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Abstract—Phosphate (P;)-induced depression in cardiac mitochondrial function was studied using
mitochondria isolated by two different procedures which purportedly yield two distinct populations.
Subsarcolemmal mitochondria (SLM) exhibited an enhanced sensitivity to 20 mM P; with respect to
oxidative phosphorylation. Thus, a significant depression in oxidative phosphorylation in this population
was seen following only 1-min treatment, whereas interfibrillar mitochondria (IFM) were unaffected.
Both populations showed a similar response to 5-min treatment with P;. The P;-induced depression in
respiration was partially, although significantly, reversed by a 50 uM concentration of the calcium
antagonist verapamil, an observation which suggests a contribution of calcium to the P-induced defect
in respiration. P; also produced a potent inhibition of ADP uptake in both mitochondrial populations,
which was in close agreement to P;-induced modification of low amplitude shrinkage-swelling responses
following ADP addition. Both of these parameters were unaffected by verapamil. Our results show an
enhanced sensitivity of SLM to a verapamil-sensitive P-induced depression in oxidative phosphorylation.
However, the potent, verapamil-insensitive decrease in adenine nucleotide translocase activity by
P; demonstrates that calcium is likely only partially involved in Pi-induced depression in oxidative
phosphorylation and that a further partial contribution arises from a decrease in adenine nucleotide
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translocase activity.

One of the earliest events associated with myocardial
ischemia is the accumulation of high concentrations
of intracellular phosphate [1, 2], a factor which has
been shown to depress cardiac contractility [3-6].
These observations have led to the hypothesis that
P; may account for, or contribute to, the contractile
depression associated with early myocardial ischemia
{1, 7]. Although interference with cardiac contractile
proteins has been suggested as a possible mechanism
for Pi-induced contractile depression [6], a precise
explanation for the P; effect remains to be fully
resolved. Pi-induced defective mitochondrial func-
tion has been well documented [8-11]. The mech-
anism underlying this effect is uncertain. However,
the ability of verapamil to partially reverse P;-
induced mitochondrial swelling and depression in
oxidative phosphorylation has led to the suggestion
of the involvement of an intramitochondrial calcium
pool [10, 11]. Another possible mechanistic basts for
P;-induced mitochondrial injury may be related to
the P;-induced efflux of adenine nucleotides from the
mitochondria, thus inhibiting the ADP/ATP translo-
case activity and resulting in the inhibition of oxi-
dative phosphorylation [8].

Previous reports have demonstrated the existence
of two populations of cardiac mitochondria pos-
sessing distinct biochemical properties [12, 13]. We
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have shown previously that subsarcolemmal mito-
chondria (SLM) demonstrate an enhanced sensitivity
to hypoxia, but more so to the injurious influence of
P;, compared to interfibrillar mitochondria (IFM)
[14]. In the present report, we examined the inter-
relationship between oxidative phosphorylation,
ADP/ATP translocase activity and low-amplitude
swelling following P; treatment of SLM and IFM.
We also examined the ability of verapamil to modify
individual parameters under study. We report that
verapamil was effective in reversing P-induced
depression of oxidative phosphorylation, but was
without effect on either swelling or translocase
activity, suggesting separate mechanisms underlying
P;-induced mitochondrial injury.

MATERIALS AND METHODS

Mitochondrial isolation. Two populations of car-
diac mitochondria were isolated from the ventricles
of male Sprague-Dawley rats (250-275 g, Canadian
Hybrid Farms, Centreville, Nova Scotia), by a modi-
fied procedure of Palmer et al. [12, 13], as described
in detail previously [14]. Both populations of mito-
chondria were finally suspensed in a buffer con-
taining (in mM) 125 KCl, 5 MgCl,, 2 Tris, pH 7.4,
at 25°. All solutions were prepared using distilled
and deionized water. Mitochondrial protein con-
centration was determined by the Lowry method.

