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ABSTRACT

In order to examine the role of changes in calcium transport by

mitochondria and sarcoplasmic reticulum in the pathogenesis of heart Failu;'e,
three types of failing hearts were employed in this study. Both mitochondrial and
microsomal (fragments of sarcoplasmic reticulum) fractions were isolated from
hearts failing due fo oxygen or substrate lack, intracellular calcium deficiency or
overload, and myopathy due to a genetic disorder. The energy dependent calcium
binding and uptake dbilities of the mitochondrial and microsomal fractions were
determined by using the Millipore filtration fef:hnique and 45C0C|2.

In rat hearts perfuséd for 10 minutes with hypoxic medium calcium
binding and uptake by the microsomal fraction decreased significantly. However,
mitochondrial calcium binding, but not uptake, decreased sfgnifican’rly on perfusing
the hearts with hypoxic medium for 20 to 30 minutes when the microsomal calcium
transport was markedly depfessed. Reduction in calcium binding and uptake by
‘the microsomal fraction as well as calcium binding by mitochondria of the hypoxic
hearts recovered towards normal upon reperfusion with control medium. On the
other hand, omitting glucose from the hypoxic medium accelerated the effects of

hypoxia upon contractile force and mitochondria calcium binding as well as

‘mvicrosomol calcium binding and uptake. In contrast to the hypoxic hearts, the

'.'m_i’rochondrial calecium uptake decreased significantly and the magnitude of
dépression in the microsomal calcium binding was appreciably greater in hearts
made to fail to a comparable degree upon perfusion with substrate-free medium.

Heart failure due to intracellular calcium deficiency produced by




perfusing the isolated rat hearts with Ca++ ~free medium resulted in a marked
decline of calcium binding and uptake by mitochondrial fraction without any
effect on the micro;omal fraction. On the other hand, intracellular calcium
overload, produced by reperfusing the rat hearts after 5 to 20 minutes of perfusion
with Cu;H- -free medium, decreased microsomal calcium binding and uptake, and
increased mitochondrial calcium binding and uptake. When the hearts perfused
with Ca++ ~free medium in the presence of low sodium were reperfused with
conirol medium appreciable augmentation in mitochondrial calcium transport and
depression in microsomal calcium did not occur.
Intracellular calcium overload was also produced in rat hearts upon
perfusion with Na' -free or K= ~free medium. Perfusing the hearts with N
~-free medium decreased microsomal calcium binding and uptake wifhbuf any
significant increase in the mitochondrial calcium transporting ability. Reperfusion
of hearts following a 10 minute period of perfusion with Na+ ~free medium resulted
in a partial recovery of the microsomal calcium uptake. On the other hand, not
‘only-were microsomal :calcium binding.and: uptake-decreased,: but-mitochondrial calcium
binding and uptake were also increased on perfusing the hearts with K+ ~free

medium. Both the augmented calcium uptake by mitochondria and the depressed

_calcium uptake by fhe,mi.crosomal fraction did not recover upon reperfusing the
hearts fo||ow‘ing a 10 minute period of perfusion with K" ~free medium.

Both calcium binding and uptake by the microsomal fraction of hearts
from myopathic hamsters (UM X 7.1) were decreased at early, moderate and
severe stages of heart failure. Although calcium.binding by the mitochondrial

fraction of these hearts at early and moderate stages of failure was decreased,



mitochondrial calcium uptake was not significantly different from the control.
Mifochondriél fractions of hearts from these animals at severe stage of failure

had decreased calcium binding and uptake. On the other hand, mitochondrial
calcium binding and uptake as well as microsomal calcium binding were decreased
at early; moderate ‘and late stages of heart failure in another strain of myopathic
hamsters (BI0 14.6). whereas: microsomal uptake decreased only in late stages of

heart failure. In contrast, myocardial necrosis induced by oxidized iisoprotenere! .

in the isolated rat hearts, decreased microsomal calcium uptake marked'ly without

significant changes in mitochondrial calcium uptake as well as microsomal or
mifochon'd;'iol calcium binding. |
These results suggest that changes in the mitochondrial and microsomal
calcium fransporting 6bi|iﬁes depend upon the degree and type §F the heart
failure. Depression in microsomal calcium transport seems to be a characteristic
. feature of failing hearts whereas mitochondrial calcium fransport mayA’be increased
or decreased depénding upon whether or not mitochondria serve as an adaptive
mechanism for regulating intracellular calcium under the given conditions. In

_general, this study provides further support to the view that both mitochondria and

sarcoplasmic reticulum by altering their abilities to regulate intracellular calcium

play a crucial role in heart-dysfunction.
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I. INTRODUCTION AND STATEMENT OF THE PROBLEM

It-is now well recognized that calcium occupies a central position in the
activation-contraction-relaxation cycle of heart muscle. Furthermore, different
membrane systems, particularly sarcoplasmic reticulum and mitochondria, are
believed to participate in raising and lowering the intracellular level of ionized

“calcium for initiating contraction and relaxation respectively. Although the
relative contribution of different membrane systems in calcium release andvupque
during the processes of heart contraction and relaxation is not clearly understood,
both mitochondria and fragments of sarcoplasmic reficulum (heavy microsomes) have
been demonstrated to accumulate large amounts of calcium by energy dependent
mechanisms under in vitro condifions. Recent reports in the literature reveal
defects in microsomal and mitochondrial cclciurﬁ transport in certain types of failing
hearts, however, the cause-effect relationship between changes in the membrane
abilities to transport calcium and degree of heart failure has not been established.
It is, therefore, the purpose of this invésfigcﬁon to provide some infprmcﬁon
concerning the role of mitochondrial and microsomal calcium transport in the
pathogenesis of heart failure.

Since oxygen deficiency is known to cause a decrease in the ability of

the heart to generate contractile force and thus heart failure, it was one of the
obigcfs of this research fo test whether hypoxia has any influence upon calcium
transporting ability of mitochondrial and microsomal fractions. The isolated rat
heart perfused with hypoxic medium was used for this purpose because this model

has been considered suitable by various investigators for studying biochemical changes
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during the course of contractile failure. Hearts failing due to perfusion with
substrate-free medium were used for comparison.

Recently intracellular calcium overload has been considered a crucial

factor in the genesis of heart failure. Furthermore, the isolated rat heart perfused
++

with control medium following a brief perfusion with Ca ~ -free medium has been

shown to be suitable model for studying the effects of intracellular calcium over-

load. In one series of experiments, therefore, we have investigated changes in

calcium binding and uptake by mitochondrial and microsomal fractions in raf-hearts

perfused with Ca  -free medium as well as following reperfusion. Since perfusion
. + 7t .. . . .

with Na ' -free or K' -free medium is known to result in a marked increase:in the

. . . . + .

intracellular concentration of calcium, rat hearts perfused with Na  -free medium

+
as:K -free medium were used in this study for comparison.

Scarcity of good experimental models has been one of the major limiting
factors for gaining insight into the pathophysiology of heart failure. A new strain
of cardiomyopathic hamsters (UM-X7.1) provides us with an excellent opportunity to

examine the abilities of subcellular fractions from hearts at different stages of

failure to bind and accumulate calcium. These animals develop congestive heart

failure with 100% incidence and can easily be grouped in terms of the disease on

the basis of their age and clinical symptoms. In thisstudy, therefore; wehave

employed these animals fo examine the mitochondrial and microsomal calcium binding
and uptake abilities under different experimental conditions. Another strain of

hamsters (B 10 14.6) which has been extensively used for studying the defective
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calcium franspdrf during moderate and late stages of heart failure, was employed

for comparison. Since myopathic hamster hearts are known to have focal necrosis,
we have made some attempts to investigate changes in calcium transport by
mitochondrial and microsomal fractions of hearts in which Focdl necrosis was induced

experimentally by oxidized isoproterenol under in vitro conditions.




II. REVIEW OF LITERATURE

A. Present State -of KnowledgeRelative to Calcium Regulation-in:Heart:

e

The role of calcium as a mediator of the excitation-contraction coupling

in muscle and the identification of "calcium pump" mechanism of the sarcoplasmic
reticular system as the cause of relaxation appears to have been well documented
(1,2). The release of calcium from this membranous structure to the myoplasmc

(3,4), in response to excitation of the muscle, /s the way the sarcoplasmic

reticulum is envisioned to function in excitation-contraction coupling. The
calcium interacts with troponin (5) to unfasten the troponin-tropomyosin molecular
lock thus enqblfng the contractile interaction of actin with myosin to occur. The
sequestering of calcium by the sarcoplasmic reticulum depletes the myoplasm and
troponin of calcium thus returning the muscle to the relaxed state. It should be

recognized that most of the work concerning the excitation-contraction coupling

and the relaxation processes has been done -utilizing fragments:sarcoplasmic -
reticulum of skeletal muscle. Some information concerning these events during

the cardiac cycle of contraction and relaxation has also appeared in literature

(6,7); however, the identity of the particulate factor in this regard is less certain

for the cardiac muscle where sarcotubular system is comparatively sparse and mito-

chondria are abundant. In addition, calcium fluxes across sarcolemma have been

- considered to play a crucial role during the processes of myocardial contraction and
relaxation (6).

It is pertinent to mention that mitochondria, like the fragments of
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sarcoplasmic reticulum have been shown to accumulate calcium (8-11). From time
fo firqe » various investigators have expressed their concern that mitochondria,
particularily in the case of heart, are involved in the regulation of intracellular
calcium (12-18). Furthermore, mitochondria in the myocardial cell are claimed -
to play a major role in the in vivo regulation of calcium since these organelles
were found fo contain the highest specific activity upon exposure of the whole
heart to radicactive caicium (19-21). On the other hand, the rate and extent of
calcium transport by heart mitochondria are considered to be slower !‘han those of
the reticulum (12,20,22,23); however, none of the investigators have employed
identical conditions for such studies with heart subcellular particles.

In spite of the fact that both sarcoplasmic reticulum and mitochondria
can accumulate calc‘iu‘m in an energy dépendent manner, a great many differences
between these subcellular si'rucifures have been observed with respect to calcium
transport. The uptake of calcium by heart mitochondria is inhibited by oligomycin,
azide, dicumarol and dinitrophenol whereas these agents do not have a significant
effect on the calcium uptake by the sarcoplasmic reticulum (1,20,24-28). Unlike
the heart sarcoplasmic reticulum, the calcium binding by mitochondria is decreased

in the presence of 5'-AMP, 3'-AMP or 5'-IMP. Furthermore , both 3'=AMP and

adenosine have been found to inhibit the ATPase activity of mitochondria without
affecting the reticular enzyme (25). Although the cardiac reticular frﬁcﬁ on has
been shown to contain more neutral lipids and phospholipids in comparison to the
mitochondrial fraction (29,30), a satisfactory explanation for differences in the

mechanisms of calcium transport by mitochondria and sarcoplasmic reticulum must




await further information.
Various investigators have attempted to improve the calcium pump

activity of the cardiac sarcoplasmic reticulum by isolating and incubating these

particles under different experimental conditions (16,23,31-39), however, no such
-effort has been made with respect to mitochondria. Scattered information on the

influence of different ions on the calcium uptake in the reticular vesicles is also

available. For example, Carsten (33) has reported that the rate of calcium uptake

in the sarcoplasmic reticulum of the dog heart is neither affected by changes in’

+ + . P
K" or Na concentrations nor by substitution of isosmolar amount of sucrose for

R

70% of the Na .. On the other hand, Katz and Repke (34) have demonstrated that
concentrations of KCl or NaCl below 0.1 M increased calcium uptake by the dog
heart sarcoplasmic reticulum. Furthermore, replacement of KCI by equimolar
amounts of NaCl decreased both the rate and extent of calcium uptake in the

reticular vesicles. Palmer and Posey (40) have provided evidence that in heart

+
‘sarcoplasmic reticulum, the reduction of calcium uptake by Na is due to a rapid

release of the bound calcium. Recently, Dransfeld et al (41) have reported that the

.+
calcium uptake in the cardiac mitochondria is enhanced by elevating the K /Na

ratio in the incubation medium. These studies have not been carried out in detail

under identical experimental conditions nor do these :reports provide enough

‘experimental basis for the localization of the site. for intracellular ionic competition
which appears to be very critical for determining the regulation of myocardial con-
tractility.

