. A test solution (made by adding stock CaC12 to 

water) with an estimated pea of 5 was examined before and 

after passing it through the Chelex 100 column. Before 

chelating, the solution had a pea close to 5, after 

chelating, the pea increased to close to pea 7. This indi

cates that Chelex 100 can effectively chelate most of the 

ea2+ in the solution. 



0 
M 
.-< 

Figure 5 of Appendix. Standard curve of Co activities 

~ 

> 
E ....._., 
Q) 

-20 

-40 

-60 

-80 

~ -100 
..+J 

0 
> -120 

-140 

~~~·~--~~~~ I before cheloting I 

-- --J otter chelating 1 

-1601---~--~~--+----r--~~--~--~~~ 
7.0 6.5 6.0 5.5 5.0 4.5 3.5 4.0 

pCa 



VII. REFERENCES 

1. ALLEN, D.G., D.A. EISNER, J.S. PIROLO, and G.L. SMITH. 
The relationship between intracellular calcium and contraction 
in calcium-overloaded ferret papillary muscle. J. Physiol. 
(London) 364:169-182, 1985. 

2. ALLEN, D.G., P.G. MORRIS, C.H. ORCHARD, and J.S. PIROLO. 
A nuclear magnetic resonance study of metabolism in the ferret 
heart during hypoxia and inhibition of glycolysis. ~ 
Physiol. (London) 361:185-204, 1985. 

3. ALLEN, D.G., and C.H. ORCHARD. The effect of hypoxia and 
metabolic inhibition on intracellular calcium in mammalian 
heart muscle. J. Physiol. (London) 339:102-122, 1983. 

4. ALLEN, D.G., and C.H. ORCHARD. Measurements of 
intracellular calcium concentration in heart muscle: the 
effect of inotropic interventions and hypoxia. J. Mol. Cell. 
Cardiel. 16:117-128, 1984. 

5. ALLEN, D.G., and C.H. ORCHARD. Myocardial contractile 
function during ischemia and hypoxia. eire. Res. 60:153-168, 
1987. 

6. ALLSHIRE, A., H.M. PI~ER, K.S.R. CUTHBERTSON, and P.H •. 
COBBOLD. Cytosolic free ca + in single rat heart cells during 
anoxia and reoxygenation. Biochel!l. J. 244:381-385, 1987 .•. 

7. ANDERSON, K., F.A. LAI, Q.Y. LIU, E. ROUSSEAU, H.P. 
ERICKSON, and G. MEISSNER. Structural and functional 
ch2racterization of the purified cardiac ryanodine receptor
Ca~ release channel complex. J. Biol. Chem. 264:1329-1335, 
1989. 

8. APPELT, D., B. BUENVIAJE, C. CHAMP, and C. FRANZINI
ARMSTRONG. Quantitation of 'junctional feet' content in two 
types of muscle fiber from hind limb muscles of the rat. 
Tissue Cell 21:783-794, 1989. 

9. BANGHAM, A.D., and R.W. HORNE. Action of saponin on 
biological cell membranes·. Nature 196:952-953, 1962. 

10. BAUX, G., M. SIMONNEAU, and L. TAUC. Transmitter release: 
ruthenium red used to demonstrate a possible role of sialic 
acid containing substrates. J. Physiol. (London) 291:161-
178, 1979. 

131 



11. BAYLOR, S.M., S. HOLLINGWORTH, and M.W. MARSHALL. Effects 
of intracellular ruthenium red on excitation-contraction 
coupling in intact frog skeletal muscle fibres. J. Physiol. 
(Londl 408:617-635, 1989. 

12. BERG, I., A.H. GUSE, and G. GERCKEN. Carbamoylcholine
induced accumulation of inositol mono-, bis-, tris-, and 
tetrakisphosphate in isolated cardiac myocytes from adult 
rats. Biochem. Biophys. Acta 1010:100-107, 1989. 

13. BERRIDGE, M.J., and A. GALLONE. Cytosolic calcium 
oscillators. FASEB J 2:3074-3082, 1988. 

14. BERRIDGE, M.J., and R.F. IRVINE. Inositol trisphosphate, 
a novel second-messenger in cellular signal transduction. 
Nature Land. 312:315-321, 1984. 

15. BERRIDGE, M.J., and R.F. IRVINE. Inositol phosphates and 
cell signalling. Nature 341:197-205, 1989. 

16. BEUCKELMANN, D.J., and W.G. WEIR. Mechanism of release of 
calcium from sarcoplasmic reticulum of guinea pig cardiac 
cells. J. Physiol. (Land) 405:233-255·, 1988. 

17. BLAYNEY, L., H. THOMAS, J. MUIR, and A. HENDERSON. Action 
of caffeine on calcium transport by isolated fractions of 
myofibrils, mitochondria, and sarcoplasmic reticulum from 
rabbit heart. Circ. Res. 43:520-526, 1978. 

18. BLOCK, B.A., T.· IMAGAWA, K.P. CAMPBELL, and-C. FRANZINI
ARMSTRONG. Structural evidence for direct interaction between 
the molecular components of the transverse tubule/sarcoplasmic 
reticulum junction in skeletal muscle. J. Cell Biol. 
107:2587-2600, 1988. 

19. BROWN, J.H., I.L. BUXTON, and L.L BRUNTON. Alphal
adrenergic and muscarinic cholinergic stimulation of 
phosphoinositide hydrolysis in adult rat cardiomyocytes. eire. 
Res. 57:532-537, 1985. 

20. BROWN, J.H., and L.G. JONES. Phosphoinositol metabolism 
in the heart. In: Phosphoinositides and receptor mechanisms, 
(edited by PUTNEY, J.W., JR.) .N.Y.:Alan R. Liss, Inc., 1986, 
p. 245-270. 

21. CAMPBELL, K.P., C. FRANZINI-ARMSTRONG, and A.E. SHAMOO. 
Further characterization of light and heavy sarcoplasmic 
reticulum vesicles: ·identification of the "sarcoplasmic 
reticulum feet" associated with heavy sarcoplasmic reticulum 
vesicles. Biochim. Biophys. Acta 602:97-116, 1980. 

22. CAMPBELL, K.P., D.H. MACLENNAN, A.O. JORGENSEN, and A.C. 
MINTSER. Purification and characterization of calsequestrin 
from canine cardiac sarcoplasmic reticulum and identification 

132 



of the 53,000 dalton glycoprotein. J. Biol. Chern. 258:1197-
1204, 1983. 

23. CANNELL, M.B., J.R. BERLIN, and W.J. LEDERER. Effect of 
membrane potential changes on the calcium transient in single 