Mitochondrial incubation. Mitochondria were
incubated in the final suspension medium noted
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Fig. 1. Oxidative phosphorylation of SLM and IFM after
1-min treatments. Treatment 1 represents oxygenated con-
trols without P, Treatment 2 represents oxygenated
samples treated with 10mM P;, whereas treatments 3,
4 and 5 indicate mitochondria incubated under hypoxic
conditions in the presence of 10mM P;, 20mM P; and
20mM P; plus 2 mM succinate respectively. The gassing
system consisted of stoppered flasks connected to either a
95% 0O, or 95% N, (balance CO,) gas mixture. Mito-
chondria were incubated in a shaking water bath at 37°.
Each bar is the mean * SE of six experiments. Asterisks
indicate significant differences (P < 0.05) from control, as
determined by ANOVA followed by SNK multiple com-
parison tests.

above in a shaker water bath under different con-
ditions as indicated in Results. Incubations were
carried out for either 1 or 5 min as noted in Results.
For experiments in which the effect of verapamil
(50 uM) was examined, the drug or its vehicle was
added to the mitochondrial suspension immediately
prior to P; administration. The incubation tem-
perature was kept at 37°.

Oxidative phosphorylation assay. Mitochondrial
oxidative phosphorylation was assessed in a Gilson
oxygraph as described previously [15]. For each
assay, 1 mg of mitochondrial protein was added to a
medium (pH 7.4) (SKHEPM) containing 250 mM
sucrose, 5 mM KH,PO,, 2 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 10 mM
EDTA, 10 mM pyruvate, and 2.5 mM malate. Oxi-
dative phosphorylation was measured at 30° in terms
of state 3 Q0,, respiratory control index (RCI), and
ADP:0 ratio, as described previously [15]. The oxi-
dative phosphorylation rate (OPR) was calculated
according to Edoute er al. [16] and expressed as
nanomoles ATP synthesized per milligram of mito-
chondrial protein per minute.

Mitochondrial swelling and shrinkage. Mitochon-
drial swelling and shrinkage was measured spectro-
photometrically (Pye-Unicam model SP8-200) by a
method modified from Hunter and Smith [17].
Briefly, 1 mg of mitochondrial protein was added to
2.5ml of SKHEPM buffer. The light absorbance
changes at 520 nm were recorded immediately at a
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Fig. 2. Oxidative phosphorylation of SLM and IFM after

5-min treatments. See legend of Fig. 1 for experimental

details. Each bar is the mean + SE of six experiments.

Asterisks indicate significant differences (P < 0.05) from

control, as determined by ANOVA followed by SNK mul-
tiple comparison tests.

sensitivity of 0.1 O.D., using the buffer as reference.
Two minutes later, 600 nmol of ADP was added
and the solution quickly stirred. The recording of
absorbance changes was continued for another
5 min.

ADP/ATP translocase activity. The method for
determining translocase activity was modified from
Duee and Vignais [18]. The reaction buffer contained
110 mM KCl, 20 mM Tris, 1 mM EDTA, pH 7.4, at
25°. Fifty nanomoles of ADP (with 0.02 uCi
['“C]ADP) was added to 150 ul buffer immediately
before commencing the assay. Mitochondria (0.5 mg
protein) were added to initiate the reaction. The
ADP uptake reaction was stopped at different time
intervals with 0.1 mM atractyloside as indicated by
the reaction time in the figures. Each sample was
centrifuged at 25,000 g for 5 min. The supernatant
fraction was discarded, and the pellet was washed
twice with buffer and dissolved in 0.2ml of 0.1 N
NaOH. The mixture was suspended in 2.5ml of
Beckman scintillation solution and radioactivity was
counted in a Searle Mark III scintillator counter.
Time-dependent ADP uptake per milligram of mito-
chondrial protein was calculated using ['*C]ADP as
standard. ADP/ATP translocase activity was deter-
mined as atractyloside-sensitive ADP uptake.