The work by different investigators concerning the effects of various
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inotropic agents on calcium transport by heart microsomes has been reviewed

recently (42-44). In spite of conflicting reports from various laboratories, it is
believed that agents which increase.calcium uptake by cardiac microsomes, increase
myocardial contractility by making more calcium available for release during
excitation. This hypothesis has been dealt with in detail by some investigators

who have attempted to explain fhe-posifive inotropic effect of catecholamines through
the participation of a cyclic AMP-protein kinase-microsomal calcium transport
'system (45-47). No informai'ionoﬁ this hypothesis with respect to mitochondrial or
sorcolemn;lql calcium transport is available at present. It should be pointed out that
‘various investigators havé reported the isolation of heart sat;colemma (48-53);
however, none of these workers have attempted to study the calcium binding property
of this membrane. Alfhoughv some reports concefning the release of calcium from the
microsomal fraction under certain experimental conditions have been published
(54-57), such information for mitochondria or sarcolemma is lacking. Therefore,
further studies on the effects of various cardio-stimulants and cardio-depressants on
calcium transporting properties of microsomal, mitochondrial and sarcolemmal fractions
under identical conditions are needed to gain knowledge conceming the molecular

mechanism of drug action on the heart.

From the foregoing discussion it is evident that various membranous systems,
such as mitochondria, sarcoplasmic reticulum and sarcolemma, are intimately involved

in the regulation of cardiac performance through the control of calcium movements.

‘According to the current concept, the intracellular concentration of ionized

calcium is increased as a result of an influx of extracellular calcium and release




-8-
from the intracellular calcium stores such as sarcoplasmic reticulum and possibly
mitochondria on depolarization of the cardiac cell. It is generally believed that
a wave of depolarization releasesccalcivm.directly from the:sarcoplasmic reticulum
however, it is also considered that influx of extracellular calcium and changes in
the cytoplasmic concentrations of H+, Na , and K+ in the depolarized heart cell
also release calcium from both sarcoplasmic reticulum and mitochondria. This
increase in the intracellular free calcium ions relieves ﬂ*;e inhibition of the troponin-
tropomyosin system and activates myofibrillar ATPase, thus providin‘g energy for
contraction and sliding of the actin and myosin filaments. Relaxation of the heart,
on the ~ofher hand, results from lowering the intracellular concentration of ionized
calcium by different membranous systems such as sarcoplasmic reticulum, mito-
chondria and sarcolemma by energy-dependent processes. These movements of
calcium during the activationicontraction and relaxation phases of cardiac cycle
are represented schematically in Figure I. Although such a scheme is based on a
great deal of indirect evidence, it is our belief that it helps Qs to readily appreciate
the complex events which are occuring during cardiac contractions and relaxation
cycle in norfnal and diseased states.

i

_B._Present:State-of Knowledge Relative toMolecular Abnormalities in Heart Failure:

It is just over 20 years since Olson and Schwartz (58) discussed a hypo-
thetical frarﬁework for the study of cardiac metabolism in relation to heart failure.
It was proposed that cardiac metabolic processes could be divided into ftwo general
categories: those that led to ATP formation (which included substrate oxidation,

electron transport and oxidative phosphorylation), and those that resulted in ATP




FIGURE 1. Schematic representation of heart cell during activation-
contraction-relaxation cycle. Upper panel - contraction
phase; lower panel - relaxation phase.
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utilization (phosphorylations, general anabolic processes and myocardial cell
function). It was also postulated that there exist two molecular classes of heart
failure, i.e., those in which the defect lay in the generation of ATP and those in
which the defect lay in the utilization of ATP (59). Abundant evidence has
accumulated in the intervening years to justify this traditional formulation (60-63).
Some investigators have demonstrated a defect in energy production (64-69) while
others have claimed an impairment of the mechanisms for energy utilization (60,70,
71).in failing hearts. Reports are also available in the literature in which normal
energy metabolism in the failing hearts has been indicated (72-77). The stores of
norepinephrine, which are known to modulate myocardial function and metabolism,
have also been ;ho.wn to decrease in failing hearts (78-81); however, such a change
has been reported to be secondary to heart failure (63,82,83). Thus, it appears
that detailed biochemical mechanisms underlying the loss of contractility in heart
failure remain obscure and the possibility of a disorder of regulation of cardiac -
metabolism in causing heart failure has not been ruled out af present.

The derangement of the excitation-contraction coupling mechanism in
heart failure has also been reported (84-86). In order o provide experimental
evidence in this regard numerous investigators have attempted to show an abnormality
in the subcellular particles to accumulate calcium in differenf types of failing
hearts (12,23,26,27,87-93). Some of the observations made by various investigators
concerning biochemical changes in the failing heart can be interpreted to suggest
an abnormality of cardiac sarcolemma in heart failure. For example, adenylate -

cyclase which is believed to be associated with the cell membrane, was markedly




altered in congestive heart failure induced by aortic constriction (94). It has
recently been shown that changes in adenylate cyclase in heart failure induced by
substrate-lack in the isolated hearts are dependent upon the degree of heart

failure (95). Gold et al (96) failed to demonstrate any change in myocardial adenyl!
cyclase activity in the absence or presence of norepinephrine and fluoride in
chronic heart failure produced by occluding the pulmonary artery in cats; however,
adenyl cyclase acitvation by glucagon was lost in this preparation. Another line

of evidence showing sarcolemmal abnormality in heart failure came from studies with
membrane bound Na+ - K+ ATPase in different experimental models. Cardiac
insufficiency induced by vitamin E or cobalt was shown to be associated with
elevated levels of Na+ - K+ ATPase activity (68,97). Some investigators have shown
a decrease in Na+ - K" ATPase activity in failing hearts due to oxygen-lack (98),
substrate-lack (99), aortic constriction (100) or myocardial ischemia (91). Other
types of heart failure have been claimed to be associated with no change in No -
'K+ ATPase activity (90,101). These results suggest abnormalities at the level of
rﬁifochondriq, sarcoplasmic reticulum or sarcolemma in failing hearts; however, it

is not known Whefher these changes are a cause or effect of heart failure.

A special strain of Syrian hamsters (BIO 14.6) which develop a hereditary
cardiomyopathy has been regarded o an excellent model for studying the pathogenesis
of congestive heart failure (102-106). The cardiac function in these animals has been
shown to be markedlyi depressed (107-109). Some investigators (109-112) have
reported an abnormality of oxidative phosphorylation in the hearts of myopathic

hamsters while others have failed to observe such a lesion (113). Lochner et al
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(109) found a small decrease in the level of creatine phosphate without significant
changes in the concentration of other high energy phosphate stores of the intact
myocardium of these animals; however, their results are difficult to interpret
because the value of creatine phosphate for the conirol heart is far below the
accepted level in the normal heart. A depression in the levels of creatine
phosphate, ATP and AMP was reported by these workers (114) in the isolated
perfused myopathic hearts without any change in the level of ADP. By using more
specific fluoromeiric techniques, Fedelesova and Dhalla (115) demonstrated dramatic
alterations in energy metabolism of the myopathic hamster heart. Some attempts
have also been made to gain information concerning calcium transport in failing
myopathic hamster hearts. For example, Gerfi ﬂ (116) reported areduction in
the ability of the myopathic sarcoplasmic reticulum to accumulate calcium in the
presence of oxalate. Schwariz and his co-workers (111,112,117) showed a decrease
in calcium uptake by mitochondria and sarcoplasmic reticulum of these animals. In
addition to demonstrating changes in calcium binding and uptake by the subcellular
particles of the myopathic hamster heart, it has been shown that the observed alfer-
ation in the calcium pump in the microsomal and mitochondrial fractions was not due

to a reduction in the ATPase activities of these particles (28,118). Owens et dl

(119) have recently reported that the cholesterol: phospholipid molar ratio of the
myopathic heart heavy microsomes was elevated and small differences were also
apparent in the phospholipid composition of these membranes in comparison to the
control. In extensive studies on calcium transport in the myopathic hamster hearts

(28,118), animals with moderate and advanced degrees of heart failure were




13-
employed, but detailed information in hearts before the onset of failure and af the
initial stages of heart failure still remains to be obtained in order to determine whether

such a lesion forms a primary factor in the pathogenesis of heart failure in this model.

No change in adenylate cyclase activity of the myopathic hamster hearts with a
moderate degree of failure was observed while at advanced stages of heart failure,

the response to fluoride was decreased whereas that to norepinephrine was abolished.

(120). In myopathic hamster hearts with a moderate degree of heart failure, the

Nd+ - K+ ATPase activity was also increased (121) but no information in this regard
is available in hearts before the onset of failure as well as at the initial stages of
~ heart failure in these animals. Thus the BIO 14.6 strain of cardiomyopathic hamsters
has served a useful purpose in providing valuable information concerning the
pathogenesis oF. congestive heart failure.

Recently another strain of cardiomyopathic hamsters (UM-X7.1) has been
developed with 100% incidence of congestive heart failure (122). These hamsters
show an abnormal EKG pattem and the sarcolemma. obtained from failing hearts at

'severe stages reveal dramatic changes in the activities of adenylate cyclase (in the

presence of epinephrine and NaF), Ca-H- ATPase, Mg++ ATPase, and Na+ - K+
ATPase (123). This, to the best of our knowledge, is the first demonstration of

abnormality in sarcolemma in any model of heart failure. The results of Gelband

and Bassett (124) concerning the depressed resting potential, action potential over-
shoot, and action potential maximum rate of rise in cardiac muscles from cats with
right ventricular failure due to pulmonary artery obstruction can also be interpreted

to reflect a defect at the level of sarcolemma. It is pointed out that these
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cardiomyopathic animals (UM-X7.1) show generalized edema, pulmonary edema,
liver congestion and cardiac hypertrophy. It is these animals which we used at
different stages of heart failure to determine the significance of the observed
defects of membranous systems.