rat cardiac muscle cells. Science 238:1419-1423, 1987. 

24. CAPOGROSSI, M.C., S.R. HOUSER, A. BAHINSKI, and E.G. 
LAKATTA. Synchronous occurrence of spontaneous localized 
calcium release from the sarcoplasmic reticulum generates 
action potentials in rat cardiac ventricular myocytes at 
normal resting membrane potential. eire. Res. 61:498-503, 
1987. 

25. CAPOGROSSI, M.C., T. KAKU, C.R. FILBURN, D.J. PELTO, R.G. 
HANSFORD, H.A. SPURGEON, and E.G. LAKATTA. Phorbol ester and 
dioctanoylglycerol stimulate membrane association of protein 
kinase c and have a neg~tive inotropic effect mediated by 
changes in cytosolic Ca + in adult rat cardiac myocytes. eire. 
Res. 66:1143-1155, 1990. 

26. CARLEY, w.w., and E. RACKER. ATP-dependent phosphate 
transport in sarcoplasmic reticulum and reconstituted· 
proteoliposomes. Biochim. Biophys. Acta 680:187-193, 1982. 

27. CARMELIET, E. cardiac transmembrane potentials and 
metabolism. eire. Res. 42:577-587, 1978. 

28. cASWELL, A.H., and N.R. BRANDT. Does muscle activation 
occur by direct mechanical coupling of transverse tubules to 
sarcoplasmic reticulum. TIBS 14:161-165, 1989. 

29. CHADWICK, C.C., M. INUI, and S. FLEISCHER. Identification 
and purification of a transverse tubule coupling protein which 
binds to the ryanodine receptor of terminal cisternae at the 
triad junction in skeletal muscle. Methods Enzvmol. 
17664:2147--28928, 1988. 

30. CHADWICK, C.C., A. SAITO, and S. FLEISCHER. Isolation and 
characterization of the inositol trisphosphate receptor from 
smooth muscle. Proc. Natl. Acad. Sci. USA 87:2132-2136, 1990. 

31. CHAMBERLAIN, B.K., P. VOLPE, and S. FLEISCHER. Inhibition 
of calcium-induced calcium release from purified cardiac 
sarcoplasmic reticulum vesicles. J. Biol. Chern. 259:7547-7553, 
1984. 

' 32. CHIESI, M., R. SCHWALLER, and G. CALVIELLO. Inhibition of 
rapid Ca release from isolated cardiac sarcoplasmic reticulum 
cisternae. Ann. NY Acad. Sci. 560:470-472; 1989. 

33. COOKE, R., and E. PATE. The effects of ADP and phosphate 
on the contraction of muscle fibers. Biophys. J. 48:789-798, 
1985. 

133 



34. DE MEIS, L., and G. INESI. Effects of organic solv~nts, 
methylamines, and urea on the affinity for Pi of the Ca +_ 
ATPase of sarcoplasmic reticulum. J. Biol. Chem. 263:157-161, 
1988. 

35. DEMEIS, L. Approaches to studying the mechanisms of ATP 
synthesis in sarcoplasmic reticulum. Methods Enzymol. 
157:190-206, 1988. 

36. DIVIRGILIO, F., G. SALVIATI, T. POZZAN, and P. VOLPE. Is 
a guanine nucleotide-binding protein involved in excitation
contraction coupling in skeletal muscle?. EMBO J. 5:259-262, 
1986. 

37. DONALDSON, S.K., N.D. GOLDBERG, T.F. WALSETH, and D.A. 
HUETTEMAN. Inositol triphosphate stimula.tes calcium release 
from peeled skeletal muscle fibers. Biochem. Biophys. Acta 
927:92-99, 1987. 

38. DONALDSON, S.K., N.D. GOLDBERG, T.F. WALSETH, and D.A. 
HUETTEMAN. Voltage dependence ~f inositol 
1,4,5-trisphosphate-induced ca + release in peeled skeletal 
muscle fibers. Proc. Natl. Acad. Sci. USA 85:5749-5753, 1988. 

39. DASEMECI, A., R.S. DHALLAN, N.M. COHEN, W.J. LEDERER, and 
T.B. ROGERS. Phorbol ester increases.calcium current and 
simulates the effects on angiotensin II on cultured neonatal 
rat heart myocytes. eire. Res. 62:347-357, 1988. 

40. EHRLICH, B.E., and J. WATRAS. Inositol 1,4,5-
trisphosphate activates a channel from smooth muscle 
sarcoplasmic reticulum. Nature 336:583-586, 1988. 

41. EISNER, D.A., D.G. ALLEN, and C.H. ORCHARD. The 
regulation of resting calcium concentration in cardiac muscle, 
In: Control and Manipulation of calcium Movement, (edited by 
PARRATT, J.R.).London:Raver Press, 1985, p. 65-86. 

42. ELLIOTT, A.C., G.L. SMITH, and D.G. ALLEN. Simultaneous 
measurement of action potential duration and intracellular ATP 
in isolated ferret hearts exposed to cyanide. eire; Res. 
64:583-591, 1989. 

43. ENDO, M. Calcium release from the sarcoplasmic reticulum. 
Physiol. Rev. 57:71-108, 1977. 

44. ENDO, M., and M. IINO. Specific perforation.of muscle 
cell membranes with preserved SR functions by saponin 
treatment. J. Muscle Res. Cell Motil. 1:89-92, ·1980: 

45. ENDO, M., 
skinned fibers 
25, 1988. 

and M. IINO. Measurement of ca2+ release in 
from skeletal muscle. Methods Enzymol. 157:12-

' - -· -· . 

134 



46. ENDO, M., and T. KITAZAWA. E-C coupling studies on 
skinned cardiac fibers. In: Biophysical aspects of cardiac 
muscle, (edited by MORAD, M.).New York:Academic Press, 1978, 
p 0 307-327 0 

47. ENOMOTO, Y., K. ITO, Y. KAWAGOE, Y. MORIO, andY. 
YAMASAKI. Positive inotropic action of saponin on isolated 
atrial and papillary muscles from the guinea-pig. Br. J. 
Pharmacal. 88:259-267, 1986. 

48. FABIATO, A. Calcium-induced release of calcium from the 
cardiac sarcoplasmic reticulum. Am. J. Physiol. 245:Cl-C4, 
1983. 

49. FABIATO, A. Spontaneous versus triggered contraction of 
"calcium-tolerant" cardiac cells from the adult rat ventricle. 
Basic Res. Cardiel. 80 (Suppl. 2):83-87, 1985. 

50. FABIATO, A. Effects of ryanodine in skinned cardiac 
cells. Fed. Proc. 44:2970-2976, 1985. 