RESULTS

Inhibition of mitochondrial oxidative phospho-
rylation. Figure 1 shows the effects of preincubation
under different conditions on mitochondrial res-
piration. Hypoxia, inclusion of succinate as
substrate, or increasing the P; concentration above
10 mM did not augment the 10 mM P-induced mito-
chondrial depression on state 3 Q0,, RCI and OPR
in SLM after 1-min treatment. Other factors tested
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Fig. 3. Effect of verapamil on P;-induced depression of
mitochondrial oxidative phosphorylation after 1-min treat-
ments. Treatment 1 represents control experiments with
vehicles of P; and verapamil only. Treatments 2, 3, and 4
represent samples treated with 20 mM P; plus verapamil
vehicle, P; vehicle plus 50 uM verapamil, and 20 mM P, plus
50 uM verapamil respectively. All samples were treated at
37° in the shaking water bath for 1 min under room air.
Each bar is the mean *+ SE of six experiments. Asterisks
indicate significant depression compared with treatments
indicated by treatment numbers following the asterisks
(P < 0.05). The same statistical test was used as for Fig. 1.

which mimic ischemic conditions including lactate
and acidosis produced no direct effect nor did they
add to the P;-induced depression (data not shown).
As Fig. 1 shows, IFM were resistant to P;-induced
depression following 1-min incubation. With 5-min
incubation, SLM and IFM responded in similar
fashion to P; treatment (Fig. 2).

As shown in Figs 3 and 4, the Pi-induced depres-
sion was partially reversed by the addition of ver-
apamil, at a concentration which produced no direct
effect on oxidative phosphorylation. Following 1-
min treatment (Fig. 3), the significant P;-induced
depression on RCI and OPR in SLM, was partially
reversed if verapamil was included. However, 1-min
treatment, with or without the presence of verapa-
mil, did not change these functions in IFM sig-
nificantly.

For the 5-min treated samples (Fig. 4), verapamil
also produced a significant partial reversal in RCI,
ADP:0 and OPR in SLM. In IFM, only RCI and
OPR depressions were reversed by verapamil owing
to the fact that ADP:0 was not depressed significantly
by P; in this population.

Swelling and shrinkage responses. Figure 5 sum-
marizes the swelling—shrinkage responses of SLM
and IFM to 5-min preincubation in the presence of
different factors. The controls (both populations)
showed responses similar to those of untreated
samples, i.e. a small initial swelling (indicated by a
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Fig. 4. Effect of verapamil on P-induced depression of
mitochondrial oxidative phosphorylation inhibition after 5-
min treatments. See legend of Fig. 3 for experimental
details, except that all samples were treated for 5 min. Each
bar is the mean * SE of six experiments. Asterisks indicate
significant depression compared with treatments indicated
by treatment numbers following the asterisks (P < 0.05).
The same statistical test was used as for Fig. 1.

small decrease in light absorbance) and shrinkage
due to ADP addition (indicated by the light absorb-
ance increase). Preincubation for 5§ min with 20 mM
P; substantially modified the swelling—shrinkage
responses, especially the latter, after ADP addition.
Preincubation with verapamil did not alter this
response in the presence or absence of P;. Although
less pronounced, P; effects were observed after 1-
min incubation; the overall trend in the swelling—
shrinkage response, as well as the failure of ver-
apamil to prevent these changes, remained virtually
identical to that of the 5-min incubation study (data
not shown).

ADPJ/ATP translocase activity. Although the
atractyloside-nonsensitive portion (zero reaction
time) of ADP uptake was not significantly different
between untreated SLM and IFM, the atractyloside-
sensitive ADP/ATP translocase activity was sig-
nificantly higher in IFM than in SLM (Fig. 6).