C. Role-of Calcium in Heart Failure:

According to a concept of Fleckenstein (125-127), depressed contractility
of the failing cardiac muscle having normal energy supply canbe restored by
providing extra calcium whereas, calcium is not effective in failing hearts having
depleted stores of the energy-rich phosphates. The restoration of contractility by
calcium in certain types of Fa.iling hearts is believed to be due to an improvement of
the excitation-contraction coupling process. Direct support to this hypothesis was
provided by the work of Kaufmann et al (128) who employed papillary muscle from
hypertrophied right ventricles of cats with artificial stenosis of the pulmonary arfery.
These investigators observed that depressed contractility in the absence of any
alteration of the electrical activity of the failing muscles can be restored to the
same level as with control preparations by adding extra calcium into the bathing
medium. These observations can be inferpreféd to suggest that a sufficient amount
of calcium was not released from the intracellular s*ores on depolarization in these
failing heart muscles. On the other hand, Fleckenstein and co-workers (129) have
recently suggested that a number of non-coronarogenic cardiomyopathies result
from an intracellular overload of calcium, which is mainly due to a marked increase
in the transmembrane calcium influx. - This hypothesis is primarily based on the

‘observations that factors such as corticosteroids, dihydrotachysterol and NaHzPO 47
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which sensitize the myocardium to catecholamine-induced necrotization, act by
potentiating calcium uptake; whereas agents such as verapamil, prenylamine and
vascoril, which greatly reduce transmembrane calcium influx, show beneficial
effects. From these studies one is tempted to conclude that sarcolemmal damage
may result in an intracellular overload of calcium and subsequently heart failure.
Depressed abilities of mitochondria and microsomes to accumqlai'e
calcium can be conceived to elevate the intracellular concentration of ionized
calcium. Such a change in the properties of mitochondria and sarcoplasmic
reticulum like that of sarcolemma produce an overload of intracellular free calcium
which may then result in derangement of myocardial metabolism, ultrastructure and
function. Numerous investigators have attempted fo show an abnormality of sub-
cellular particles to accumulate calcium in different types of heart failure. For
example, Geriz et al (87) have reported that the ability of heavy microsomes o
accumulate calcium was markedly impaired in the spontanéously failihg dog heart-lung
preparation. Failure of isolated rat hearts to generate contractile force on perfusion
with subsirate-free medium was found to be associated with depression in calcium
transport by both mitochondria and fragments of sarcoplasmic reticulum (12,26,93).
The dbility of the sarcoplasmic reticulum of the ischemic dog heart to bind and
accumulate calcium has also been shown to decrease (88,89,130). Reduced rates
of calcium binding and uptake by microsomal and mitochondrial fraction of the failing
human hearts have also been reported (90,131) ligation of the right pulmonary artery
was demonstrated to result in heart failure and depressed calcium uptake by the

microsomal fraction (27). Myocardial necrosis induced by isoproterenol in vivo
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has also been shown to be associated with reduction in calcium binding by the
microsomal fraction (132). These results in addition to those reported above for the
myopathic hamster hearts suggest that defects in the regulatory mechanisms for the
movement of intracellular calcium have an impérfcnf bearing on the pathogenesis
of heart failure. It should be pointed out that none of the previous investigators
have reported changes in calcium transport by subcellular particles before the onset
‘or at the early phaées of heart failure.

The dual role of calcium in maintaining, as well as in deteriorating,
heart function and ultrastructure has been well recognized in isolated rat heart
preporafions (133-137). Recent studies in our laboratory have shown that reducing
the amount of exiracellular sodium during perfusion of the heart with calcium-free
mediurﬁ deiays failure of contractile function, augments recovery and prevents ultra- -
structural damage (137). It has also been reported that perfusing the rat hearts
with normal medium following pre-perfusion with calcium-free medium resulis in a
marked increase in myocardial calcium content (138). Likewise, Heqrts perfused
with Na+ ~free or K+ =free medium failed to generate contractile Forée ord were
found to contain elevated levels of intracellular caléium (138). We believe these
isolated perfused heart preparations form excellent models for studying the effects
of intracellular calcium overload on different membranous systems. In contrast,
failing hearts due to perfusion with hypoxic medium were demonstrated to contain
lower levels of intracellular calcium and showed depressed calcium influx, whereas
no change in fhe»infracellulcnr calcium levels was noted in failing hearts due to

perfusion with substrate-free medium (138). Significant depression of mitochondrial
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and microsomal levels of calcium was observed in failing hearts due to lack of
substrate and oxygen (139). It should be mentioned that, unlike substrate-depleted
hearts, no information conceming the abilities of mitochondrial and microsomal

fractions of the hypoxic hearts to transport calcium is available in the literature.
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III. MATERIALS AND METHODS

A, Animals:

In one series of experiments a new strain of myopathic hamsters (UM-X7.1y o
at different stages of heart failure was: employed. These animals have recently been
described as forming a useful mode! for studying the pathogenesis of heart failure

(123,140,141). This line of hamsters has been established by cross-breeding

homozygous diseased animals with healthy hamsters and by recovering the mutant

_gene in the F2 generation. The disease in these animals is transmitted

through an’ autosomal recessive: gene ‘and-a preriecrotic stagé has'been found

to occur within 20 to 30 days of age. A necrotizing stage has been observed between
30 to 120 days and depending upon its severity is followed by varying degrees of
heart failure with 100% incidence. For the purpose of this study we have chosen to
employ these hamsters at early (150 day old), moderate (|75;day old) and severe (200
day old) stages of heart failure. The criteria for grouping these animals in different
stages of heart failure were based upon the degrees of cardiac hypertrophy, liver

congestion, hydrothorax, ascites and subcutaneous edema. Another well established

strain of myopathic hamsters (BlO-14.6) at different stages of heart failure (102-106,
138,142) was used for comparison purposes. Normal healthy inbred Syrian hamsters

of the respective age groups were employed as controls.

Male albino or hooded rats weighing 300 to 400 g. were also used in
the present study. All animals were fed laboratory animal diet ad libitum and

sacrificed by decapitation.




B. Chemicals and Reagents:

The chemicals used in the present study were of analytical grade and
purchased from Fisher Scientific or Can-Lab. The enzyme grade sucrose was
obtained from Mann Research Co. Di-sodium ATP and Tris base were purchased from
Sigma Chemical Co., whereas 45CaC|2 was obtained from New EnglandNuclear.
Deionized distilled water was used in all experiments.

C. Rat Heart Perfusion:

The hearts were quickly dissected out and placed in cold oxygenated
Krebs-Henseleit solution. Fat and connective tissues were removed and the hearts
were arranged for coronary perfusion according to the method of Langendorff as
described elsewhere (69,83,98,137). The perfusion medium was Krebs-Henseleit

medium (control medium), containing (in mM): NaCl 120; NaHCO .25.4; KCl 4.8;

3
KH2PO4 1.2; MgSO4 0.86; Cc:CI2 1.25 and glucose .1l. This solution was gassed
with 95% 02 and 5% C02 mixfure and maintained at 37°C. The pH of the
medium was 7.4. The perfusion pressure was approximately 80 cm 'HZO. The
spontaneously beating hearts were equilibrated for 10 minutes with control medium
before they were employed in experiments carried out in the present study. All these
hearts were perfused in an open system and were punctured with the tip of fine
scissors af the beginning of the perfusion in order to avoid fluid accumulation in the
ventricles.

In one set of experiments, hearts were made hypoxic by perfusion for

different intervals with Krebs-Henseleit medium gassed with '95%’N2 and 5% COZ'
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In some experiments, hearts were also perfused with aerobic or hypoxic medium in
which glucose was omitted. Hearts were also perfused with aerobic perfusion
medium in which Caﬂ, Na+ or K+'was omitted. .In the perfusion medium in which
any constituent was omitted, the osmolarity was maintained by adding an equimolar
amount of sucrose or Tris-HC I. When the hearts were perfused with oxidized
‘isoprovfere,nol the perfusion medium containing ‘the sympathomimetic amine was gassed
with 95% 02 and 5% CO2 for 15 hours before starting the perfusion. The control
hearts were perfused with control aerobic for comparable lengths of time for any
given experimental condition. In some of the experiments, the values for control
hearfS under different conditions were grouped together since these were overlapping
and were not statistically different from each other.

A resting tension of | g. was applied to all the hearts used in this study
in starting the perfusion and the contractile force was monitored on a Grass poly-
graph by using o force idisplacement transducer. In some of the experiments coronary
flow was maintained ‘at 10 ﬁl/min;jond the :he'ar-i's'were@;pq’Cefdl,».e.lec.tri‘,t‘:aI\Iy by a.square
wave stimulator (Phipps and Bird Co.) with the pulses at 1.5X the threshold voltage
and of 10 ms. duration, at a frequency of 5/sec.

D. Isolation of Subcellular Fractions:

Control and experimental rat hearts were placed in chilled 0.25 M
sucrose solution containing | mM EDTA, pH 7.0. Two to three hearts receiving
the same treatment were pooled together for preparing subcellular fractions by dif-
ferential centrifugation. The hearts were diced and ‘homogenized in 10% (w/v) of the

sucrose ~EDTA medium in a Waring blendor for 30 sec (2X15 sec) at a medium speed




-92] -

setting. In some experiments, the heart homogenates were made by a glass homog-
enizer and Teflon pestle driven by an electric motor for a total of 8 to 10 passes.

No difference was observed between the results obtained by these two methods of
homogenization under our experimental conditions. The homogenate was filtered
through four layers of gauze ard centrifuged at 'l ,000X g for 10 minutes to remove
cell debris, nuclei, myofibl;ills and other material. The supernatant was centrifuged
at 10,000X g for 20 minutes to obtain a erude mitochondrial pellet. The supernatant
was further centrifuged at 40,000X g for 45 minutes to obtain a crude heavy micro-
somal fraction containing fragments of sarcoplasmic reticulum.

The crude mitochondrial pellet obtained above was wc;lshed, gently
suspended in the homogenizing-medium using o glass hon;gog,enize,r;»;qndgg:enfrifuged at
1,000X g for 10 minutes. The sediment was discarded and the supernatant centrifuged
at 8,000X g for 10 minutes. The mitochondrial pellet i'husvobfained was washed and
suspended in 0.25 M sucrose solution,. pH 7;0, at a protein concentration of 2 to 4
mg/ml. The crude microsomal pellet obtained above was washed and gently
suspended in 0.6 M KCl solution containing 20 mM Tris-HCI, pH 6.8 by using a
glass Eomgg.éhize,r. This suspension was: centrifuged-af TI;Q'O.;OOO X*:g for .IO minutes and
the supernatant was further centrifuged at 40,000X g for 45 minutes. The pellet
thus obtained 'was washed and suspended in 0.25 M sucrose solution, pH 7.0, at a
protein concentration of about 1.0 mg/ml. This method of isolating the subcellular
fractions is essentially similar to that described elsewhere (28). The procedure for

isolatingsubcellular fractions was carried out at [° to 4°C in the cold room and the
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preparations were used immediately after isolation. In each set of experiments with
rat hearts, other methods for isolating mitochondrial and microsomal fractions were
also employed in order to examine if the observed changes were due to an artifact
of the isolation procedure. For this purpose, mitochondria were prepared by
hc;mogenizing the heart in medium containing 0.18 M KCI, 10 mM EDTA and 0.5%
albumin, pH 7.4, according to the method of Sordah! and Schwartz (143). On the
other hand, microsomal fraction was isolated by making heart homogenate in 10 mM
NaHCOs, 5 mM NGN3 and 15 mM Tris=HCI, pH 6.8 according fo‘fhe procedure

~ described by Harigaya and Schwartz (23). It is pointed out that most of the experi-
ments with control and myopathic hamster hearts were carried out by the methods of
Sordahl and Schwartz (143) and Harigaya and Schwartz (23). The;e methods did not
yield results different from those obtained by the sucrose method outlined above.

Ve

E. Measurement of Calcium Binding and Uptake:

It is pointed out that the term calcium binding is applied in this study
to indicate calcium accumulation by microsomal and mitochondrial fractions in the
absence of oxalate and inorganic phosphate (Pi) respectively and it is understood
that this usage employs an arbitrary meaning for binding. On the other hand , the
~term calcium uptake is applied to indicate calcium accumulation by microsomes and
mitochondria in the presence of oxalate and Pi respectively. The methods employed
for calcium binding and uptake are similar to those employed in this laboratory (25,
28,120).

[. Calcium Binding:

Both mitochondrial or microsomal fractions were incubated in | to 2 ml of
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medium containing 100 mM KCI, 10 mM MgC|2, 4 mM ATP, and 20 mM Tris-HCI

pH 7.0. These membranes were incubated at 25°C for 2 minutes before starting the
reaction with 0.1 mM 45CCIC|2. The protein concentration for these fractions in the
incubation medium varied from 0.1 to 0.3 mg/ml. The reaction was terminated at

the desired time intervals by Millipore filtration (pore size 0.45y). The filtration

was carried out by using Millipore filtration assembly attached to a 3 ml disposable
syringe and was achieved within 2 seconds. The filtrate was fested to ensure it was

free of protein. Iﬁ some experiments calcium binding was determined by. varying the

pH or 45CaC|2 concentration of the incubation medium. The radioactivity in-the

filtrate (0.1 ml) was measured in duplicate by a Packard liquid scintillation spectrophoto-

meter by using 10 ml of the Bray!s solution in.dispesable vidls.

