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Isolated rat liver mitochondria, energized either by succinate oxidation or by ATP hydrolysis, present a 
transient increase in the rate of Ca 2+ efflux concomitant to NAD(P)H oxidation by hydroperoxides when 
suspended in a medium containing 3 mM AT]P, 4 mM Mg 2÷ and acetate as permeant anion. This is 
paralleled by an increase in the steady-state concentration of extramitochondrial Ca 2÷, a small decrease in 
d ~  and an increase in the rate of respiration and mitochondrial swelling. With the exception of mitochondrial 
swelling all other events were found to be reversible. If Ca 2÷ cycling was prevented by ruthenium red, the 
changes in A~, the rate of respiration and the extent of mitochondrial swelling were significantly diminished. 
In addition, there was no significant decrease in the content of mitochondrial pyridine nucleotides. 
Mitochondrial coupling was preserved after a cycle of Ca 2 ÷ release and re-uptake under these experimental 
conditions. It is concluded that hydroperoxide-induced Ca 2+ efflux from intact mitochondria is related to the 
redox state of pyridine nucleotides. 

Introduction 

Energized liver mitochondria, particularly in 
the presence of membrane stabilizers such as ATP 
and Mg 2÷, show the ability to buffer ex- 
tramitochondrial Ca 2+ at concentrations between 
0.25 and 1.0 #M, depending on the medium com- 
position [1-5]. This is the result of Ca 2÷ flux 
through two operative pathways: an uniporter that 
promotes an electrophoretic Ca 2÷ influx in re- 
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sponse to the electrical membrane protential [6-11] 
and an electroneutral Ca 2+ efflux through an anti- 
port that exchanges one internal Ca 2+ for two 
external H + [12-14], but see also Ref. 15. This 
model of Ca 2+ transport in mitochondria was first 
suggested by Drahota et al. [16]. The concept of 
Ca 2+ cycling through two independent pathways 
became established after experiments showing net 
Ca 2+ efflux in the presence of ruthenium red, a 
specific inhibitor of the Ca 2+ uniporter [17-19]. 

The steady-state extramitochondrial Ca  2+ c o n -  

c e n t r a t i o n  can be altered in the presence of differ- 
ent agents which modify the rate of either C a  2+ 

influx or efflux [11,14,20]. It was first shown by 
Lehninger et al. [21] that C a  2+ efflux from isolated 
mitochondria could be stimulated by the oxidized 
state of mitochondrial pyridine nucleotides. This 
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was subsequently confirmed by other laboratories 
not only in isolated mitochondria (Refs. 22-31, 
see also Vercesi, A.E, unpublished results), but 
also in intact cells [32] and perfused liver [33]. 
These findings resulted in a great controversy on 
the subject; some authors claimed that Ca 2+ efflux 
stimulated by NAD(P) + was due mainly to non- 
specific increase in membrane permeability 
[22-27]. Others concluded that this release mecha- 
nism was independent of gross alterations in 
membrane permeability and could be of physio- 
logical relevance (Refs. 28-35, see also Vercesi, 
A.E., unpublished data). It has been shown that 
NAD(P) +-induced Ca 2 + release from mitochondria 
is accompanied by hydrolysis of oxidized pyridine 
nucleotides catalysed by an ATP-sensitive in- 
tramitochondrial NADase activated by Ca 2+ 
[34,35]. This reaction produces nicotinamide, 
ADP-ribose and 5'-AMP [36]. It has been pro- 
posed that a posterior ADP-ribosylation of a pro- 
tein in the inner mitochondrial membrane might 
allow Ca 2+ release from mitochondria [36]. Inhibi- 
tion of the NADase by ATP prevents both 
NAD(P) + hydrolysis and Ca 2+ release from 
mitochondria [35,37]. 

It has also been shown that NAD(P)+-induced 
Ca 2 + release from mitochondria is involved in the 
perturbation of Ca 2+ homeostasis and loss of cell 
viability during oxidative stress [38]. However, the 
inhibition by ATP would argue against the occur- 
rence of this mechanism under physiological con- 
ditions [26]. In fact, it has been claimed [39] that 
NAD(P) oxidants cause a spontaneous Ca 2+ dis- 
charge from mitochondria incubated in phos- 
phate-containing media only in the absence of 
Mg 2+ and adenine nucleotides. 