Pretreatment for 1 min with 20 mM P; significantly
depressed ADP/ATP transiocase activity in both
SLM and IFM. This depression was not affected by
verapamil (Fig. 7). With 5-min incubation, ADP/
ATP translocase activity was much lower even in the
controls, whereas the Pi-treated samples exhibited
an almost total loss of atractyloside-sensitive ADP
uptake (data not shown). Verapamil had no effect
on the P-induced depression.

Relationship between mitochondrial ADP/ATP
translocase activity and OPR. We initially analyzed
the relationship between the atractyloside-sensitive
ADP uptake and OPR from six control experiments
within each individual time treatment and observed
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Fig. 5. Typical recording tracings (of four experiments)
showing swelling-shrinkage responses of IFM (dashed
lines) and SLM (solid lines). Key: (A) control response
of untreated IFM without ADP addition; (B) untreated
mitochondria; (C) mitochondria pretreated with vehicles
of P; and verapamil; (D) mitochondria pretreated with
20 mM P; plus verapamil vehicle; (E) mitochondria pre-
treated with 50 uM verapamil plus P; vehicle; and (F)
mitochondria pretreated with 20 mM P; plus 50 uM ver-
apamil. All pretreatments used were for 5-min durations
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Fig. 6. ADP uptake by untreated mitochondria. Each point
is the mean = SE of six experiments. Key: (*) P <0.05;
and (**) P < 0.01 between the two populations (two-tailed
paired t-test).
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no significant correlation between the two par-
ameters. However, when data were pooled for
freshly isolated, control incubated or P;-treated SLM
and IFM, a significant correlation between OPR and
atractyloside-sensitive ADP uptake was evident for
both mitochondrial populations (Fig. 8). However,
the slopes of the linear correlations between ADP
uptake and OPR were obviously different for the
two populations. Although not shown in Fig. 8, the
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Fig. 7. P; effect on mitochondrial ADP uptake, with or

without the presence of 50 uM verapamil. SLM and IFM

were incubated at 37° for 1 min. Each point is the mean *

SE of six experiments. Key: (*) P <0.05 from control
(ANOVA).
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Fig. 8. Relationship between the mean of the maximum
atractyloside-sensitive ADP uptake and the mean of mito-
chondrial OPR. Regression lines are pooled data for SLM
and IFM, respectively, after various treatments as indicated
by symbols. The slopes for the regression lines for IFM and
SLM were y = 79X + 368, r = 0.832, P<0.05, and y =
45X + 659, r = 0.849, P < 0.05, respectively. Each point
is the mean * SE of six experiments.

significant correlation was maintained when data
were combined for both mitochondrial populations.

DISCUSSION

Although the deleterious effects of P; on cardiac
mitochondrial oxidative phosphorylation have been
reported previously [10, 11], our study shows for the
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first time a differential sensitivity of two mito-
chondrial populations to P; treatment. Moreover, we
report a rapid verapamil-insensitive depression in
ADP/ATP translocase by P;. The results reported
in the present study may be of importance in the
following terms: (1) the rapid mitochondrial dys-
function, especially in SLM, by P; may suggest a
possible mechanism for cardiac contractile failure
during early ischemia; and (2) the P;-induced mito-
chondrial dysfunction may consist of different com-
ponents, one of which may be related to an
intramitochondrial calcium pool and, therefore, par-
tially reversible by verapamil.

The decrease in cardiac contractility during acute
ischemia occurs very rapidly, with a substantial
decline after 1 min, and almost total loss within 5—
10 min. Considering the importance of an energy
source for maintaining normal excitation—contrac-
tion coupling, ATP depletion has been suggested as
a possible mechanism to explain this rapid contractile
failure [19]. One report demonstrated a 25%
decrease in ATP and a 50% decrease in creatine
phosphate during the first 5 sec of anoxia in the rat
heart [19]; however, most others reported only a
small reduction in total ATP content of the myo-
cardium accompanying the early ischemia [20, 21].
This dissociation between ATP depletion and con-
tractile depression has led to the speculation that
compartmentalization of ATP exists in the myocar-
dium, i.e. a pool sensitive to ischemia-induced deple-
tion [7, 22].