2. Calcium Uptdke:

The microsomal fraction (0.02 to 0.04 mg/ml) was incubated for 2
minutes at 37°C in | to 2 ml of medium containing 100 mM KCI, 10 mM MgC|2,
4 mM ATP, 5 mM potassium oxalate, and 20 mM Tris-HCI, pH 7.0. On the other

hand, the mitochondrial fraction (0.1 to 0.3 mg/ml) was incubated for 2 minutes

PO,

at 37°C in | to 2 ml medium containing 100 mM KCI, 10 mM MgCIz, 4 mM KH2 4

4 mM succinate and 20 mM Tris=HCI, pH 7.0. The reaction in both cases was

started by adding 0.1 mM 45CCIC|2 and terminated by the Millipore filtration as
mentioned above. Some experiments, as indicated in the text, were carried out
employing different concentrations of 45Cc|C|2 or different pH of the. incubation
medium. The rﬁdioacﬁvify in the filirate (0.1 ml) was estimated in the Packard

liquid scintillation spectrometer by using 15 ml of the Bray's solution in disposable
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vials.

F. Determination of ATPase Activity:

The ATPase activity was assessed by determining the inorganic phosphate
produced due to the hydrolysis of ATP during the incubation period. To study the
total ATPase activity of either microsomes or mitochondria, the subcellular fraction
was incubated in a medium containing 100 mM KCI, 10 mM MgC|2, 4 mM potassium-
oxalate, 0.1 mM CaClz, and 20 mM Tris-HCI, pH 7.0, at 37°C, in a total volume
of 1.0 ml (final protein concentration was 0.1 to 0.2 mg/ml). The reaction was
started by addition of 4 mM ATP and terminated by Millipore filtration. The basal
ATPase acﬁvify of the microsomes was determined in the absence of CaC l2 but in the
presence of 0.2 mM EGTA. The difference Befween the total and basal ATPase
activity represents the Ca'' ~stimulated ATPase activity of the membrane fraction.
The inorganic phosphate present in the filtrate was determined by the method of

Fiske and Subbarow (144).

G. Determination of Protein Concentration:

Profein concentration of the subcellular fractions was determined
according to the method of Lowry et al (145), using bovine serum albumin as
standard. The results for calcium binding and uptake as well as for ATPase activity
were expressed in terms of mg protein of the subcellular fraction.

"H. Electron Microscopic Studies:

The final pellets of mitochondria and microsomes from the control and
hypoxic hearts were fixed overnight in 5% gluteraldehyde in 0.1 M phosphate

buffer, pH 7.4, diced into pieces of about 0.5 mm thick, washed overnight in 0.1 M
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phosphate buffer, pH 7.4 and post-fixed for | hour in osmium tetraoxide. These
specimens were dehydrated in a graded ethanol series (50 to 100%) and embedded

in Araldite-502 epoxy resin. Thin sections were made on a Porter-Blum MT II
ultramicrotome using glass knives, and stained with Reynold's lead citrate. The
sections were examined and photographed using a Zeiss. EM=95~ electron microscope.

1. Marker Enzyme Activities:

The mitochondrial and microsomal fractions were isolated according to
the procedures described above whereas the sarcolemmal fractions was isolated
according to the method of McNamara et al (53). The activities of.cytochrome C
oxidase, glucose - 6 - phosphatase, ouabgin ~sensitive Nc1+ - K-t ATPase were
- determined according to the methods described elsewhere (28,53,!46,[47).

J. Analysis of Data:

Each observation was made with at least 3104 different preparations.
Both control and experimental preparations were made under identical conditions
simultaneously. Mean + S.E. for each point was calculated and the level of
significance of the difference between control and experimental groups was
determined by the students "t” test. The P values <0.05 were taken to reflect

significant difference between control and experimental preparations.
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IV. RESULTS

A. Calcium Transport by Subcellular Fractions of Hearts Made to Fail due to
Oxygen or Substrate Lack:

When isolated rat hearts were perfused with hypoxic medium, the
contractile force declined by about 40, 60 and 70% of the control within 5, 10
- and 30 minutes respectively. On the other hand, the contractile force began to
decline at 30 minutes and was about 50, 30 and 3% of the control within 60, 90 and
120 minutes respectively on perfusing the hearts with substrate-free medium. These
results were similar to those already reported from our laboratory (98,99).

In the first series of experiments, both mitochondrial and heavy micro-
somal fractions were isolated from rat hearts perfused with hypoxic medium for 5,
10, 20 or 30 minutes and calcium binding and uptake were determined. The resulis
shown in Figure 2 reveal that both calcium binding and uptake by microsomes were
decreased significantly (p <0.05) in hearts perfused for 10 or more minutes with
hypoxic medium. Furthermore, calcium binding, but not calcium uptake, by
mitochondria decreased significantly (p < 0.05) on perfusing the hearts with hypoxic
medium for 20 or 30 minutes. The de;rease in calcium uptake by microsomes, but
not by mitochondria, in hearis perfused for 30 minutes with hypoxic medium was also
apparent when determinations were made at different time intervals of incubation of
these fracti ons (Figure 3).

Since calcium transport by subcellular_fracﬁons is considered to be an
energy dependent process, the ATP hydrolyzing ability of mitochondrial and micro-

somal fractions from hearts perfused with control and hypoxic medium for 30 minutes
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was determined. The results in Table I show that the total ATPase activity of
mitochondria and the basal ATPase activity of microsomes from hypoxic hearts were
not different (p > 0.05) from the control. However, CCI-H- ~stimulated ATPase
activity of the microsomal fraction from the hypoxic hearts was significantly (p < 0.05)
decreased. |

It was observed that the yields of both mitochondrial and microsomal
fractions of hearts perfused for 30 minutes were not different (p > 0.05) from the
control (Table I). It can be seen from Table 2 that neither sodiuﬁ—azide nor oligo-
mycin exerted an appreciable effect on the microsomal fractions from the control and
hypoxic hearts; however, these agents produced an equal degree of inhibition updn
calcium binding by mitochondrial fractions from the control and hypoxic hearts.

The mitochondrial and microsomal fractions were also examined electron-
microscopically. The electron micrographs of the fractions from the hypoxic hearts
are shown in Figure 4, whereas those from the control hearts are similar to those
described by Dhalla (12); varying degrees of swelling and damage to the ultra-
structure of mitochondria were seen in pellets from the hearts perfused with hypoxic
medium for 30 minutes. On the other hand, the appearance of vesicles in the
microsomal pellets from the hypoxic hearts was not different from the conffol.

The data shown in Table 3 indicate that depression in mitochondrial
and microsomal calcium binding and microsomal calcium uptake in hearts perfused
for 30 minutes with hypoxic medium was reversible upon reperfusing the hypoxic
hearts with control medium for 15 minutes. The contractile force of these hypoxic

hearts recovered to about 75% of the control under these conditions. Eurthermore ’
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TABLE 2

INFLUENCE OF AZIDE AND OLIGOMYCIN ON CALCIUM BINDING BY
SUBCELLULAR FRACTIONS OF CONTROL AND HYPOXIC HEARTS

Calcium binding

(% of values without inhibitors)

Mitochondria

Heavy microsomes

Hypoxic Hypoxic
Additions Control (30 min) - Control (30 min)
- 100 100 100 100
Sodium azide
(5 mM) 46.8 +4.1 51.4 +3.2 92.8 +3.3 95.0 +2.8
Oligomycin
(2.5 ug/ml) 51.1+3.6 52.5+3.8 92.9 + 2.1 89.0+3.0

The results are mean +S.E. of 4 experiments.

[
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FIGURE 4. Electron micrographs of pellets of the subcellular fractions
isolated from hearts perfused for 30 min with hypoxic medium.
Upper panel - mitochondrial fraction; lower panel - heavy
microsomal fraction (X - 27,000). The electron micrographs
of pellets from control hearts were similar to those described

by Dhalla (12).
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TABLE 3

RECOVERY OF CALCIUM ACCUMULATING ABILITIES OF THE .
SUBCELLULAR FRACTIONS OF HYPOXIC HEARTS

Calcium accumulation
(% of the control values)

Mitochondria Heavy microsomes
Binding Uptake Binding Uptake
Control 100 100 100 100
Hypoxic (30 min) 85.8+2.7  96.7+3.2 79.1+3.4 44.0+5.8

Hypoxic (30 min)
+ Aerobic (15 min) 99.7+1.6 95.1+2.4 100.9 + 2.2 95.6 +2.8

The results are mean +S.E. of 6 experiments. The control calcium binding and uptake
by mitochondria were 60 + 4.9 and 255 +14.7 and by heavy microsomes were 36 +3.2
and 410 +18.6 nmoles Ca T*/mg protein/10 min respectively.
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omission of glucose from the perfusion medium was found to potentiate the depressant
effect of hypoxia on mitochondrial and microsomal calcium binding and microsomal

calcium uptake (Table 4). It should be pointed out that hearts perfused with hypoxic

and  substrate-free medium failed to-generate contractile force within. 30 minutes.
In another series of experiments, the calcium uptake ability of the

subcellular fractions from the hypoxic hearts was compared with that from hearts

with substrate-free medium. For this purpose, the isolated rat hearts were paced

electrically and perfused with hypoxic or substrate~free medium until their ability
to generate contractile force decreased by about 66% of the control. From the
results given in Table 5 it can be seen that calcium uptake by mitochondria from
substrate~depleted hearts, unlike that from the hypoxic hearts, was significantly
(p < 0.05) less than the control value. The calcium uptake by fhe microsomal
fraction of the substrate-depleted hearts was depressed to an extent similar to that
for the hypoxic hearts. On the other hand, calcium binding by the microsomal _
fraction from the substrate-depleted hearts was decreased to a greater extent

(p < 0.05) than-that from the hypoxic hearts (Table 6) when the determinations were

performed af different pH or calcium concentrations of the incubation medium.

B. Calcium Transport by Subcellular Fractions of Hearts made to Fail due to
Perfusion With Medium Deficient in Different Cations:

. ) 4+
g I. Hearts failing due to Ca ~ -free perfusion:

The contractile force declined to zero within 30-seconds to-one minute
after perfusing the isolated rat hearts with calcium-free medium. The hearts perfused

with calcium-free medium for 5 minutes failed to recover upon reperfusion with
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TABLE 4

INFLUENCE OF SUBSTRATE-LACK ON THE CALCIUM
ACCUMULATING ABILITIES OF THE SUBCELLULAR FRACTIONS
OF THE HYPOXIC HEART

Calcium accumulation
(nmoles Ca™ /mg protein/10 min)

Mitochondria Heavy microsomes
Conditions Binding Uptake Binding Uptake
Control 61.9 +3.5 260 +21.3 38.7 +3.2 396 +13.6

Hypoxic (10 min) 57.0+3.1  251+23.0  30.3+1.8 281 +20.8

Substrate-free
(10 min) 58.1 1-4.2 2351— 14.9 36.81-2.2 358-_I_- 19.5

Substrate-free
hypoxic (10 min)  48.6+2.7  240+27.4  25.2+2.1 159 +15.9

Each value is a mean +S.E. of 6 experiments.