51. FABIATO, A. Time and calcium dependence of activation and 
inactivation of calcium-induced release of calcium from the 
sarcoplasmic reticulum of a skinned canine cardiac Purkinje 
cell. J. Gen. Physiol. 85:247-289, 1985. 

52. FABIATO, A. Mechanism and physiological relevance of 
calcium-induced release of calcium from the cardiac 
sarcoplasmic reticulum; Comparison with inositol (1,4,5)
trisphosphate-induced release of calcium. J. Mol. Cell. 
Cardiel. 20 (Suppl.IV) :S16, 1988. (Abstract) 

53. FABIATO, A. Appraisal of the physiological relevance of 
two hypotheses for the mechanism of calcium release from the 
mammalian cardiac sarcoplasmic reticulum: Calcium-induced 
release versus charge-coupled release. Mol. Cell. Biochem. 
89:135-140, 1989. ~ 

54. FABIATO, A., and F. FABIATO. Activation of skinned 
cardiac cells:Subcellular effects of cardioactive drugs. Eur. 
J. Cardiel. 1/2:143-155, 1973. 

55. FABIATO, A., and F. FABIATO. Effects of magnesium on 
contractile activation of skinned cardiac cells. J. Physiol. 
(London) 249:497-517, 1975. 

56. FABIATO, A., and F. FABIATO. Calcium-induced release of 
calcium from the sarcoplasmic reticulum of skinned cells from 
adult human, dog, cat, rabbit, rat, and frog hearts and from 
fetal and new-born rat ventricles. Ann. NY Acad. Sci. 491-522, 
1978. 

135 



57. FABIATO, A., and R. FABIATO. Techniques of skinned 
cardiac cells and of isolated cardiac fibers with disrupted 
sarcolemmas with reference to the effects of catecholamines 
and of caffeine. In: Recent advances in studies on cardiac 
structure and metabolism. Vol. 9: The sarcolemma,( edited by 
ROY, P.E., and N.S DHALLA) .Baltimore:University Park Press, 
1976, p. 71-94. 

58. FAN6, G., S. BELIA, S. FULLE, P. ANGELELLA, F. PANARA, V. 
MARSILI, and R. PASCOLINI. Functional aspects of calcium 
transport in sarcoplasmic reticulum vesicles derived from frog 
skeletal muscle treated with saponin. J. Muscle Res. Cell 
Motil. 10:326-330, 1989. 

59. FEINSTEIN, M.B. Effects of experimental congestive heart 
failure, ouabin, and asphyxia on the high-energy phosphate and 
creatine content of guinea-pig heart. eire. Res. 10:333-346, 
1962. 

60. FERENZCI, M.A., Y.E. GOLDMAN, and R.M. SIMMONS. The 
dependence of force and shortening velocity on substrate 
concentration in skinned muscle fibres from Rana temporaria. 
J. Physiol. (London) 350:519-543, 1984. 

61. FLEISCHER, S., E.M. ~GUNBUNMI, M.C. DIXON, and E.A.M. 
FLEER. Localization of Ca + release channels with ryanodine in 
junctional terminal cisternae of sarcoplasmic reticulum of 
fast skeletal muscle. Proc. Natl. Acad. Sci. USA 82:7256-7259, 
1985. 

62. FORBES, M.S., and N. SPERELAKIS. Ruthenium red staining 
of skeletal and cardiac muscles. Cell Tissue Res. 200:367-382, 
1979. 

63 .• FRANZINI-ARMSTRONG, C. Structure of sarcoplasmic 
reticulum. Fed. Proc. 39:2403-2409, 1980. 

64. FRANZINI-ARMSTRONG, C., L.J. KENNEY, and E. VARRIANO
MARSTON. The structure of calsequestrin in triads of 
vertebrate skeletal muscle: a deep-etch study. J. Cell Biol. 
105:49-56, 1987. 

65. GEISBUHLER, T., R.A. ALTSCHULD, R.W. TREWYN, A.Z. ANSEL, 
K. LAMKA, and G.P. BRIERLEY. Adenine nucleotide metabolism and 
compartmentalization in isolated adult rat heart cells. eire. 
~ 54:536-546, 1984. 

66. GODT, R.E., and T.M. NOSEK. Changes of intracellular 
milieu with fatigue or hypoxia depress contraction of skinned 
rabbit skeletal and cardiac muscle. J. Physiol. (London) 
412:155-180, 1989. 

67. GOUL~, G.w2~ J.M. MCWHIRTER, J.M. EAST, and A.~. LEE. A 
fast passJ.ve Ca efflux mediated by the (Ca2+ + Mg +)-ATPase 

l36 



in reconstituted vesicles. Biochim. Biophys. Acta 904:45-54, 
1987. 

68. GUDBJARNASON, S., P. MATHES, and K.G. RAVENS. Functional 
compartmentation of ATP and creatine phosphate in heart 
muscle. J. Mol. Cell. Cardiel. 1:325-339, 1970. 

69. GUPTA, M.P., I.R. INNES, and N.S. DHALLA. Responses of 
contractile function to ruthenium red in rat heart. Am. J. 
Physiol. 255:H1413-H1420, 1988. 

70. HASSELBACH, W., and H. OETLIKER. Energetics and 
electrogenicity of the sarcoplasmic reticulum calcium pump. 
Ann. Rev. Physiol. 45:325-339, 1983. 

71. HEATHERS, G.P., A.S. EVERS, and P.B. CORR. Enhanced 
inositol trisphosphate response to a1-adrenergic stimulation 
in cardiac myocytes exposed to hypox1a. J. Clin. Invest. 
83:1409-1413, 1989. 

72. HERZIG, J.W., G. KOHLER, G. PFITZER, J.C. RUEGG, and G. 
WOLFFLE. cyclic AMP inhibits contractility of detergent 
treated glycerol extracted cardiac muscle. Pfluqers Arch. 
391:208-212, 1981. 

73. HESS, M.L., S.M. KRAUSE, and L.J. GREENFIELD. Assessment 
of hypothermic, cardioplegic protection of the global ischemic 
canine myocardium. J. Thorac. Cardiovasc. Surq. 80:293-301, 
1980. 

74. HESS, P., and W.G. WIER. Excitation-contraction coupling 
in cardiac purkinje fibers. J. Gen. Physiol. 83:417-433, 1984. 

75. HILKERT, R.J., N.F. ZAIDI, C.F. LAGENAUR, and G. SALAMA. 
Immunoaffinity purifie~ 106-kDa protein from sarcoplasmic 
reticulum (SRl is a Ca + release channel modulated by agents 