Early myocardial ischemia is accompanied by a
rapid rise in intracellular P; [1,2]. Although the
rapid (within 1 min) accumulation of P; from 2-5 mM
normal physiological levels to 15-20mM during
ischemia or hypoxia is well documented [2, 23], the
precise significance of this remains to be firmly estab-
lished. The present study shows that P; at physio-
logical concentrations substantially depressed
mitochondrial function. These concentrations are
compatible with those found to depress contractility
of skinned cardiac cells [3, 5]. A particularly relevant
observation was the substantial inhibition in SLM
oxidative phosphorylation after only 1-min exposure
to P;. The anatomic location of SLM could suggest
that these mitochondria play a key role in the main-
tenance of normal sarcolemmal function. For
instance, if SLM provide a critical pool for ATP-
dependent sarcolemmal function, then it would be
attractive to speculate that a reduction in SLM ATP
production to critical levels could ultimately result
in defective intracellular homeostasis, which may
account for, or contribute to, contractile depression
accompanying early myocardial ischemia.

The partial reversal of P-induced depression in
oxidative phosphorylation by verapamil is in agree-
ment with previous reports from others who used a
mixed pool representing both mitochondrial popu-
lations [10]. Similarly, ruthenium red, an inhibitor
of mitochondrial calcium transport, was also demon-
strated to inhibit Piinduced mitochondrial dys-
function [11]. These authors suggested the possible
involvement of intramitochondrial calcium in P;-
induced mitochondrial injury as a basis to explain
the verapamil effect [10, 11]. However, our mito-
chondrial swelling and shrinkage studies failed to

3877

demonstrate a similar protective effect of verapamil.
Thus, we did not see any substantial modification of
the spontaneous mitochondrial swelling due to P;
preincubation by verapamil, even with prolonged
monitoring (data not shown). Also, there was a
substantial increase of the ADP-induced shrinkage
with P;-pretreated mitochondria, in the presence or
absence of verapamil. These findings suggest that
(1) the calcium-related hypothesis cannot explain
completely the P;-induced mitochondrial dysfunc-
tion, and (2) the P;-induced low amplitude swelling—
shrinkage changes may be related to a remaining
distinct component of the mitochondrial functional
changes in response to P;.

The spectrophotometric measurement of mito-
chondrial “swelling—shrinkage” has been related to
the transition of mitochondrial oxidative phospho-
rylation from the “controlled” to the “active” state
following ADP addition and has been generally
referred to as “small amplitude shrinkage” [24]. By
combining spectrophotometric and electromicro-
scopic studies, Klingenberg [25] hypothesized that
the light absorbance change, i.e. the “swelling-
shrinkage” response, represented a reflection of the
ADP/ATP carrier location relative to the inner or
outer surface of the mitochondrial inner membrane.

Our results clearly demonstrate the increased sen-
sitivity of mitochondria shrinkage responses to ADP
after pretreatment with P;. This observation may
reflect a prior P-induced efflux of adenine nucleo-
tides [8], which could result in the relocation of
the ADP/ATP carrier to the outside of the inner
membrane. Exogenous ADP could move more car-
rier molecules from outside to inside; the greater the
difference between the distribution of the carrier
concentration across the inner membrane, the
greater would be the change in light absorbance.
Also, the shorter shrinkage duration following ADP
addition is likely a reflection of diminished con-
centration of carriers on the inner mitochondrial
membrane. Thus, the difference in duration and
amplitude between IFM and SLM may reflect dif-
ferences in either the total number of carriers or the
arrangement of the carriers in the membrane system,
although the responses to P; preincubation were simi-
lar for both mitochondrial populations. This possi-
bility was supported by the ADP/ATP translocase
activity assay which demonstrated a similar P;-
induced inhibition for both populations, a phenom-
enon totally unaffected by pretreatment with ver-
apamil.