In the present paper it is shown that NAD(P)H 
oxidation induced by t-butylhydroperoxide leads 
to a stimulation of Ca 2+ efflux from mitochondria 
loaded with moderate Ca 2÷ concentrations even in 
the presence of physiological concentrations of 
ATP and Mg 2 +, provided acetate instead of phos- 
phate is used as permeant anion. Moreover, under 
these conditions, we found that NAD(P)+-induced 
Ca 2+ efflux is not attributed to mitochondrial 
uncoupling. A preliminary report of some of these 
findings has been presented [40]. 

Materials and Methods 

Isolation of mitochondria. Adult female Wistar 
rats (4-6 months age) of 230-260 g body weight 
were fasted overnight and killed by decapitation. 
Liver mitochondria were isolated by homogeni- 
zation in a medium containing 250 mM sucrose 
and 0.5 mM EGTA, followed by conventional 
differential centrifugation. The mitochondrial pel- 
let was washed three times and then resuspended 
in the same medium without EGTA, at a con- 
centration of 100 mg of protein per ml. The pro- 
tein content was determined by the method of 
Kies and Murphy [41]. 

Standard incubation procedure. The experiments 
were carried out at 32°C in a basic medium con- 
taining 125 mM sucrose/65 mM KC1/3.0 mM 
Hepes buffer (pH 7.2)/4.0 mM Mg2+/3.0 mM 
ATP/0 .05% bovine serum a lbumin/4 .0  /~M 
rotenone/0.5/~g oligomycin per rag /10  mM K +- 
acetate and 2.0 mM succinate, t-Butylhydropero- 
xide (40-80/~M) was added where indicated. The 
final Ca 2+ loads given in Results and Discussion 
represent the sum of the endogenous and added 
Ca 2+. Other modifications of the basic medium 
are described in the figure legends. 

Determination of Ca 2 + movements and 02 con- 
sumption. Ca 2+ uptake and release were monitored 
using a Ca2+-selective electrode (Radiometer, 
F2112 calcium selectrode). The response of the 
Ca 2+ electrode was calibrated by addition of ap- 
propriated Ca2+-EGTA buffer mixtures to the re- 
action medium [2,42]. Oxygen uptake was moni- 
tored with a Clark oxygen electrode (Yellow 
Springs Instruments Co.), in a 1 ml thermostatized 
chamber equipped with magnetic stirring. Total 
Ca 2 + content of mitochondria was determined with 
an atomic absorption spectrophotometer (Perkin- 
Elmer 303). 

Determination of the redox state of mitochondrial 
pyridine nucleotides. The redox state of NAD(P) 
was continuously measured fluorimetrically (366 

450 nm) in an Aminco Bowman spectrofluo- 
rometer. In some experiments N A D H  and 
NADPH were determined enzymatically using 
lactate dehydrogenase and glutathione reductase 
as described by Beatrice et al. [43]. In this case, 
the fluorescence was compared to that obtained 
adding known amounts of NADH and NADPH 
as internal standards. 



Determination of mitochondrial swelling. 
Mitochondrial swelling was estimated from light- 
scattering measurements at 520 nm, in an Aminco 
Bowman spectrofluorometer. 

Measurement of mitochondrial transmembrane 
electrical potential (A~/). Mitochondria were in- 
cubated in the reaction medium containing 3/~M 
tetraphenylphosphonium (TPP÷). The concentra- 
tion of TPP ÷ in the extramitochondrial medium 
was continuously monitored with a TPP+-selective 
electrode prepared in our laboratory according to 
Kamo et al. [44]. The mitochondrial membrane 
potential was then calculated assuming that the 
TPP ÷ distribution between mitochondria and 
medium follows the Nernst equation [45]. 