that alter ca2+ release. Biophys. J. 57:275a, 1990.(Abstract) 

76. HIRATA, M., E. SUEMATSU, T. HOSHIMOTO, T. HAMIACHI, and 
T. KOGA. Release of ca2+ from a non-mitochondrial store site 
in peritoneal macrophages treated with saponin by, inositol 
1,4,5-trisphosphate. Biochem. J. 233:229-236, 1984. 

77. HUXLEY, A.F., and R.E. TAYLOR. Local activation of 
striated muscle fibers. J. Physiol. (London) 144:426-441, 
1958. 

78. IKEMOTO, N., M. RONJAT, L.G. MESZAROS, and M. KOSHITA. 
Postulated role of calsequestrin in the regulation of calcium 
release from sarcoplasmic reticulum. Biochemistry 28:6764-
6771, 1989. 

79. IMAGAWA, T., J.S. SMITH, R. CORONADO,.and K.P. CAMPBELL. 
Purified ryanodine receptor from skeletal. muscle sarcoplasmic 

137 



reticulum is the ca-permeable pore of the calcium release 
channel. J. Biol. Chern. 262:16636-16643, 1987. 

80. INESI, G. Mechanism of calcium transport. Ann. Rev. 
Physiol. 47:573-601, 1985. 

81. INESI, G., and L. DE MEIS. Regulation of steady state 
filling in sarcoplasmic reticulum. Roles of back-inhibition, 
leakage, and slippage of the calcium pump. J. Biol. Chern. 
264:5929-5936, 1989. 

82. INUI, M., S. WANG, A. SAITO, and S. FLEISCHER. 
Characterization of junctional and longitudinal sarcoplasmic 
reticulum from heart muscle. J. Biol. Chern. 263:10843-10850, 
1988. . 

83. JONES, L.R., and S.E. CALA. Biochemical evidence for 
junctional heterogeneity of .cardiac sarcoplasmic reticulum 
vesicles. J. Biol. Chern. 256:11809-11818, 1981. 

84. JORGENSEN, A.O., R. BRODERICK, A.P. SOMLYO, and A.V. 
SOMLYO. Two structurally distinct calcium storage sites in rat 
cardiac sarcoplasmic reticulum:· an electron ·microprobe 
analysis study. eire. Res. 63: 1060-1069, '1988. 

85. JORGENSEN, A.O., A.C.-Y. SHEN~ P. DALY, and D.H. 
MACLENNAN. Localization of ca2+ Mg~+-ATPase of the 
sarcoplasmic reticulum in adult rat papillary muscle. J. Biol. 
Chern. 93:883-892,-1982. 

86. KAKEI, M., A. NOMA, and T. SHIBASAKI. Properties of 
adenosine-triphosphate-regulated potassium channels in 
guinea-pig ventricular cells. J. Physiol. fLond) 363:441-462, 
1985. 

87. KAMMERMEIER, H., and E. ROEB. Is force production in the 
hypoxic myocardium dependent on cytosolic inorganic 
phosphate?. Pflugers Arch. 410:671-673, 1987. 

88. KAMMERMEIER, H., P. SCHMIDT, and E. JUNGLING. Free energy 
change of ATP-hydrolysis: a causal factor of early hypoxic 
failure of the myocardium. J. Mol. Cell. Cardiol. 14:267-277, 
1982. 

89. KATOH,· N., B.C. WISE, and J.F. KUO. Phosphorylation of 
cardiac troponin inhibitory subunit (troponin I) and 
tropomyosin-binding subunit (troponin T) py cardiac . 
phospholipid-sensitive Ca2+-dependent protein kinase. Biochem. 
iL.. 209:189-195, 1983. ::•... . 

90. KATZ, A.M. Interplay between inotropic and lusitropic 
effects of cyclic adenosine monophosphate on the myocardial 
cell. Circulation 82 (suppl I):I-7-I-11, 1990. 

138 

·.' 



91. KATZ, A.M., H. TAKENAKA, and J. WATRAS. The sarcoplasmic 
reticulum. In: The Heart and cardiovascular System,( edited by 
FOZZARD, H.A., E. HABER, R.B. JENNINGS, and A.M. KATZ).New 
York:Raven Press, 1986, p. 731-746. 

92. KAWAMOTO, R.M., J.-P. BUNSCHWIG, K.C. KIM, and A.H. 
CASWELL. Isolation, characterization, and localization of the 
spanning protein from skeletal muscle triads. J. Cell Biol. 
103:1405-1415, 1986. 

93. KENTISH, J.C. The effects of inorganic phosphate and 
creatine phosphate on force production in skinned muscles from 
rat ventricle. J. Physiol. CLondonl 370:585-604, 1986. 

94. KENTISH, J.C., R.J. BARSOTTI, T.J. LEA, I.P. MULLIGAN, 
J.R. PATEL, and M.A. FERENCZ!. Calcium release from cardiac 
sarcoplasmic reticulum induced by photorelease of calcium or 
Ins(1,4,5)P3. Am. J. Physiol. 258:H610-H615, 1990. 

95. KIHARA, Y., W. GROSSMAN, and J.P. MORGAN. Direct 
measurement of changes in intracellular calcium transients 
during hypoxia, ischemia, and reperfusion of the intact 
mammalian heart. eire. Res. 65:1029-1044~ 1989. 

96. KITADA, Yi+ A. NARIMATSU, N. MATSUMURA, and M. ENDO. 
Increase in Ca sensitivity of the contractile system by 
MCI-154, a novel cardiotonic agent, in chemically skinned 
fibers from the guinea pig papillary muscles. J. Pharmacol. 
Exp. Ther. 243:633-638, 1987. 

97. KOBAYASHI, S., A.P. SOMLYO, and A.V. SOMLYO. Guanine 
nucleotide- and inositol 1,4,5-trisphosphate-induced calcium 
release in raboit main pulmonary artery. J. Physiol. CLondonl 
403:601-619, 1988. 

98. KORETSUNE, Y., and E. MAREAN. Mechanism of ischemic 
contracture in ferret hearts: relative roles of [Ca2+]i 
elevation and ATP depletion. Am. J. Physiol. 258:H9-H16, 1990. 

99. KORETSUNE, Y., and E. MAREAN. Relative roles of ca2+
dependent and ca2+-independent mechanisms in hypoxic 
contractile dysfunction. circulation 82:528-535, 1990. 

100. KRANIAS, E.G.,. R.C. GUPTA, G. JAKAB, H.W. KIM, N.A.E. 
STEENAART, and S.T. RAPUNDALO. The role of protein kinases and 
protein phosphatase in the regulation of cardiac sarcoplasmic 
reticulum function. Mol. Cell. Biochem. 82:37-44, 1988. 

101. KRAUSE, s., and M.L. HESS. Characterization of cardiac 