TABLE 5

CONTRACTILE FORCE AND CALCIUM TRANSPORT BY SUBCELLULAR
FRACTIONS OF THE ELECTRICALLY PACED CONTROL, HYPOXIC AND
SUBSTRATE-DEPLETED HEARTS

Calcium uptake
(nmoles Ca™/mg protein/10 min)

Contractile

force
(9/9 hearf) Mitochondria Heavy microsomes
Control 1.92 +0.32 272 +18.3 385+ 11.4
Hypoxic 0.60 +0.11 261 +9.2 182 +16.5
Substrate-
depleted 0.65+0.09 203 +13.2 231 +10.5

Each value is a mean + S,E. of 4 - 6 experiments. A resting tension of 1 g was
applied to the heart af the beginning of the experiment and the hearts were
stimulated at a rate of 250 beats/min with a square pulse stimulii just above the
threshold. Coronary flow was maintained af 10 ml/min. Perfusion with hypoxic

or substrate~free medium was carried out till the contractile force declined by
about 66% of the initial. Conirol hearts were perfused for comparable lengths of
time and their results were grouped together.
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TABLE 6

CALCIUM BINDING AT DIFFERENT pH OR CALCIUM CONCENTRATIONS BY
MICROSOMAL FRACTION OF CONTROL, HYPOXIC OR
SUBSTRATE-DEPLETED HEARTS

Calcium binding
(nmoles Ca™/mg protein/2 min)

Conditions Control Hypoxic Substrate~depleted
A. pH values:
6.0 37.1+1.5 25.2+0.7 13.5+0.5
6.5 39.5+2.3 25.9 +1.2 12.8 + 0.7
7.0 36.5+1.9 25.0+1.4 12,6 + 0.7
8.0 32.4+1.4 23.1+ 1.1 11.3+0.8
B. Calcium concentrations:
12.5 uM 19.0+0.5 8.5+0.2 2.9+0.2
50uM  31.1+1.7 18.6+0.8 7.5+0.4
100 uM 38.5+ 1.9 24.5+0.7 12.0 + 0.5
200 uM 36.4 +1.1 27.1+1.3 15.2+0.7

Each value is a mean + S.E. of 4 - 6 experiments. Perfusion with hypoxic or substrate-
free medium was carried out until the contractile force declined by about 66% of the

initial. Control hearts were perfused for comparable lengths of time.
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control perfusion medium containing 1.25 mM Ca . These results are in agreement
with those reported from this laboratory (137).

In one series of experiments, calcium binding and uptake by subcellular
fractions of hearts perfused with Ca ~ -free medium for different intervals were
investigated. Both calcium binding and uptake by mitochondrial fraction were

_ ‘ -
significantly (p < 0.05) decreased as early as 5 minutes after Ca - free perfusion
(Figure 5). On the other hand, microsomal calcium binding and uptake were not

++
altered (p> 0.05) during a 40 minute period of perfusion with Ca'~ -free medium
(Figure 6). The depression in mitochondrial calcium transport, unlike that by
microsomes, was also apparent when these fractions from hearts  perfused for 20
minutes with Ca  -free medium were incubated for different intervals under
in vitro conditions (Figures 7 & 8). Using four to six hearts, we have observed
that the abilities of both mitochondrial and microsomal fractions to transport calcium
. . ++ . .

were not altered upon perfusion with Ca  -free medium for | to 2 minutes.

In another series of experiments, the effect of reperfusion with control
medium of Ca  -deprived hearts was tested on calcium transport by subcellular
fractions. It can be seen from Table 7 that calcium binding by the mitochondrial

++
fraction from hearts perfused for 5 minutes with Ca = ~free medium was higher
(p < 0.05) than the control values upon reperfusion for 10 minutes with control medium.
On the other hand, microsomal calcium binding was markedly decreased under these
conditions. Reperfusion for 10 minutes of hearts perfused with Ca' ~free medium for
5 or |0 minutes was also found to elevate mitochondrial calcium uptake and depress

microsomal calcium uptake significantly (p < 0.05) at different intervals of
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TABLE 7

EFFECT OF PERFUSION WITH MEDIUM CONTAINING 1.25 mM Ca'
ON Ca' ' BINDING BY SUBCELLULAR FRACTIONS OF HEARTS PERFUSED
WITH Ca' - FREE MEDIUM

-{—l.
Ca Binding
(nmoles Ca*™ /mg protein)

Mitochondria Microsomes
3 min 5 min 3 min 5 min
Control 24.71—].8 33-.6-1-2.6 31.9—1_-2.0 31.1 +2.2

5minCa’ - free medium  16.040.6  22.8+1.2 30.0+2.7 29.4+2.4

. + .
5 min Ca - free perfusion
followed by 10 min control 31.5+ 1.7  48.7 +3.4 19.8+1.4 16.5+1.3
perfusion - ‘

Each value is a mean + S.E. of 6 experiments. Control hearts were perfused for 15
min with normal medium containing 1.25 mM Ca™™.
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incubation (Table 8).

Calcium binding by microsomal and mitochondrial fractions of hearts
perfused with Ca -free medium for 20 minutes with or without subsequent reper-
fusion for 10 minutes with control medium was determined at different pH or calcium
concentrations of the incubation medium. The data in Table 9 indicate that the
calcium binding by the microsomal fraction from Ca't -deprived hearts was not
different (p.> 0.05) from the control whereas that from reperfused hearts was
decreased significantly (p < 0.05) at all pH or calcium concentrations employed.
On the other hand, under similar conditions of incubation, calcium binding by the
mitochondrial fraction was markedly decreased in calcium-deprived hearts and
markedly increased in reperfused hearts in comparison to the control (Table 10). 1t
should be pointed out that neither oligomycin (2.5 pg/ml) nor sodium azide (5 mM)
inhibited calcium binding by microsomes obtained from control, caicium-deprived
or reperfused hearts whereas these agents produced 50 to 60% inhibition of calcium
binding by the mitochondrial fractions of these control and experimental hearts.

The ATP hydrolyzing ability of subcellular fractions from calcium deprived
hearts and reperfused hearts was also studied. No significant (p > 0.05) change in
mitochondrial or total microsomal ATPase activity was observed on perfusing the
hearts for 20 or 40 minutes with Ca -free medium (Table II). Although microsomal
Ca' -stimulated ATPase activity was decreased slightly under these conditions, this
change was not significant (p > 0.05). On the other hand, both total and Cq++ -
stimulated ATPase activities of the microsomal fraction, unlike mitochondrial ATPase

++
activity, were significantly (p < 0.05) decreased upon reperfusing the Ca  -deprived




++
EFFECT OF PERFUSION WITH MEDIUM CONTAINING 1.25mM Ca  ON CALCIUM

TABLE 8

UPTAKE BY THE SUBCELLULAR FRACTIONS OF HEARTS PREPERFUSED

WITH Ca' - FREE MEDIUM FOR 5 OR 10 MINUTES

++
Ca  Uptake
(% of control)

After 5 min CaH- free

preperfusion

After 10 min CqH - free

preperfusion

Time of
incubation
(min) Mitochondria  Microsomes Mitochondria Microsomes
: 217 +12.5 87+5.0 237 +13.0 78 + 6.2
5 177 + 8.8 62 +7.5 187 +13.7 55+7.5
10 190 + 10.0 63 +8.7 205+ 11.3 56 +9.0

Each value is a mean + S.E. of 6 experiments. Control hearts were perfused for 15

to 20 min with normal medium containing 1.25 mM Ca™™.
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TABLE 9

CALCIUM BINDING AT DIFFERENT pH OR CALCIUM CONCENTRATIONS
BY MICROSOMAL FRACTION OF HEARTS PERFUSED WITH CG-H- - FREE MEDIUM

Calcium binding
(nmoles Ca'H'/mg protein/2 min)

Control Ca'l - free Ca™™ - free (20 min)
(20 min) followed by 10 min

Conditions control perfusion

A. pH values:

6.5 37.2+1.6 35.4+1.9 12.2+0.9
7.0 34.5+0.8 36.2 + 2.1 10.3+0.2
8.0 30.7 + 1.1 32.5+1.7 10.6 + 0.4

B. Calcium concentrations:

12.5 uM 16.8+ 1.2 16.7 +0.8 8.5+0.3
50 uM 29.2+1.2 26.3+1.1 10.2+1.0°
100, M 35.4+0.8 31.2+1.5 10.1+0.5

Each value is a mean +S.E. of 6 experiments. Control hearts were perfused for 20 -
30 min with normal medium containing 1.25 mM Catt.
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TABLE 10

CALCIUM BINDING AT DIFFERENT pH OR CALCIUM CONCENTRATIONS BY
MITOCHONDRIAL FRACTION OF HEARTS PERFUSED WITH Co++ - FREE MEDIUM

Calcium binding
(nmoles CGH/mg protein/5 min)

Control Ca' " - free Ca'™ - free (20 min)
(20 min) followed by 10 min
Conditions control perfusion
A. pH values:
6.5 28.2+1.0 14.1+0.5 56.9 +2.8
7.0 31.4+1.5 16.5+0.3 61.5+4.2
8.0 27.9+0.8 16.2+0.8 57.0 + 3.1

B. Calcium concentrations:

12.5 uM 15.2+ 0.5 7.7+40.2 22.9+0.6
50 uM 24.0 +1.7 16.5 +0.6 37.4+1.9
100 M 35.5+2.1 25.2+0.7 59.2 + 3.3

Each value is a mean + S.E. of 6 experiments. Control hearts were perfused for 20 -
30 min with normal medium containing 1.25 mM Ca
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TABLE 11

ATPase ACTIVITY OF SUBCELLULAR FRACTIONS OF HEARTS
PERFUSED WITH Ca++ - FREE MEDIUM

ATPase activity
(pumoles Pi/mg protein/min)

Mitochondria Microsomes
++
Total Total Ca - stimulated
Control 1.57 +0.11 3.10 +0.13 0.21 +0.02
20 min Ca' " - free 1,67 +0.12 3.00+0.18 0.15+0.03
40 minCa' ' - free 1.7940.15 2.67 +0.11 0.14 +0.03

20 min Cc:++ - free
followed by 10min 4 7y, g 1 2.38+0.17 0.08 +0.01

control perfusion

Each value is a mean + S.E. of 6 experiments. Control hearts were perfused for 20 -
40 min with normal medium containing 1.25 mM Ca™™t.

- 48 -




- 49 -
hearts.
Earlier studies from this laboratory (137) have shown that the contractile

.I_.’.
force of rat hearts perfused with Ca’  -free medium in the presence of low sodium

(35 mM) for 5 minutes recovered completely upon reperfusion with control medium.
It was therefore considered of interest to investigate if the above mentioned effects
of reperfusion on calcium transport by subcellular fractions could be modified in

4+
hearts perfused with Ca  -free medium in the presence of low sodium. The

results shown in Table 12 reveal that reperfusion of hearts prepurfused for 5 minutes
with Ca™ ~-free medium in the presence of low sodium neither increased mitochondrial
calcium binding and uptake nor decreased microsomal calcium binding and uptake
significantly (p > 0.05).

+
2. Hearts failing due to Na -free perfusion:

The isolated rat hearts failed to generate contractile force within 30 seconds
+
of perfusion with Na ~free medium. Reperfusion with control medium for 15 minutes
+
of hearts perfused with Na -free medium for 10 and 20 minutes resulted in the

recovery of the coniractile force to the extent of 60 and 40% of the initial values

respectively. These results are in agreement with those already reported from this
laboratory (148).