Materials. Rotenone ,  o l igomycin ,  ATP,  
NAD(P)H and t-butylhydroperoxide were ob- 
tained from Sigma; TPP ÷ from Aldrich; all other 
reagents were commercial products of the highest 
available grade of purity. 

Results and Discuss ion 

Ca 2+ f lux  and the redox state of mitochondrial 
pyridine nucleotides in the presence of t-butylhydro- 
peroxide or acetoacetate 

The experiment in Fig. 1 studies the Ca 2+ flux 
in mitochondria exposed to either 1.0 mM 
acetoacetate or 50/~M hydroperoxide in the pres- 
ence of 20 nmol Ca 2 ÷ per mg protein and physio- 
logical concentrations of ATP and Mg 2+ [3]. It is 
claimed that in the presence of ATP and Mg 2÷ 
Ca 2÷ efflux is not stimulated by NAD(P)H oxida- 
tion because ATP and Mg 2÷ protect the 'damag-  
ing' effect of the oxidants on the membrane 
[26,27,39], or because ATP inhibits the activity of 
the mitochondrial NADase [35]. 

It can be observed that addition of mitochon- 
dria decreased the free Ca 2+ concentration of the 
reaction medium until a steady state was achieved 
at an extramitochondrial Ca 2÷ concentration in 
the range of 0.75 /xM in agreement with previous 
reports [1-4]. When 50 /~M t-butylhydroperoxide 
was present in the medium prior to the inclusion 
of mitochondria the initial rate of Ca 2÷ uptake 
was identical to the control experiment but a 
transient increase in extramitochondrial Ca 2÷ con- 
centration started just before the steady state was 
expected to be attained. Under such experimental 
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Fig. 1. Effect of t-butylhydroperoxide and acetoacetate (AcAc) 
on Ca 2÷ flux in liver mitochondria. Mitochondria (1.0 mg) 
were suspended in 1.0 ml of the basic medium (see Materials 
and Methods), in the absence of NAD(P)H oxidants (control), 
or in the presence of 50 #M t-butylhydroperoxide or 1.0 mM 
acetoacetate. RLM, rat liver mitochondria. 

conditions this hydroperoxide-induced effect 
occurred only when acetate instead of phosphate 
was used as permeant anion. Acetoacetate at a 
concentration of 1.0 mM failed to induce net 
Ca 2÷ release, in agreement with previous experi- 
ments carried out in the presence of ATP [26]. To 
investigate at what extent pyridine nucleotides 
were oxidized under these conditions, samples were 

TABLE I 

C O N T E N T  OF R E D U C E D  PYRIDINE NUCLEOTIDES IN 
LIVER M I T O C H O N D R I A  IN THE PRESENCE OF t- 
B U T Y L H Y D R O P E R O X I D E  OR ACETOACETATE 

Samples were taken from experiments described in Fig. 1, at 
the points indicated by the arrows and the reduced pyridine 
nucleotides were determined enzymatically as described in 
Materials and Methods. 

Condition Reduced pyridine nucleotides 
(nmol per mg protein) 

N A D H  N A D P H  

Control 3.52 4.75 
t-BuOOH (A) 1.66 1.99 
t -BuOOH (B) 3.37 4.08 
Acetoacetate 1.59 4.73 
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taken from the reaction medium for enzymatic 
analysis where indicated by the arrows in Fig. 1. It 
can be seen in Table I that there was a marked 
decrease on both N A D H  and N A D P H  content in 
the samples taken during the hydroperoxide-in- 
duced increase in medium Ca 2+ (A). Levels close 
to that of the control experiment were obtained in 
the samples taken after the Ca 2+ re-uptake 
occurred (B). In the presence of acetoacetate, how- 
ever, only N A D H  was significantly oxidized. These 
results are in agreement with our previous findings 
[29] that acetoacetate does not oxidize N A D P H  at 
high membrane potential, and therefore fails to 
stimulate Ca 2÷ efflux from mitochondria. On the 
other hand, hydroperoxide that oxidizes both 
N A D H  and N A D P H  stimulates Ca 2÷ efflux even 
in the presence of ATP and Mg 2+. The almost 
complete return of NAD(P) ÷ to the reduced state 
observed when Ca 2÷ re-uptake was finished indi- 
cates that in the presence of ATP plus Mg 2+, 
Ca 2÷ efflux can occur in the absence of significant 
net loss of pyridine nucleotides, in agreement with 
recent results reported by Frei et al. [46]. The role 
of acetate on the process is still uncertain and may 
be explained, at least in part, on the basis of the 
findings of Bernardi et al. [47] showing that 
FCCP-induced Ca 2÷ efflux from rat liver 
mitochondria is increased by acetate and decreased 
by phosphate. Zoccarato and Nicholls [48] have 
also shown that in the presence of phosphate 
Ca ~+ efflux from mitochondria is slower than in 
the presence of acetate due to intramitochondrial 
Ca 2 ÷ complexation by phosphate. 