sarcoplasmic reticulum dysfunction during short-term, 
normothermic global ischemia. eire. Res. 55:176-184, 1984. 

102. KREBS, E.G. The phosphorylation of proteins: a major 
mechanism for biological regulation. Biochem. Soc. Trans. 

139 



13:813-820, 1985. 

103. KUBLER, w., and A.M. KATZ. Mechanism of early "pump" 
failure of the ischemic heart: Possible role of adenosine 
triphosphate depletion and inorganic phosphate accumulation. 
Am. J. Cardiel. 40:467-471, 1977. 

104. KUO, J.F., R.G.G. ANDERSSON, B.C. WISE, L. MACKERLOVA, I. 
SALOMONSSON, N.L. BRACKETT, N. KATOH, M. SHOJI, and R.W. 
WRENN. Calcium-dependent protein kinase:Widespread occurrence 
in various tissues and phyla of the animal kingdom and 
comparison of effects of phospholipid, calmodulin, and 
trifluoperazine. Proc. Natl. Acad. Sci. USA 77:7039-7043, 
1980. 

105. KUREBAY~SHI, N., andY. OGAWA. Characterization of 
increased Ca + efflux by quercetin from the sarcoplasmic 
reticulum in frog skinned skeletal muscle fibres. J. Muse. 
Res. Cell Motility 7:142-150, 1986. 

106. KUSHMERICK, M.J., and R.J. PODOLSKY. Ionic mobility in 
muscle cells. Science 166:1297-1298, 1969. 

107. KUSUOKA, H., J.K. PORTERFIELD, H.F. 'WEISMAN, M.L. 
WEISFELDT, and E. MARBAN. Pathophysiology and pathogenesis of 
stunned myocardium •. J. Clin. Invest. 79:950-961, 1987. 

108. LACERDA, A.E., D. RAMPE, and A.M. BR~WN. Effects of 
protein kinase c activators on cardiac ca + channels. Nature 
335:249-251, 1988. 

109. LAI, F.A., K. ANDERSON, E. ROUSSEAU, Q.Y. LIU, and G. 
MEISSNER. Evidence for a Ca channel within the ryanodine 
receptor complex from cardiac sarcoplasmic reticulum. Biochem. 
Biophys. Res. Commun. 151:441-449, 1988. 

110. LAI, F.A., H.P. ERICKSON, E. ROUSSEAU, Q.Y. LIU, and G. 
MEISSNER. Purification and reconstitution of the calcium 
release channel from skeletal muscle. Nature 331:315-319, 
1988. 

111. LEATHERMAN, G.F., D. KIM, and T.W. SMITH. Effect of 
phorbol esters on contractile state and calcium flux in 
cultured chick heart cells. Am. J. Physiol. 253:H205-H209, 
1987. 

112. LEDERER, W.J., M.B. CANNELL, N.M. COHEN, and J.R. BERLIN. 
Excitation-contraction coupling in heart muscle. Mol. Cell. 
Biochem. 89:115-119, 1989. 

113. LEDERER, W.J .• , C. G. NICHOLS, and G."L. SMITH. The 
mechanism of early contractile failure of isolated rat 
ventricular myocytes subjected to complete metabolic 
inhibition. J. Physiol. (Lend) 413:329-349, 1989. 

140 



114. LEE, J.A., and D.G. ALLEN. The effects of repeated 
exposure to anoxia on intracellular calcium, glycogen and 
lactate in isolated ferret heart muscle. Pflugers Arch. 
413:83-89, 1988. . 

115. LIMAS, C.J. Phosphorylation of cardiac sarcoplasmic 
reticulum by a calcium-activated, phospholipid-dependent 
protein kinase. Biochem. Biophys. Res. Commun. 96:1378-
1383, 1980. 

116. LINDEMANN, J.P. Alpha-adrenergic stimulation of 
sarcolemmal protein phosphorylation and slow responses in 
intact myocardium. J. Biol. Chem. 261:4860-4867, 1986. 

117. LINDEMANN, J.P., and A.M. WATANABE. Muscarinic 
cholinergic inhibition of beta-adrenergic stimulation of 
phospholamban phosphorylation and ca2+ transport in guinea pig 
ventricles. J. Biol. Chem. 260:13122-13129, 1985. 

118. LUFT, H.J. Ruthenium red and violet. II. Fine structural 
localization in animal tissues. Anat. Res. 171:369-416, 1971. 

119. MACKINNON, R. , J. K. GWATHMEY, and J .'P. MORGAN. 
Differential effects of reoxygenation on intracellular calcium 
and isometric tension. __ Pflugers Arch. 409:448-453, 1987. 

120 •. MACLENNAN, D.H., K.P. CAMPBELL, and R.A.F. REITHMEIER. 
_Calsequestrin. In.: ... Calcium and Cell Function, ( edited by 
CHEUNG, W.Y.) .New York:Academic Press, 1983, p.-151-172. 

121. MACLENNAN, D.H., and P.T.S. WONG. Isolation of a calcium 
sequestering protein from sarcoplasmic reticulum. Proc. Natl. 
Acad. Sci. USA 68:1231-1235, 1971. 

122. MADEIRA, V.M.C., and M.C. ANTUNES-MADEIRA. Interaction of 
ruthenium red with isolated sarcolemma. J. Membrane Biol. 
17:41-50, 1974. 

123. MAREAN, E., and H. KUSUOKA. Maximal ca2+-activated force 
and myofilament sensitivity in intact mammalian hearts. ~ 
Gen. Physiol. 90:609-623, 1987. 

124. MARTONOSI, A. Sarcoplasmic reticulum. V. The structure of 
sarcoplasmic reticulum membranes. Biochim. Biophys. Acta 
150:694-704, 1968. 

125. MATHIAS, R.T., R.A. LEVIS, and R.S. EISENBERG; Electrical 
models of excitation-contraction coupling and charge movement 
in skeletal muscle. J. Gen. Physiol. 76:1-31, 1980. 

126. MCCALLISTER, L.P., A.C. DAIELLO, and G.F.O.- TYERS. 
Morphometric observations of the effects of normothermic 
ischemic arrest on dog myocardial ultrastructure. J. Mol. 

141 



Cell. Cardiel. 10:67-80, 1978. 

127. MEISSNER, G. Adenine nucleotide stimulation of ca-induced 
ca release in sarcoplasmic reticulum. J. Biol. Chem. 
259:2365-2374, 1984. 

128. MEISSNER, G., and J.S. HENDERSON. Rapid calcium release 
from cardiac sarcoplasmic r~ticulum vesicles is dependent on 
ca2+ and is modulated by Mg +, adenine nucleotide, and 