In recent years there has been substantial contro-
versy regarding the rate-limiting factor(s) involved
in the control of mitochondrial oxidative phospho-
rylation. It is very likely that numerous factors are
involved in this process [see Ref. 26 for review]. In
this regard, it is important to note that ADP/ATP
translocase activity is an important regulator of mito-
chondrial oxidative phosphorylation, particularly
under pathophysiological conditions. The dissimilar
magnitude of depression in oxidative phospho-
rylation versus ADP/ATP translocase activity sug-
gests that the latter contributes only to a partial
extent to the depression in oxidative phosphorylation
and that the inhibition in respiration may not be
observed until the ADP/ATP translocase system is
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inhibited to a critical level. The other component, a
verapamil-sensitive Pj-induced inhibition of oxi-
dative phosphorylation, may be related to an intra-
mitochondrial calcium pool; however, because
of the inclusion of ethyleneglycolbis(amino-
ethylether)tetra-acetate (EGTA) in the isolation
procedure, as well as the absence of exogenous
calcium, the mechanism underlying this phenom-
enon is difficult to envisage accurately at the present
time.

In conclusion, our results show that P; can produce
arapid depression in cardiac mitochondrial oxidative
phosphorylation which is partially reversible by ver-
apamil. SLM exhibited an enhanced sensitivity to
P-induced depression in respiration. Although the
precise mechanisms underlying the Pi-induced
decrease in respiration are unknown, the partial
reversal by verapamil suggests a calcium-mediated
component. In addition, a potent verapamil-insen-
sitive inhibition in adenine nucleotide translocase
implicates this as an important contributor towards
P;-induced mitochondrial dysfunctions which could
represent the basis for the partial effectiveness of
verapamil in reversing P; effects on oxidative
phosphorylation.

Acknowledgements—IJ. Duan is a recipient of a Canadian
Heart Foundation Traineeship Award. The authors thank
Sandra Dibb for her excellent technical assistance and Dr
Ken W. Renton for providing the use of his Pye-Unicam
spectrophotometer.

REFERENCES

1. Kentish JC and Allen DG, Is force production in the
myocardium directly dependent upon the free energy
of ATP hydrolysis? J Mol Cell Cardiol 18: 879-882,
1986.

2. Van Belle H, Wynants J, Xhonneux R and Flameng
W, Changes in creatine phosphate, inorganic
phosphate, and the purine pattern in dog hearts with
time of coronary artery occlusion and effect thereon of
mioflazine, a nucleotide transport inhibitor. Cardiovasc
Res 20: 658-664, 1986.

3. Godt RE and Nosek TM, The changes in intracellular
milieu accompanying fatigue or hypoxia depress the
contractile machinery of rabbit skeletal and guinea-pig
cardiac muscle fibres. J Physiol (Lond) 371: 174P, 1986.

4. Herzig JW, Peterson JW, Ruegg JC and Solaro RJ,
Vanadate and phosphate reduce tension and increase
crossbridge kinetics in chemically skinned heart
muscle. Biochim Biophys Acta 672: 191-196, 1981.

5. Kentish JC, The effects of inorganic phosphate on force
production in skinned muscles from rat ventricle. J
Physiol (Lond) 370: 585-604, 1986.

6. Kusuoka H, Weisfeldt ML, Zweier JL, Jacobus WE
and Marban E, Mechanism of early contractile failure
during hypoxia in intact ferret heart. Circ Res 59: 270~
282, 1986.

7. Kubler W and Katz AM, Mechanism of early “pump”
failure of the ischemic heart: possible role of adenosine
triphosphate depletion and inorganic phosphate
accumulation. Am J Physiol 40: 467-471, 1977.

8. Asimakis GK and Conti VR, Phosphate-induced efflux
of adenine nucleotides from heart mitochondria. Am J
Physiol 249: H1009-H1016, 1985.