O: consumption, Ca :+ flux and swelling during 
hydroperoxide metabolism in fiver mitochondria 
loaded with different Ca 2+ concentrations: effect of 
A TP and Mg: + 

Some authors studying the mechanism of 
NAD(P)+-induced Ca 2+ efflux from mitochondria 
loaded with massive amounts of Ca/+ reported 
that Ca 2+ release was preceded by a large-ampli- 
tude mitochondrial swelling and uncoupling 
[22-27]. This led us to study these parameters in 
liver mitochondria loaded with different Ca 2 + con- 
centrations, under the conditions of Fig. 1, where 
Ca z + release was completely reversible. The oxida- 
tion of mitochondrial pyridine nucleotides was 
promoted by 50 /~M t-butylhydroperoxide and 
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Fig. 2. Effect of t-butylhydroperoxide on Ca 2+ flux, the rate of 
respiration and swelling in mitochondria loaded with different 
Ca 2 + concentrations. Mitochondria (1.0 mg) were suspended in 
the basic medium in the presence (solid line) or absence 
(dashed line) of 50/~M t-butylhydroperoxide. The dotted lines 
show the effect of 50 # M  t-butylhydroperoxide in mitochondria 
suspended in the absence of ATP and Mg 2÷. Panels A, B and 
C correspond to 20, 30 and 40 nmol Ca 2 ÷- m g - 1  respectively. 
FCCP (0.5 #M) was added at the points shown by the arrows. 
RLM, rat liver mitochondria. 

during its metabolism a transient Ca 2 + release was 
observed, paralleled by an increase in the rate of 
oxygen consumption and mitochondrial swelling. 
The mitochondria, however, remained highly cou- 
pled, as shown in Fig. 2 (traces A, B and C) by the 
addition of FCCP. The experiments were per- 
formed varying the mitochondrial C a  2+ from 20 to 
40 nmol .  m g -  1. An increase in the hydroperoxide- 
induced effects was observed as the Ca 2÷ con- 
centration increased. However, even at the highest 
Ca 2÷ load there was full re-uptake of the released 
Ca 2÷, paralleled by the return of the respiration 
rate to the original values. The Ca 2÷ release and 
the increase in the rate of respiration were irre- 
versible in the absence of ATP and Mg 2+, which 
showed to be extremely important in decreasing 
the rate and extent of mitochondrial Ca 2 ÷ release 
and swelling at all Ca 2+ loads. A direct relation- 
ship between the rates of Ca 2÷ efflux and the 
extent of both Ca 2 ÷ load and hydrolysis of pyri- 
dine nucleotides was recently shown [46]. There- 
fore, the inhibitory effect of ATP observed under 
our conditions may suggest its regulatory role on 
the mitochondrial NADase and on the ability of 
Ca 2÷ retention by mitochondria. In addition, it 



has been shown that both ATP and Mg 2 ÷ have an 
important stabilizing effect on the mitochondrial 
membrane [49,50]. 