calmodulin. J. Biol. Chem. 262:3065-3073, 1987. 

129. MEISSNER, G., E. ROUSSEAU, and F.A. LAI. St~ctural and 
functional correlation of the trypsin-digested Ca + release 
channel of skeletal muscle sarcoplasmic reticulum. J. Biol. 
Chem. 264:1715-1722, 1989. 

130. MELZER, W., M.F. SCHNEIDER, B.J. SIMON, and G. SZUCS. 
Intramembrane charge movement and calcium release in frog 
skeletal muscle. J. Physiol. (Land) 373:481-511, 1986. 

131. MEYER, R.A., H.L. SWEENEY, and M.J. KUSHMERICK. A simple 
analysis of the "phosphocreatine shuttle". Am. J. Physio1. 
246:C365-C377, 1984. 

132. MITCHELL, R.D., H.K.B. SIMMERMAN, and L.R. JONES. Calcium 
binding effects on protein conformation and protein 
interactions of canine cardiac calsequestrin. J. Biol. Chem. 
263:1376-1381, 1988. 

133. MIYAMOTO, H., and E. RACKER. Mechanism of calcium release 
from skeletal sarcoplasmic reticulum. J. Membrane Bio1. 
66:193-201, 1982. 

134. MOPE, L., G.B. MCCLELLAN, and S. WINEGRAD. Calcium 
sensitivity of the contractile system and phosphorylation of 
troponin in hyperpermeable cardiac cells. J. Gen. Physiol. 
75:271-282, 1980. 

135. MORAD, M., andY. GOLDMAN. Excitation-contraction 
coupling in heart muscle: membrane control of development of 
tension. Frog. Biophys. Mol. Biol. 27:257-313, 1973. 

136. MOVSESIAN, M.A., M. NISHIKAWA, and R.S. ADELSTEIN. 
Phosphorylation of phospholamban by calcium~activated, · 
phospholipid-dependent protein kinase. Stimulation of cardiac 
sarcoplasmic reticulum calcium uptake. J. Biol. Chem. 
259:8029-8032, 1984. 

137. MOVSESIAN, M.A., A.P. THOMAS, M. SELAK, andJ.R. : _ _.: · 
WILLIAMSON. Inositol trisphosphate does not release ca2+ ·fr:om · · 
permeabilized cardiac myocytes and sarcoplasmic reticulum. 
FEBS Lett. 185:329-332, 1985. 

138. MESZAROS, L.G., and N. IKEMOTO. Non-identical behavior of 

142 



the ca2+-ATPase in the terminal cisternae and the longitudinal 
tubules fractions of sarcoplasmic reticulum. Eur. J. Biochem. 
186:677-681, 1989. 

139. NAYLER, W.G., P.A. POOLE-WILSON, and A. WILLIAMS. Hypoxia 
and calcium. J. Mol. Cell. Cardiel. 11:683-706, 1979. 

140. NISHIZUKA, Y. Studies and perspectives of protein kinase 
C. Science 233:305-312, 1986. 

141. NISHIZUKA, Y. The family of protein kinase c for signal 
transduction. JAMA 262:1826-1833, 1989. 

142. NOIREAUD, J., C.M. BRIGHT, and D. ELLIS. Effects of 
saponin on contractile force and intracellular ion activities 
of cardiac tissues. J. Mol. Cell. Cardiel. 21:291-298, 1989. 

143. NOLAND, JR., T.A., R.L. RAYNOR, and J.F. KUO. 
Identification of sites phosphorylated in bovine cardiac 
troponin I and troponin T by protein kinase c and comparative 
substrate activity of synthetic peptides containing the 
phosphorylation sites. J. Biol. -Chem. 264:20778-20785, 1989. 

144. NOMA, A. ATP-regulated K+ channels in cardiac muscle. 
Nature 305:147-148, 1983. 

145. NORTHOVER, B.J. Continuous fluorimetric assessment of the 
changes in cytoplasmic calcium concentration during exposure 
of rat isolated myocardium to condition of simulated 
ischaemia. Br. J. Pharmacal. 100:477-4_82, 1990·; 

146. NOSEK, T.M., P.D. CLEIN, and R.E. GODT. Inositol 
trisphosphate has no direct effect on the contractile 
apparatus of skinned cardiac muscles. Pflugers Arch. 1990.(in 
press) 

147. NOSEK, T.M., K.Y. FENDER, and R.E. GODT. It is 
diprotonated inorganic phosphate that depresses force in 
skinned skeletal muscle fibers. Science 236:191-193, 1987. 

148. NOSEK, T.M., V. PERLITZ, A. JAIN, W. DION, M. LONG, Y. 
ZHU, and R. ADAMS. Inorganic phosphate has a dual effect on 
calcium loading of the cardiac sarcoplasmic reticulum. ~ 
Mol. Cell. Cardiel. (submitted) :1990. 

149. NOSEK, T.M., M.F. WILLIAMS, S.T. ZIEGLER, and R.E. GODT. 
Inositol trisphosphate enhances calcium release in skinned 
cardiac and skeletal muscle. Am. J. Physiol. 250:C807-C811, 
1986. 

150. NABAUER, M. 1 G. CALLEWAERT, L. CLEEMANN, and M. MORAD. 
Regulation of calcium release is gated by calcium current, not 
gating charge, in cardiac myocytes. Science 244:800-803, 1989~ 

143 



151. OETLIKER, H. An appraisal of the evidence for a 
sarcoplasmic reticulum potential and its relation to calcium 
release in skeletal muscle. J. Muscle Res. Cell Motil. 3:247-
272, 1982. 

152. OHTA, T., M. ENDO, T. NAKANO, Y. MOROHOSHI, K. WANIKAWA, 
and A. OHGA. ca-induced Ca release in malignant hyperthermia
susceptible pig skeletal muscle. Am• J. Physiol. 256:C358-
C367, 1989. 

153. ORCHARD, c. The effect of acidosis on excitation
contraction coupling in isolated ferret heart muscle. ~ 
Cell. Biochem. 89:169-173, 1989. 

154. OTANI, H., J. OTANI, and D.K. DAS. Alpha1-adrenoceptor
mediated phopshoinositide breakdown and inotropic response in 
rat left ventricular papillary muscles. eire. Res. 62:8-17, 
1988. 

155. OTANI, H., M.R. PRASAD, R.M. ENGELMAN, H. OTANI, G.A. 
CORDIS, and D.K. DAS. Enhanced phosphodiesteratic breakdown 
and turnover of phosphoinositides during reperfusion of 
ischemic rat heart. eire. Res. 63:930-936, 1988. 

156. PERLITZ, V., M.E. LONG, R.J. ADAMS, and T.M. NOSEK. The 