Both mitochondrial and microsomal fractions were isolated from rat hearts

+
after perfusion with Na  -free medium for 5, 10 and 20 minutes and calcium binding
and uptake were studied. The results in Figure 9 indicate that both microsomal
calcium binding and uptake decreased (p < 0.05) on perfusing the hearts for a

period of 20 minutes. Although mitochondrial calcium uptake and binding were




TABLE 12

EFFECT OF PERFUSION WITH MEDIUM CONTAINING 1.25 mM Ca' © ON CALCIUM
ACCUMULATION BY SUBCELLULAR FRACTIONS OF HEARTS PERFUSED WITH
CALCIUM-FREE MEDIUM IN THE PRESENCE OF LOW SODIUM (35 mM)

Calcium accumulation
(nmoles/mg protein/5 min)”

Mitochondria Microsomes
Binding Uptake Binding Uptake
Conditions
5 min Ca™™ - free,
low Na™ 37 +2.7 108 + 6.2 36+2.5 159 +7.9
-'_I_
5 min C—E - free,
low Na™ followed
by 10 min control 48 +4.1 132 + 8.7 28 + 2.1 183 +9.4

perfusion

Each value is a mean + S.E. of 5 experiments.
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higher than the control in hearts perfused for 20 minutes with Na+ ~free medium,

this increase was not significant (p >0.05). The depression in calcium uptake

(Figure 10) and calcium binding (Figure 1) by the microsomal fraction, unlike

that by the mitochondrial fraction, in hearts perfused for 20 minutes with Na_ -

free medium is further demonstrated when determinations were made af different

intervals of incubation. Neither oligomycin (2.5 pg/ml) nor sodium azide (5 mM)

which 'inhib.ifed mitochondrial calcium transport by 50 to 60% influenced the calcium

accumulation by the microsomal fraction of the control and experimental hearts.
Table 13 shows that a significant (p<0.05) depression in calcium uptake

by the microsomal fraction of hearts perfused for 10 minutes with Na© -free medium

was observed when determinations were made at different pH or calcium concentrations.

of the incubation med‘ium. Reperfusion with confrol medium of hearts preperfused

with Na+ ~free medium resulted in partial recovery of microsomal abili.i'y to

~accumulate calcium (Table 13). Perfusion of fhevhearfs with Na+ ~free medium. for

5 minutes had no significant (p > 0.05) effect upon the mitochondrial or microsomal

ATPase activities (Table 14). However, Ca++ stimulated ATPase activity of the

‘microsomal fraction was decreased significantly (p < 0.05) upon perfusing the hearts

with Nd+ -free medium for 20 minutes.

+
3. Hearts failing due to K™ -free perfusion:

Although contractile force of the isolated rat hearts declined by about
25% of the initial value within 5 minutes of starting perfusion with K+ -free medium,
the contractions were irregular. The hearts failed to generate contractile force
abruptly after about 10 minutes of perfusion with K" ~-free medium and did not

recover upon reperfusion with control medium. These resulis are in agreement with
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TABLE 13

CALCIUM UPTAKE AT DIFFERENT pH OR CALCIUM CONCENTRATIONS BY
HEAVY MICROSOMAL FRACTION OF HEARTS PERFUSED WITH CONTROL

OR Na' - FREE MEDIUM FOR 10 MINUTES

Calcium uptake |

(nmoles/mg protein/10 min)

Conditions Control Nc+ - free Na+- free followed by
' 15 min control perfusion
A. pH values:

6.6 471 + 40 364 + 29 425+ 13

7.0 437 + 31 245 + 30 375 + 20

7.8 388 + 22 172 + 24 320 + 25
B. Calcium concentrations:

50 uM 383 + 35 224 + 18 1 315+24
100 uM - 416 +27 269 + 21 362 + 17
250 uM 280 + 15 65 +8 248 + 22

Each value is a mean +S.E. of 6 - 8 experiments.
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TABLE 14

ATPase ACTIVITY OF SUBCELLULAR FRACTIONS OF HEARTS PERFUSED
WITH CONTROL OR Na ' - FREE MEDIUM

ATPase activity (umole Pi/mg/min)

Mitochondria Microsomes
Total Total Ca++ stimulated
Control ].721'0.]8 3.271—0.27 0.23 +0.03
N _
5 min Na - free ].45-_!_-0.2] 2.73 1-0.3] 0.251—0.03
20 min Na' - free 1.70 +0.13 2.57+0.24 0,12 +0.02

Each value is a mean + S.E. of 6 to 8 experiments.
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those reported from this laboratory (148).

The isolated rat hearts were perfused with K+ -free medium for 5, 10
or 20 minutes and mitochondrial and microsomal fractions were isolated for calcium
transport determination. The results shown in Figure 12 indicate that calcium uptake
and binding by the mitochondrial fraction were increased (p < 0.05) whereas calcium
uptake and binding by the microsomal fraction were decreased (p <0.05) in hearts
perfused with K ~free medium. The decrease in calcium binding and uptake by
the microsomal fraction (Figure 13) and the increase in calcium binding and uptake
by the mitochondrial fraction (Figure 14) were also apparent at different intervals
of the incubation period. Oligomycin (2.5 ug/ml) and sodium azide (5 mM), had
no appreciable effect upon calcium binding by microsomal fractions of the control
and experimental hearts, whereas these agents decreased mitochondrial calcium
binding by about 50 to 60% in both control and experimental preparations.

Reperfusion of hearts perfused with K" ~free medium for 10 minutes did
not reverse the augmented calcium uptake by mitochondria or the depressed
calcium uptake by microsomes (Table 15). These patterns of change. in calcium
uptake by mitochondrial and microsomal fractions upon K+ ~-free perfusion or
reperfusion of K+ -deprived hearts were also apparent when determinations were
made at different pH or calcium concentrations of the incubation medium (Table 16).
No significant (p > 0.05) changes in ATPase activities of mitochondrial and micro-
somal fractions were found upon perfusing the hearts for 10 or 20 minutes with K+ -

free medium (Table 17).
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TABLE 15

CALCIUM UPTAKE BY SUBCELLULAR FRACTIONS OF HEARTS PERFUSED WITH
CONTROL, K' - FREE OR K" - FREE FOLLOWED BY CONTROL MEDIUM |

Calcium uptake
(nmoles/mg protein)

Mitochondria Heavy microsomes
5 min 10 min 5 min 10 min

Control 104+5  148+8  197+14  228+17
0minK' ~free 14248 191+11 139415 171416
10 min K+ - free
followed by 15
min conirol
perfusion 137 + 4 187 +9 145 + 12 170 + 19

Each value is a mean + S.E. of 6 experiments.
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TABLE 17

ATPase ACTIVITY OF SUBCELLULAR FRACTIONS OF HEARTS PERFUSED WITH
CONTROL OR K" - FREE MEDIUM

ATPase activity (umoles Pi/mg protein/min)

Mitochondria Microsomes
Total Total Ca++ stimulated
Control 1.791-0.12 2.98+0.13 0.20 +0.02
10 min K+—Free 1.98 +0.14 2.79 +0.12 0.23 +0.05
. T T
20 min K~ free 1.88']_-0.10 2.73+0.15 0.14 +0.02

Each value is a mean +S5.E. of 5 - 6 experiments.
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C. Myopathic Failing Hearts:

In one series of experiments calcium binding by both mitochondrial and
microsomal fractions of the hearts from myopathic hamster (UM=X7.1) at a severe
stage of heart failure was examined. The calcium binding by these fractions of the
myopathic hearts was significantly (p < 0.05)‘ lower than the control values
(Tdble 18). When the mitochondrial and microsomal fractions from the myopathic
hamster heart homogenates were isolated in the presence of exogenously added
sarcolemmal, microsomal or mitochondrial membranes prepared from the myopathic
hearts, calcium binding by these fractions was not altered significantly (p > 0.05).
Both sodium azide and oligomycin decreased calcium binding by mitochondrial
fractions of the control and myopathic hearts to an equal extent without appreciably
affecting calcium binding by the microsomal fractions (Table 19). The data on marker
enzyme activities in the mitochondria and microsomes are given in Table 20 to
indicate fhel degree of purity of the subcellular fractions employed in this study.
Furthermore, the yields of mitochondrial and microsomal fractions of the myopathic
hearts were not different (p >0.05) from the control.

In another series of experiments, calcium binding by microsomal fractions
of the control and myopathic hamster hearts at a severe stage of failure was monitored
in the presence of different concentrations of calcium. The data was plotted according
to the method of Lineweaver-Burk (149) and shown in Figure 15. The depression in
calcium binding by the myopafhic microsomal fractions appears to be associated with
a decrease in the number of sites rather than changes in calcium binding constant. If

was also found that calcium binding as well as calcium uptake by microsomal and
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TABLE 18
CALCIUM BINDING BY SUBCELLULAR FRACTIONS ISOLATED FROM CONTROL

AND MYOPATHIC HAMSTER (UM - X 7.1) HEART HOMOGENATES IN THE ABSENCE
OR PRESENCE OF DIFFERENT EXOGENOUS CELLULAR MEMBRANES

Calcium binding
(n moles Ca™/mg protein/2 min)

Additions Mitochondria Microsomes
Control - 40 + 3.1 49 + 4.4
Myopathic ' - 19 + 2.8 22 + 3.3
Myopathic Sarcolemma 21 + 3.2 25 + 2.5
Myopathic Microsomes 24 + 2.3 23 + 2.9
Myopathic Mitochondria 2 + 2.5 18 + 3.6

Each value is a mean +S.E. of 14 - 6 experiments. Sarcolemmal, Microsomal or mito-
* chondrial membranes isolated from the myopathic hearts were added to the homogenates

of the myopathic hearts where indicated before isolating the subcellular fraction for

calcium binding determination. Myopathic hamsters at severe stage of heart failure

and control healthy hamsters were 200 day old.
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TABLE 19

EFFECT OF SODIUM AZIDE AND OLIGOMYCIN ON CALCIUM BINDING
BY SUBCELLULAR FRACTIONS OF CONTROL AND MYOPATHIC HAMSTER
(UM = X7.1) HEARTS AT SEVERE STAGE OF HEART FAILURE

Calcium binding
(% of values without inhibitors)

Mitochondria Microsomes
Additions Control Myopathic Control Myopathic
------- 100 100 100 100
Sodium azide 47 +2.9 56 + 3.8 93 +3.3 97 +2.2
(5mM)
Oligomycin 61 +3.4 59 + 4.1 93 +2.9 96 +2.8
(2.5 pg/ml)

Each value is a mean + S.E. of 4 experiments. Myopathic hamsters and conirol

healthy hamsters were 200 day old.
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FIGURE 15. Lineweaver - Burk plot of data on calcium binding by microsomal
fraction of control and myopathic hamster (UM ~=X7.1) hearts.
Calcium binding was determined in the presence of different
concentrations of total calcium in the incubation medium.
Myopathic hamsters (200 day old) were at severe stage of
failure whereas healthy hamsters (200 day old) served as controls.
Each value is an average of 3 experiments.
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mitochondrial fractions of the myopathic hamster hearts of severe stage of heart
failure was less (p < 0.05) than the control values when determinations were made
at different pH of the incubation medium (Table 21). The ATPase activities of the
microsomal or mitochondrial fraction of the myopathic hearts were not different
(p > 0.05) from the controls (Table 22).

The calcium accumulation abilities of both mitochondrial and microsomal
fractions of the myopathic hamster (UM-X7.1) hearts af different stages of heart
failure were examined. Although calcium binding by mitochondrial fractions from
hearts at early, moderate and severe stages of failure was markedly decreased
(p <0.05), calcipm uptake by the mitochondrial fraction decreased significantly
(p <0.05) only in hearts from severe stage of heart failure (Figure 16). Both calcium
binding and uptake by the microsomal fractions of the myopathic hearis at early,
moderate and severe stages of failure were significantly (p < 0.05) lower than the

control (Figure 17).

For the purpose of comparison, calcium binding and uptake by mitochondrial
and microsomal fractions of another strain of myopathic hamster (BIO 14.6) hearts |
at different stages of failure were tested. The data in Table 23 reveal that both
calcium binding and uptake by mitochondrial fractions were decreased at all stages
of failure in BIO 14.6 strain of myopathic hearts. Although calcium binding by
microsomal fractions of the early, moderate and late stages of failure was significantly
decreased (p < 0.05), the depression in calcium uptake by microsomal fraction was
only significant (p < 0.05) in late stages of heart failure (Table 23).

In.view of the presence of focal necrosis in myopathic hamster hearts, it
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TABLE 22

ATPase ACTIVITY OF SUBCELLULAR FRACTIONS OF CONTROL OR MYOPATHIC
HAMSTER (UM-X7.1) HEARTS AT LATE STAGES OF HEART FAILURE

ATPase activity (umoles Pi/mg/min)

Mitochondria Microsomes

Total Total Ca++ - stimulated
Control 2.10+0.13 2.32+0.19  0.96+0.14
Myopathic 2.00 +0.22 2.42+0.21  0.93+0.18

Each value is a mean +S5.E. of 5 - 6 experiments.
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FIGURE 16.