Ca e+ flux during hydroperoxide metabolism in 
mitochondria energized by endogenous respiration 
plus exogenous A TP 

Most of the experiments on the effect of 
NAD(P) redox state on mitochondrial Ca 2 ÷ efflux 
were performed in the presence of respiratory 
inhibitors and the reversibility of the pyridine 
nucleotides oxidation and Ca 2 ÷ release was shown 
by subsequent addition of NAD(P) reductants 
[22-36]. This has generated a controversy concern- 
ing the effect of redox states themselves on Ca 2÷ 
flux in mitochondria [22-27]. For instance, it was 
proposed that Ca 2÷ release induced by oxaloace- 
tate was due to a direct effect of the oxidant on 
the mitochondrial membrane rather than to oxida- 
tion of NAD(P)H [22]. As a corollary, it was 
proposed that fl-hydroxybutyrate reversed Ca 2÷ 
release by displacing oxaloacetate from its binding 
site on the membrane [22]. The experiment re- 
ported in Fig. 3 shows the reversibility of 
NAD(P)÷-stimulated Ca 2÷ efflux from mitochon- 
dria incubated in the absence of either inhibitors 
or reductants. Under these experimental condi- 
tions, reversible oxidation of NAD(P)H was caused 
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Fig. 3. Maintenance of respiratory control after a cycle of 
Ca 2+ release and re-uptake induced by t-butylhydroperoxide 
in mitochondria energized by endogenous substrates plus ATP. 
Mitochondria (1.0 mg) were suspended in the basic medium 
(oligomycin, rotenone and succinate (sue), absent), in the pres- 
ence (solid fine) or absence (dashed line) of 40 vM t-butyl- 
hydroperoxide. Panel A shows the Ca 2+ traces and panel B 
shows the rates of respiration after the addition of rotenone, 
oligomycin and suceinate. FCCP (0.5 /~m) was added where 
shown by the arrow. RLM, rat liver mitochondria. 
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by the addition of a limited amount of hydroper- 
oxide which was paralleled by a transient Ca 2÷ 
release from mitochondria. When the Ca 2+ steady 
state returned to the control levels, N A D P H  was 
found to be almost at the same concentration as in 
the control experiment. This result indicates that 
hydroperoxide-induced Ca 2÷ efflux from liver 
mitochondria is related directly or indirectly to the 
redox state of pyridine nucleotides. 

After a cycle of Ca 2÷ release and re-uptake the 
degree of mitochondrial coupling was investigated. 
Thus, the addition of rotenone, oligomycin and 
succinate to these mitochondria led to the same 
rate of state-4 respiration compared to the control 
experiment. To prove that the state-4 respiration 
was actually a controlled state, FCCP was subse- 
quently added. There was an immediate and very 
large acceleration of oxygen consumption, which 
was identical in both the hydroperoxide contain- 
ing and control systems (Fig. 3B). The respiratory 
control ratio was about 7.5 in both cases. 

Changes in membrane potential and mitochondrial 
swelling during the onset of Ca 2 + efflux induced by 
hydroperoxide 

The participation of A~p on the mechanism of 
NAD(P)+-stimulated Ca z+ efflux from mitochon- 
dria is controversial. Some workers claimed that 
NAD(P)+-induced Ca 2÷ efflux is preceded by a 
collapse in A~p [22,24-27], while others have shown 
that a decrease in A~ during Ca 2+ efflux is the 
result of a stimulated-energy-dissipating Ca z ÷ cy- 
cling across the mitochondrial  membrane  
[30,31,51]. This question was studied under our 
experimental conditions where mitochondrial cou- 
pling was completely retained after the onset of 
Ca 2+ release and re-uptake induced by hydroper- 
oxide. It can be observed in Fig. 4 that the tran- 
sient increase in extramitochondrial Ca 2÷ con- 
centration is parallelled by a small decrease in A~k 
(about 20 mV). The decrease in A~p was smaller 
and the rate of net Ca 2+ efflux was much faster 
when ruthenium red was added to the system 
containing hydroperoxide (dashed line). The rate 
of ruthenium red-induced Ca 2 ÷ efflux was 8 nmol 
Ca 2 +. min-  1. mg-  1 in the presence of hydroper- 
oxide whereas in its absence it was only 1 nmol 
Ca 2+. min -1- mg -1. The extent of mitochondrial 
swelling was also significantly decreased by 
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Fig. 4. Changes in A~ and mitochondrial swelling during 
t-butylhydroperoxide induced Ca 2+ release from liver 
mitochondria. Mitochondria (1.0 mg) were suspended in 1.0 ml 
of the basic medium in the presence or absence of 50 /tM 
t-butylhydroperoxide. Ruthenium red (RR) (0.7/~M) was ad- 
ded where indicated (dashed lines). The dotted lines indicate 
an experiment carried out in the presence of 0.5 mM EGTA 
added prior to the addition of mitochondria. RLM, rat liver 
mitochondria. 