increase in inorganic phosphate associated with short term 
hypoxia depresses ca2+ uptake by cardiac sarcoplasmic 
reticulum. Biophys. J. 1990.(Abstract) 

.. h 2+ 157. PFITZER, G., J.C. RUEGG, and D. EUBLER. T e-·Ca 
activated contraction in "skinned" cardiac muscle is inhibited 
by the catalytic subunit of the c-AMP dependent protein 
kinase. Pflugers Arch. 389 (Suppl):R6, 1981. 

158. PICK, U., and S. BASSILIAN. The effects of ADP, phosphate 
and arsenate on Ca efflux from sarcoplasmic reticulum 
vesicles. =E~u~r~.--~J~.--~B~i~o~ch~em~. 131:393-399, 1983. 

159. POGGIOLI, J., J.C. SULPICE, and G. VASSORT. Inositol 
phosphate production following alpha1-adrenergic, muscarinic, 
or electrical stimulation in isolated rat heart. FEBS Lett. 
206:292-298, 1988. 

160. PRESTI, C.F., B.T. SCOTT, and L.R. JONES. Identification 
of an endogenous protein kinase c activity and its intrinsic 
15-kilodalton substrate in purified canine cardiac sarcolemmal 
vesicles. J. Biol. Chem. 260:13879-13889, ·1985. · 

161. RATTIGAN, S., A.G.M. DAVISON, P.J.F. CLELAND, and M.G. 
CLARK. Effect of phorbol esters on the distribution and total 
activity of protein kinase c in the perfused rat heart. Int. 
J. Biochem. 21:1415-1420, 1989. 

162. RENARD, D., and J. POGGIOLI. Mediation by GTP-1-s and 

144 



ca2+ of inositol trisphosphate generation in rat heart 
membranes. J. Mol. Cell. Cardiel. 22:l3-22, l990. 

l63. RIOS, E., and G. PIZARRO. voltage sensors and calcium 
channels of excitation-contraction coupling. NIPS 3:223-227, 
1988. 

164. ROGERS, T.B., S.T. GAA, C. MASSEY, and A. DASEMECI. 
Protein kinase c inhibits ca2+ accumulation in cardiac 
sarcoplasmic reticulum. J. Bioi. Chem. 265:4302-4308, l990. 

165. RONJAT, M., and N. IKEMOTO. Interactions between 
calsequestrin and the junctional face membrane of sarcoplasmic 
reticulum. Biophys. J. 55:13a, 1989.(Abstract) 

166. ROUSSEAU, E., and G. MEISSNER. Single cardiac 
sarcoplasmic reticulum ca2+-release channel: activation by 
caffeine. Am. J. Physiol. 256:H328-H333, 1989. 

167. RUBTSOV, A.M., and A.J. MURPHY. Caffeine. interaction with 
the Ca-release channels of heavy sarcoplasmic reticulum. 
Evidence that l70 kD ca-binding protein is a caffeine receptor 
of the Ca-channels. Biochem. Biophys. Res. Commun. l54:462-
468, 1988. 

168. SAIDA, K., and C. VAN BREEMEN. GTP requirement for 
inositol-l,4,5-trisphosphate-induced ca2+ release from 
sarcoplasmic reticulum in smooth muscle. Biochem. Biophys. 
Res. commun. l44:l313-1316, 1987. 

169. SCHNEIDER, M.F., and W.K. CHANDLER. Voltage dependent 
charge movement in skeletal muscle: a possible step in 
excitation-contraction coupling. Nature 242:244-246, l973. 

170. SCHWARTZ, A., R.J. ADAMS, I. GRUPP, G. GRUPP, M.J. 
HOLROYDE, R.W. MILLARD, R.J. SOLARO, and E.T. WALLICK. Effects 
of vanadate on myocardial function. Basic Res. Cardiel. 
75:444-451, 1980. 

171. SEIDLER, N.W., I. JONA, M. VEGH, and A.:MARTONO~I. 
cyclopiazonic acid is a specific inhibitor of the ca +_ ATPase 
of sarcoplasmic reticulum. J. Biol. Chem. 264:!7816-17823, 
1989. 

172. SHARMA, G. P., K. G. VARLEY 1 S. W. KIM, J .. BARWINSKY, M. 
COHEN, and N.S. DHALLA. Alterations in energy metabolism and 
ultrastructure upon reperfusion of the ischemic myocardium 
after coronary occlusion. Am. J. Cardiel. 36:234-243, 1976. 

173. SHIGEKAWA, M., J.M. FINEGAN, and A.M. KATZ. Calcium 
transport ATPase of canine cardiac sarcoplasmic reticulum; a 
comparison with that of rabbit fast skeletal muscle 
sarcoplasmic reticulum. J. Biol. Chem. 251:6894-6900, 1976. 

l45 



174. SITSAPESAN, R., and A.J. WILLIAMS. Mechanisms of caffeine 
activation of single calcium-release channels of sheep cardiac 
sarcoplasmic reticulum. J. Physiol. (London) 423:425-439, 
1990. 

175. SMITH, H.J. Depressed contractile function in reperfused 
canine myocardium: metabolism and response to pharmacological 
agents. Cardiovas. Res. 14:458-468, 1980. 

176. SMITH, J.S., E. ROUSSEAU, and G. MEISSNERi Calmodulin 
modulation of single sarcoplasmic reticulum Ca +-release 
channels from cardiac and skeletal muscle. eire. Res. 64:352-
359, 1989. 

177. SOLARO, R.J., A.J.G. MOIR, and S.V. PERRY. 
Phosphorylation of troponin I and the inotropic effect of 
adrenaline in the perfused rabbit heart. Nature 262:615-617, 
1976. 

178. SOMLYO., A.V., M. BOND,. A.P. SOMLYO, and A. SCARPA. 
Inositol trisphosphate-induced calcium release and contraction 
in vascular smooth muscle. Proc. Natl. Acad. Sci. USA 
82:5231-5235, 1985. 

179. SOMLYO, A.V., H. GONZALEZ-SERRATOS, G. MCCLELLAN, and 
A.P. SOMLYO. Calcium release and ionic changes in the 
sarcoplasmic reticulum of tetanized muscle: An electron-probe 
study. J. Cell Biol. 90:577-594, 1981. 

180. SOMMER, J.R., and R.B. JENNINGS. Ultrastructure of 
cardiac muscle. In: The Heart and Cardiovascular System. 
Volume 1, (edited by FOZZARD, H.A., E. HABER, R.B. JENNINGS, 
and A.M. KATZ) .New York:Raven Press, Publishers, 1986, p. 61-
101. 

181. SORDAHL, L.A. Effect of magnesium, ruthenium red and the 
antibiotic ionophore A23187 on initial rates of calcium uptake 