Time-course of calcium uptake and binding by mitochondrial

fraction of control and myopathic hamster (UM =X7.1) hearis

at different stages of heart failure. A - control healthy hamsters
(150 - 200 day old); B - Myopathic hamsters at early stage of
failure (150 day old); C - Myopathic hamsters at moderate stage
of failure (175 day old); D - Myopathic hamsters at severe stage
of failure (200 day old). Each value is a mean +S.E. of 6 -8

experiments.
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FIGURE 17.  Time-course of calcium uptake and binding by microsomal
fraction of conirol and myopathic hamster (UM -X7.1)
hearts at different stages of heart failure. A - Control healthy
hamsters (150 - 200 day old); B ~ Myopathic hamsters at early
stage of failure (150 day old); C - Myopathic hamsters at
moderate stage of failure (175 day old); D - Myopathic hamsters
at severe stage of failure (200 day old). Each value is a mean
+S.E. of 6 - 8 experiments.
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was considered of interest to investigate the abilities of mitochondrial and micro-
somal fractions of hearts in which focal necrosis was induced experimentally. In an
earlier study from this laboratory it has been demonsirated that oxidized isoproterenof,
but not the fresh'isoproterenol, . produces focal necresis in isolated perfused rat
hearts (150). Perfusing the heart with oxidized isoproterenol did not decrease
calcium uptake by mitochondria significantly (p > 0.05), whereas microsomal
calcium uptake was markedly reduced (p <0.05). No significant (p > 0.05) changes
in mitochondrial or microsomal calcium binding were seen in hearts perfused with
oxidized isoproterenol (Table 24). The resulis for calcium transport by subcellular
fractions of hearts perfused with fresh isoproterenol were not different (p >0.05) from
the control. Oxidized isoproterenol was also found to decrease mitochondrial and
microsomal calcium uptake when added in incubation medium without signficantly

(p > 0.05) altering mitochondrial calcium binding (Table 25). Although microsomal
calcium binding was increased when the incubation medium contained oxidized
isoproterenol, the results were not significantly (p > 0.05) different from the control.
The mitochondrial and microsomal ATPase activities were also not altered (p > 0.05)

by the oxidized isoproferenol under both in vivo and in vitro conditions (Table 26).




TABLE 24

CALCIUM ACCUMULATION BY SUBCELLULAR FRACTIONS OF HEARTS
PERFUSED WITH MEDIUM CONTAINING OXIDIZED ISOPROTERENOL (100 mg/1)

FOR DIFFERENT INTERVALS

Calcium accumulation
(nmoles/mg protein)

Uptake/10 min Binding/5 min
Conditions Mitochondria Microsomes Mitochondria Microsomes
Control 222~j_~ 13 253 + 16 104 + 19 23 + 5
Oxidized isoproterenol
3 min , 205-_F 15 169:1_- 19 92 +9 19+7
5 min ]901—9 155-_F14 89-_#” 281—5
10 min 202 + 10 123 + 17 96 + 12 24 +6

Each value is a mean + S.E. of 6 experiments.
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TABLE 25

IN VITRO EFFECT OF OXIDIZED ISOPROTERENOL ON CALCIUM
ACCUMULATION BY SUBCELLULAR FRACTIONS OF RAT HEARTS

Calcium accumulation
(nmoles/mg protein)

Uptake /10 min Binding /5 min
Conditions Mitochondria Microsomes Mitochondria  Microsomes
Control 238 + 10 240 + 16 103 +8 29 +5
Oxidized isoproterenol _
100 pg/ml 179412 159 + 11 100+11  40+6
200 pg/ml 108 + 13 122 + 15 101 * 10 41 + 9

Each value is a mean +S.E. of 6 experiments.
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V., DISCUSSION

A. Hearis failing Due to Oxygen or Substrate Lack:

In the present study we have demonstrated that the ability of the micro-
somal fraction to bind and accumulate calcium was impaired upon perfusing the
hearts with hypoxic medium for a period of 10 minutes or longer. On the other
hand, mitochondrial calcium binding, but not the uptake, decreased in hearts
perfused with hypoxic medium for 20 to 30 minutes. These changes in microsomal
calcium biﬁding and uptake as well as mitochondrial calcium binding in hypoxic
hearts are unlikely to be dué to the presence of some contaminants because both
control and hypoxic preparations were made under identical cbndifions. Further-
more, both azide and oligemycin inhibited calcium binding by the control and
hypoxic mitochondrial 'preparaﬁons to an equal extent without appreciably affecting
the microsomal calcium binding. Electron microscopic examination of the microsomal
pellets did not reveal the presence of myoffbrils or intact mitochondria. In addition,
the yields of the subcellular fractions from the hypoxic hearts were not different
from those of the control.

In contrast to the hypoxic hearts, elecirically paced hearts made to fail
to an equal degree by perfusion with substrate-free medium showed a decline in
mitochondrial calcium uptake ard more dramatic decrease in the microsomal calcium
binding. This depression in microsomal calcium binding by hypoxic and substrate-
depleted heart preparations was also apparent at different pH and calcium concentra-
tions of the incubation medium. It should be noted that calcium transport by sub-

cellular fractions has been shown to be impaired in spontaneously beating hearts on
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perfusion with substrate-depleted medium (12,26,93). Both mitochondrial and micro-
somal calcium stores in hearts failing due to substrate and oxygen lacks have also
been shown to decrease (139). However, in this study it has been demonstrated
that omission of glucose from the perfusion medium accelerated the inhibitory

effects of hypoxia on calcium transport by subcellular fractions. In this regard, it

is pointed out that microsomal calcium binding and mitochondrial calcijum upfaké
have been reported to be reduced in chronically ischemic dog hearts (130). Further~
more, depression in calcium binding (89) or calcium uptake (88) has been observed
~in acute ischemic dog hearts after 60 to 90 minutes of coronary occlusion. Therefore,.
it is likely that, in conditionssuch as ischemic-heart disease and myocardial
infarction, changes in the calcium transporting abilities of the subcellular organelles
are occurring due to limited supply of both oxygen and substrate.

Depression in the abilities of subcellular organelles of the hypoxic heart
to bind and accumulate calcium would raise the intracellular level of jonized
calcium. These evenis will be associated with an increase in the relaxation Hme as
well as contracture of the hypoxic myocardium. This is exactly what has been shown
in rat hearts upon perfusion with hypoxic medium (69, 151). At any rate, the resulis
of the present study demonstrate that changes in the abilities of the subcellular
fractions are reversible upon reperfusing the hypoxic hearts with aerobic medjum.
Furthermore, reduction in the ability of the hypoxic microsomal fraction to accumulate
calcium may be due to a decrease in the activity of Ca' ' -stimulated ATPase, which
has been considered to provide energy for the transport of calcium across the micro-

somal membranes. Although the mechanisms for depression in calcium binding by
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hypoxic heart mitochondria are not clear, it is possible that this defect, like that
in the microsomal vesicles, may be a reflection of changes in the membrane prop-
erties. This is consistent with an earlier suggestion that hypoxia may induce membrane
alteration by changing the phospholipid-protein ;:omposifi‘on (98,152). Changes in
in the phospholipid composition of the myocardium due to hypoxia has been reported
recently (153).

Impaired abilities of the subcellular particles to accumulate calciom would
result in decreased calcium dvailable for release from the intracellular stores upon
activation of the hypoxic heart. This mechanism may explain the depression in the
ability of the hypoxic heart to generate contractile force. However, it was found
that perfusing hearts with hypoxic medium for 5 minutes decreased contractile force
by about 40% of the control without any changes in the calcium binding and upqué
dbilities of mitochondrial and microsomal fractions. - This could be interpreted to
suggest that changes in subcellular particles to transport calcium due to alterations in
their membrane properties are secondary to depression in the contractile force of the
hypoxic hearts. Tt could also be possible that the subcellular particles of the hypoxic
heart during initial phases of failure may recover during the isolation and incubat jon
periods. At any rate, hypoxia has also been shown to decrease sarcolemmal calcium
binding and calcium upfdke in addition fo altering the sarcolemmal enzyme activities
(98,138,152). Furthermore, abnormal concentrations of different cytoplasmic
constituents, in addition to structural damage, have also been suggested to influence
calcium transport in failing hearts due to hypoxia (25,93,131). In view of dramatic

changes in energy metabolism due to hypoxia (69,151,154-157), the onset of failure
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of the hypoxic heart to generate contractile force has been thought to be most
likely due to an insufficiency in the processes of energy generation, whereas
abnormalities in the processes of energy utilization subserving the mechanisms for
maintaining the ionic gradients and excitation-contraction and relaxation are
secondary in nature (69). Thus the present study demonstrating defects in the
abilities of hypoxic heart mitochondrial and microsomal fractions to transport
calcium can be considered to be only one of the various abnormalities associated
with failing hearts due to hypoxia.

B. Hearts Failing Due to Intracellular Calcium Deficiency and Calcium Overlodd:

In the present study we have demonstrated a decrease in calcium binding
and uptake by the mitochondrial fraction without any changes in the ability of the
. . | . . o HF
microsomal fraction to transport calcium on perfusing the hearts with Ca  -free
medium. However, hearts failed to generate contractile force within 30 seconds to
I minute upon perfusion with Ca = ~free medium without any change in the abilities
of the mitochondrial and microsomal fractions o bind and accumulate calcium. [t

“has been shown that cessation of contractile activity of the heart on perfusion with

++ L - . -

‘Ca  -free medium occurred in the absence of any change in the surface electrical
activity (137,158,159). Recently, uncoupling of the electrical and mechanical events
has been reported to be due to removal of a labile calcium component occurring within

++ . . . .
30 seconds of Ca  -free perfusion (136) and the decline in the contractile force can
be readily understood in terms of membrane calcium fluxes (160,161). Thus it appears
that the oberved reduction in the mitochondrial calcium binding and uptake is

H.
secondary to heart failure due to Ca' = -free perfusion. It is pointed out that
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perfusion with Ca  -free medium has been shown to produce intracellular calcium
deficiency in the rat heart muscle (137,138).

L] . H_ .

Prolonged perfusion of hearts with Ca' -free medium has been shown to
produce dramatic changes in the ultrastructure of mitochondria, sarcoplasmic
reticulum and cell membrane (136). Therefore, it is possible that the observed
changes in mitochondrial calcium transport may reflect alterations in the mitochond-
rial membrane, whereas our inability to detect changes in microsomal calcium trans-
port can be explained on the basis that sarcoplasmic reticular membrane is more
resistant to changes occurring as a consequence of Ca -free perfusion. It should be

. + A+ ++
noted that a decrease in sarcolemmal Na' -K~ ATPase + Mg -ATPase and adenylate
cyclase activities has also been reported on perfusing the hearts with Ca ' -free
medium (I38). These results are consistent with the view that calcium plays an
important role in maintenance of membrane integrity.

It was interesting to find that the ability of the microsomal fraction fo
bind and accumulate calcium was markedly decreased upon reperfusing the hearts
following perfusion with Ca’ -free medium for 5 minutes or longer. Furthermore,
results of the present study show that mitochondrial calcium binding and uptake were
markedly increased upon reperfusing the Ca -deprived hearts. Inability of the
4
Ca  -deprived hearts to recover contractile force has also been shown fo be
accompanied by extensive damage to the ultrastructure of the myocardium (133-135,137).
Recent studies from this laboratory have revealed a marked decrease in sarcolemmal

+ 4 +
Na -K -ATPase, Ca-H_-ATPase, Mg~ -ATPase and adenylate cyclase activities

++ ,
(138) upon repurfusing the: Ca =deprived hearts. These results suggest that
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reperfusion of Ca  -deprived hearts causes alterations in various cardiac membrane
systems.