J. DuAN and M. KARMAZYN

9. Mukherjee A, Wong TM, Templeton G, Buja LM and
Willerson JT, Influence of volume dilution, lactate,
phosphate and calcium on mitochondrial function. Am
J Physiol 237: H224-H238, 1979.

10. Vaghy PL, Matlib MA, Szekeres L and Schwartz A,
Protective effects of verapamil and diltiazem against
inorganic phosphate induced impairment of oxidative
phosphorylation of isolated heart mitochondria. Bio-
chem Pharmacol 30: 2603-2610, 1981.

11. Vaghy PL, Matlib MA and Schwartz A, Phosphate
induced swelling, inhibition and partial uncoupling of
oxidative phosphorylation in heart mitochondria in the
absence of external calcium and in the presence of
EGTA. Biochem Biophys Res Commun 100: 37-44,
1981.

12. Palmer JW, Tandler B and Hoppel CL, Biochemical
properties of subsarcolemmal and interfibrillar mito-
chondria isolated from rat cardiac muscle. J Biol Chem
252: 8731-8739, 1977.

13. Palmer JW, Tandler B and Hoppel CL, Biochemical
differences between subsarcolemmal and interfibrillar
mitochondria from rat cardiac muscle: effects of pro-
cedural manipulations. Arch Biochem Biophys 236:
691-702, 1985.

14. DuanJ and Karmazyn M, Acute effects of hypoxia and
phosphate on two populations of heart mitochondria.
Mol Cell Biochem, in press.

15. Karmazyn M, Prostaglandins stimulate calcium linked
changes in heart mitochondrial respiration. Am J
Physiol 251: H141-H147, 1986.

16. Edoute Y, Kotze JCN and Lochner A, Oxidative
phosphorylation rate: an index for evaluation of mito-
chondrial ischemia. J Mol Cell Cardiol 11: 831-833,
1979.

17. Hunter FE Jr and Smith EF, Measurement of mito-
chondrial swelling and shrinking-high amplitude. In:
Methods in Enzymology (Eds. Estabrook RW and Pull-
man ME), pp. 689-696. Academic Press, New York,
1967.

18. Duee ED and Vignais PV, Kinetics and specificity
of the adenine nucleotide translocation in rat liver
mitochondria. J Biol Chem 244: 3920-3931, 1969.

19. Hearse DJ, Oxygen deprivation and early myocardial
contractile failure, a reassessment of the possible role
of adenosine triphosphate. Am J Cardiol 44: 1115~
1121, 1979.

20. Gibbs CL, Cardiac energetics. Physiol Rev 58: 174~
254, 1978.

21. Kubler W and Spieckermann PG, Regulation of gly-
colysis in the ischemic and anoxic myocardium. J Mol
Cell Cardiol 1: 351-377, 1970. .

22. Gudbjarnason S, Mathes P and Ravens KG, Functional
compartmentation of ATP and creatine phosphate in
heart muscle. J Mol Cell Cardiol 1: 325-339, 1970.

23. Dawson MJ, Nuclear magnetic resonance. In: Cardiac
Metabolism (Eds. Drake-Holland AJ and Noble MIM),
pp. 309-337. John Wiley, Chichester, 1983.

24. Scherer B and Klingenberg M, Demonstration of the
relationship between the adenine nucleotide carrier
and the structural changes of mitochondria as induced
by adenosine 5'-diphosphate. Biochemistry 13: 161-
170, 1974.

25. Klingenberg M, The ADP-ATP carrier in mito-
chondrial membranes. In: The Enzymes of Biological
Membranes (Ed. Martonosi A), Vol. III, pp. 383-438.
Plenum Press, New York, 1976.

26. Mela-Riker LM and Bukoski RD, Regulation of mito-
chondrial activity in cardiac cells. Annu Rev Physiol
47: 645-663, 1985.