and release by heart mitochondria. Arch. Biochem. Biophys. 
167:108-115, 1975. 

182. STEENBERGEN, C., E. MURPHY, L. LEVY, and R.E. LONDON. 
Elevation in cytosolic free calcium concentration early in 
myocardial ischemia in perfused rat heart. eire. Res. 
60:700-707, 1987. 

183. STEINBERG, S.F., L.M. KAPLAN, T. INOUYE, J.F., ZHANG, and 
R.B. ROBINSON. Alpha-1 adrenergic stimulation of 1,4,5-
inositol trisphosphate formation in ventricular myocytes. ~ 
Pharmacal. Exp. Ther. 250:1141-1148, 1989. 

184. STEPHENSON, D.G., and J.R. WENDT. Effects of procaine on 
·calcium accumulation by the sarcoplasmic reticulum of 
mechanically disrupted rat cardiac muscle. J. Physiol. (Londl 
373:195-207, 1986. 

146 



185. STERN, M.D., H.S. SILVERMAN, S.R. HOUSER, R.A. JOSEPHSON, 
M.C. CAPOGROSSI, C.G. NICHOLS, W.J. LEDERER, and E.G. LAKATTA. 
Anoxic contractile failure in rat heart myocytes is caused by 
failure of intracellular calcium release due to alteration of 
the action potential. Proc. Nat!. Acad. Sci. USA 85:6954-6958, 
1988. 

186. SU, J.Y. Mechanism of ryanodine-induced depression of 
caffeine-induced tension transients in skinned striated rabbit 
muscle fibers. Pflugers Arch. 411:371-377,19,88. 

187. SUKO, J., and w. HASSELBACH. Characterization of cardiac 
sarcoplasmic reticulum ATP-ADP phosphate exchange and 
phosphorylation of the calcium transport adenosine 
triphosphatase. Eur. J. Biochem. 64:123-130, 1976. 

188. TAKAMI, H., E. FURUYA, K. TAGAWA, Y. SEO, M. MURAKAMI, H. 
WATARI, H. MATSUDA, H. HIROSE, and Y. KAWASHIMA. NMR-invisible 
ATP in rat heart and its change in ischemia. J. Biochem. 
104:35-39, 1988. 

189. TANABE, T., A. MIKAMI, S. NUMA, and K.G. BEAM. Cardiac
type excitation-contraction coupling in dysgenic skeletal 
muscle injected with cardiac dihydropyridine receptor eDNA. 
Nature 344:451-453, 1990. 

190. THORPE, W.R., and P. SEEMAN. The site of cation of 
caffeine and procaine in skeletal muscle •. J. Pharmacal. Exp. 
Ther. 179:324-330, 1971. 

191. TIMERMAN, A.P., C.C. CHADWICK, and S. FLEISCHER. 
Phosphorylation states of skeletal muscle ryanodine receptor 
and smooth muscle inositol 1,4,5-trisphosphate receptor. 
Biophys. J. 57:286a, 1990.(Abstract) 

192. VALDEOLMILLOS, M., S.C. O'NEILL, G.L. SMITH, and D.A. 
EISNER. Calcium-induced calcium release activates contraction 
in intact cardiac cells. Pflugers Arch. 413:676~678, 1989. 

193. VERGARA, J., R.Y. TSIEN, and M. DELAY. Inositol 1,4,5-
triphosphate: A possible chemical link in excitation
contraction coupling in muscle. Proc. Natl. Acad. sci. USA 
82:6352-6356, 1985. 

194. VITES, A-M., and A.J. PAPPANO. In~sitol 1,4,5-
trisphosphate release intracellular Ca + in permeabilized 
chick atria. Am. J. Physic!. 258:H1745-H1752, 1990. 

195. VOLPE, P., F. DIVIRGILIO, G. BRUSCHI, G. REGOLISTI, and' 
T. POZZAN. Phosphoinositide metabolism and excitation
contraction coupling in smooth, cardiac and skeletal muscles. 
In: Inositol lipids in cell signalling,( edited by MICHELL, 
R.H., A.H. DRUMMOND, and C.P. DOWNES) .London:Academic Press;. 

147 



1989, p. 377-404. 

196. VOLPE, P., G. SALVIATI, and A. CHU. Calcium-gated calcium 
channels in sarcoplasmic reticulum of rabbit skinned skeletal 
muscle fibers. J. Gen. Physiol. 87:289-303, 1986. 

197. WAGENKNECHT, T., R. GRASSUCCI, J. FRANK, A. SAITO, M. 
INUI, and s. FLEISCHER. Three-dimensional architecture of the 
calcium channeljfoot structure of sarcoplasmic reticulum. 
Nature 338:167-170, 1989. 

198. WAKU, K., Y. UDA, andY. NAKAZAWA. Lipid composition in 
rabbi~ sarcoplasmic reticulum and occurrence of alkyl ether 
phospholipids. J. Biochem. (Tokyo) 69:483-491, 1971. 

199. WATRAS, J., and D. BENEVOLENSKY. Inositol 1,4,5-
trisphosphate-induced calcium release from canine aortic 
sarcoplasmic reticulum vesicles. Biochim. Biophys. Acta 
931:354-363, 1987. 

200. WEBER, A. The mechanism of the action of caffeine on 
sarcoplasmic reticulum. J. Gen. Physiol. 52:760-772, 1968. 

201. WENDT, I.R., and D.G. STEPHENSON. Effect of caffeine on 
Ca-activated force production in skinned cardiac and skeletal 
muscle fibres of the rat. Pfluqers Arch. 398:210-216, 1983. 

202. WIER, W.G., D.T. YUE, and E. MARBAN. Effects of ryanodine 
on intracellular ca2+ transients in mammalian cardiac muscle. 
Fed. Proc. 44:2989-2993, 1985. 

203. WINEGRAD, s. The intracellular site of calcium activation 
of contraction in frog skeletal muscle. J. Gen. Physiol. 
55:77-88, 1970. 

204. WISE, B~C., R.L. RAYNOR, and J.F. KUO. Phospholipid
sensitive ca~+-dependent protein kinase from heart I. 
Purification and general properties. J. Biol. Chem. 
257:8481-8488, 1982. 

205. YUAN, S., F.A. SUNAHARA, and A.K. SEN. Tumor-promoting 
phorbol esters inhibit cardiac functions and induce 
redistribution of protein kinase c in perfused beating rat 
heart. eire. Res. 61:372-378, 1987. 

206. ZAIDI, N.F., C.F. LAGENAUR, R.J. HILKERT, H. XIONG, J.J. 
ABRAMSON, and G. SALAMA Disulfide linkage of biotin 
identifies a 106-kDa ca2+ release channel in sarcoplasmic 
reticulum. J. Biol. chem. 264:21737-21747, 1989. 

148 