- +—’- L] . -
Perfusion of Ca  -deprived hearts with control medium has been reported
to produce a marked increase in the intracellular calcium contents (138). Calcium
overload in the cell has been suggested to result in disruption of the cellular

structures by lowering the energy state of the myocardium (137). It can be

conceived that the intracellular calcium overlaad will enhance the splitting of the

high energy phosphate compunds as well as depress energy production by inhibiting
mitochondrial functions. Both creatine phosphate and ATP contents of CaH -depriyed
bhearfs have been found to decrease upon reperfusion with control medium (Dhalla-
unpublished observation). Thus it appears that intracellular calcium overload offects
different biochemical events involved in the maintenance of cardiac structure and
function and the inability of the Ca ' -deprived hearts to recover upon reperfusion
may be a consequence of these complex metabolic changes.

The depression in microsomal calcium transport and augmentation in

mitochondrial calcium transport due to intracellular calcium overload in Ca ' -

deprived hearts was seen at different pH and calcium concentrations of the incubation
medium. Although the cbserved decrecse in microsomal calcium uptake may be

- +F
explained on the basis of depression in the microsomal Ca~ -stimulated ATPase

activity, the mechanisms for the observed increase in mitochondrial calcium transport
due fo intracellular calcium overload are not clear. It is pessible that mitochondrial
membranes are altered in such a manner that these organelles serve as an-adaptive mech-

anism under conditions of intracellular calcium overload. However, it is of interest
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to note that lowering the concentration of sodium in the Ca' ' ~free medium, not
only prevented depression in microsomal calcium fransport or augmentation in mito-
- . ! . g H *
chondrial calcium transport, but also gnabled the Ca ~deprived heart to recover
contractile force upon reperfusion with control medium. Lowering the concentration
of sodium in the medium during Ca = -free perfusion has been suggested to prevent
intracellular calcium overload upon reperfusion (137). These results indicate that
intracellular calcium overload may produce alterations in various cardiac membrane
systems and lend further support to the hypothesis that intracellular calcium overload
may play an important role in the pathogenesis of heart failure.
It has been shown in the present study that both microsomal calcium
+
binding and uptake are depressed upon perfusing the hearts with Na ' -free or
+ . . + -
K -free medium. The microsomal Ca  ~=ATPase activity was also found to decrease
+ +- . . . .
upon Na  -free or K ~free perfusion for 20 minutes. These changes in the microsomal
. — . + + .
calcium pump mechanisms in hearts perfused with Na' -free or K free medium may
be due to intracellularicalcium overload. “This'is borne out by ‘a recent-study
from this laboratory that calcium contents of the hearts were increased upon
. . + + . . .
perfusion with Na' ~free or K' —free medium (138). If intracellular calcium over-
load is an important mechanism for depressing the microsomal "calcium pump"” in
» + + - - - .
hearts perfused with Na -free and K ~free medium, then alterations similar to
those observed in sarcoplasmic: reticulum should be apparent in other membrane
systems such as mitochondria and sarcolemma upon reperfusing the Ca  -deprived
hearts. In an earlier study changes in sarcolemma have been shown to occur in hearts

+ +
on perfusion with Na -free or K' -free medium (|38)_. The results of this study
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clearly indicate that nﬁfochondrial calcium binding and uptake were increased in
hearts perfused with K" ~free medium. Feeding animals with low potassium diet
has also been shown to decrease microsomal calcium transport and to increase
mitochondrial calcium transport in the heart (162).

Although both mitochondrial calcium binding and uptake tended to
increase in hearts upon perfusion with Na+ -free medium, the results were not
significant. It is possible that in the case of Na+ -free perfusion, intracellular
Na+ ~deficiency may be preventing mitochondrial membrane changes in response
- to infracellular calcium overload. It should be noted that while hearts perfused
for 10 minutes with Na_ —free medium regained contractile force by about 60% of
the intitial value, the hearts perfused for 10 minutes with K~ ~free medium completely
failed to recover contractile dcﬁvify upon reperfusion. Such differences may be due
to differences in the intracellular levels of sodium (138) since this cation has been
suggested to play a deleterious role in heart failure due to intracellular calcium
overload (137).

C. Myopathic Failing Hearts:

Previous studies from this laboratory have revealed that microsomal and
mitochondrial calcium binding are decreased in myopathic hamster (BIO 14.6) hearts
at moderate and late stages of heart failure (28,118,142). In addition, it has been
reported that mitochondrial calcium uptake is decreased in these myopathic hearts
at moderate and late stages of failure, whereas microsomal calcium uptake is reduced
in late stages only. The present findings with BIO-14.6 myopathic hamsters confirm

the earlier results and further demonstrate that microsomal calcium binding, but not
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uptake, as well as mitochondrial calcium binding and uptake are impaired in BI0-14.6
myopathic hamster hearts at early stages of failure. Other investigators have also
shown varying degrees of depression in calcium transport by the mitochondrial and
microsomal fractions of failing hearts from these animals (11,112, 16,117,163). The
defective calcium transport by these subcellular fractions of myopathic hearts has
been reported to be due to changes in their cholesterol -phospholipid compositions
(n9,163).

In the present study we have shown that microsomal calcium binding and
Qpi‘ake as well as mitochondrial calcium binding in a new strain of myopathic hamster
(UM-X7.1) hearts were decreased in early, moderate and severe stages of heart
failure. On the other hand, mitochondrial calcium uptake did not decrease in
early and moderate stages of heart failure, although it was depressed in severe stages.
The impairment in calcium transport by both mitochondrial and microsomal fractions
of the myopathic hearts at severe stages of failure was seen at different pH of the
incubation medium and was not associated with ﬁny alteration in ATPase activities
of these'-subcellular fractions. Such a défec’r in calcium transport can be explained
on the basis of uncoupling of "calcium pump" mechanisms due fo disorganization of
the intracellular membranes (26).

The study of kinetics of calcium binding by the microsomal fractions of
control and myopathic hearts revealed that the number of binding sites, but not
the binding constant, was reduced in the failing hearts. Furthermore, the data on
marker enzyemes and yields of subcellular fractions indicate that the impairment of

the myopathic hearts is not due to the presence of some contaminants. This is
}
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strengthened by the experiments which sh'owed no difference in mitochondrial or
microsomal calcium binding when the fractions were isolated from the myopathic
heart homogenates in the absence and presence of different exogenous membranes.
Oligomycin and sodium azide, which inhibited mitochondrial calcium binding in
control and myopathic preparations to an equal degree, had no appreciable effect on
the microsomal calcium binding. Therefore, it seems clear that the defect in

calcium transport by the myopathic subcellular fractions is real and may be of crucial

importance in the pathogenesis of heart failure in UM=X7.1 strain of myopathic
hamsters.

Although morphologic studies using BIO-14.6 and UM-X7.1 strains of
myopathic hamsters did not reveqil any difference in the expressions of myopathy due
to genetic variation (140), the biochemical data indicate some differences in the
failing hearts of these animals. For instance, it was found that mitochondrial cal-
cium uptake in the UM-X7.1 myopathic hearts un.like the BIO-14.6 myopathic

hearts, ot early and moderate stages of failure was not different from the control.

On the other hand, microsomal calcivm uptake in the Bl0-14.6 myopathic hearis,
unlike the UM-X7.1 myopathic hearts, at early and moderate stages of failure was
not different from the control. These observations are not surprising because studies

+ +
from this laboratory have indicated that sarcolemmal Na® -K~ ATPase, Mg  -ATPase

. .
and Ca’ -ATPase are decreased in UM=X7.1 myopathic hearts but increased in
BIO-14.6 myopathic hearts. Thus, it is apparent that there are differences in the
biochemical functions of cardiac membrane systems in these two types of myopathic

hamsters, which are probably due to genetic differences.
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Since heart failure in myopathic hamsters is preceded l,)y varying degrees of focal
necrosis it is possible that changes in calcium.i‘rcmspori' by subcellular particles of
the myopathic hearts are caused by the same process which causes these focal
lesions. Although oxidized isoproterenol (150) has been shown to decrease .mim}-
chondrial and microsomal calcium uptake under in vitro conditions, this necrotizing
agent had no affect on calcium binding by these membranes. Furthermore, per-
fusing the hearts with oxidized isoproterenol decreased microsomal calcium uptake
without significantly affecﬁng mitochondrial calcium uptake or mitochondrial and
microsomal calcium binding. Microsomal calcium transport, but not mitochondrial
calcium transport, has -also been reported f§ decrease in isoproterenol-induced
myocardial necrosis under in vivo conditions (132). Therefore it seems that the
pattern of changes in the calcium fransport system in the myopathic hamster hearis
is quite different from that of the experimentally inducved myocardial necrosia
Clearly, further experiments are needed to establish the cause-effect relationship
between myocardial necrosis and changes in calcium transport by subeellular fractions
of the myopathic hearts.

In view of the preventive effects of a calcium antagonistic compound,
isoptin, in the development of myocardial lesions and heart failure in myopathic
hamsters (140), it is possible that the observed changes in calcium transport by
subcellular fractions of the myopathic hearts are due to intracellular calcium over-
load. However, the pattern of changes in calcium transport by subcellular particles
of the myopathic hamster heart is different from that obtained in calcium-overloaded

++
hearts produced under an acute experimental condition by reperfusing the Ca -




-90 -
. . . + + .
deprived hearts as well as by perfusing with Na' -free or K= —free medjum. Such

a difference in the pattern of changes in calcium transport systems may be a

reflection of the degree and type of heart failure.




VI. CONCLUSIONS

In fhis‘s’rudy calcium transporting abilities of the mifochc;ndriql and
microsomal fractions of different fiypes of failing Eeu’rfswereff.exomizne'd. ‘From the
results the following conclusions are drawn:

I.~ Although microsomal calcium binding and uptake were decreased upon perfusing
raf h'ecnjfs with hypoxic medium, these changes appear secondary fo the decline in
the ability of these hedrts to generate com‘ra;fﬂe force.

2. Omission of glucose from the perfusion medium accelerated the iphibii‘ory
effects of hypoxia upon microsomal calcium binding and uptake as well as mito-
chondrial calcium binding. In contrast to the hypoxic hearts, hearts fdiling due to
substrate-lack were found to show a decrease in mitochondrial calcium uptake.

3. Intracellular calcium deficiency produced by perfusing rat hearts with Ca' -
free medium was associated with a decline in mitochondrial calcium binding and
uptake without any changes in microsomal calcium transport .

4. Intracellular calcium overload produced by reperfusing Ca++ -deprived hearts
was shown to result in reducing microsomal calcium transport and augmenting
mitochondrial calcium transport.

5. Although microsomal calcium binding and uptake also decreased on producing
intracellular calcium overload upon perfusing hearts with Na -free or K+ -free
medium, a significant increase in mitochondrial calcium binding and uptake was
demonstrated only in hearts perfused with K" -free medium,

6. Calcium binding by both mitochondrial and microsomal fractions was decreased

in early, moderate and severe stages of heart failure in fwo types of myopathic
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hamsters (UM-X7.1 and BIO 14.6); however, depression in mitochondrial calcium
uptake in the UM-X7.1 strain of animals and depression in microsomal calcium uptake
in the BIO 14.6 strain of animals occurred in late stages of heart failure only.

7. Myocardial necrosis due fo oxidized isoproterenol in the isolated rat heart
was found to be associated with a marked depression in microsomal calcium uptake

without a significant decrease in mitochondrial calcium uptake .

8. It is suggested that depression in microsomal calciuvm transport, depending upon
the degree and type of failing heart, plays:an importarit role in:the -pathogenesis of
heart failure, whereas mitochondrial calcium transport may increase or decrease

depending upon whether or not mitochondria are serving as an adaptive mechanism

for regulating intracellular calcium.
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