ruthenium red. The addition of ruthenium red, 
which blocks Ca 2 ÷ cycling, was not followed by an 
immediate return of A~b to the control values as it 
would be expected if the hydroperoxide-stimu- 
lated Ca 2+ efflux was taking place through a 
Ca 2 + / 2 H  + antiporter. This also indicates that the 
observed decrease in A~ cannot be attributed 
exclusively to an increased rate of Ca 2÷ cycling. 
Rather, it may be related to a transient increase in 
membrane permeability which would explain the 
parallel mitochondrial swelling. Addition of EGTA 
instead of ruthenium red caused similar alter- 
ations in both A~b and swelling (not shown). The 

decrease in the extent of mitochondrial swelling 
upon the addition of ruthenium red is also in 
agreement with some previous reports [49,52,53] 
and corroborates the idea that mitochondrial 
swelling is increased by fast Ca 2+ cycling [49,52, 
53]. The dotted lines show the experiments where 
hydroperoxide was added to mitochondria sus- 
pended in a CaE+-free medium (EGTA present 
from the beginning). It can be observed that al- 
though the mitochondrial swelling was completely 
abolished in the absence of Ca 2+ cycling there was 
still a small decrease in A~b. The nature of this 
decrease in A~ is under study in this laboratory 
and appears to be related to the activity of the 
energy-linked transhydrogenase reaction using re- 
ducing equivalents from N A D H  to reduce N A D P  + 
and hydroperoxide driven by the electrochemical 
proton gradient (A/~H +) (Vercesi, A.E., unpub- 
lished data). 

It can be concluded that the decrease in A~ 
observed in the presence of hydroperoxide is prob- 
ably due to at least three different energy-dissipat- 
ing processes: a faster Ca 2+ cycling, the transhy- 
drogenase reaction transferring reducing equiv- 
alents from N A D H  to N A D P  + and an increase in 
proton leak. The latter may explain the difference 
in A~b observed between the conditions where 
EGTA was present from the beginning (dotted 
line) and where ruthenium red was added to pre- 
vent Ca 2 + cycling (dashed line). 

Correlation between the rate of 0 2 consumption, 
NAD(P)H fluorescence and Ca 2+ cycfing induced 
by hydroperoxide 

Fig. 5 shows a correlation between the time- 
course of the stimulation in O z consumption and 
the oxidation of NAD(P)H by hydroperoxide in 
Ca2+-loaded mitochondria. If Ca 2+ cycling was 
prevented by the addition of ruthenium red the 
hydroperoxide-induced increase in respiration was 
not completely abolished (dashed line) indicating 
that it was only partially caused by Ca z+ cycling. 
It can also be observed that even in a Ca2+-free 
medium (EGTA present) hydroperoxide induced a 
small increase in the rate of respiration (dotted 
line). The different rates of 0 2 consumption ob- 
served in this experiments (Fig. 5) reflect the 
different values of a~p observed for the same 
experimental conditions in Fig. 4. 
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Fig. 5. Time-course of NAD(P)H oxidation and stimulation of 
0 2 consumption induced by t-butylhydroperoxide in liver 
mitochondria. Experimental conditions were exactly as in Fig. 
4. RR, ruthenium red; RLM, rat liver mitochondria; PN, 
pyridine nucleotide. 

The results of the fluorescence experiments 
showed that under these experimental conditions 
the re-reduction of pyridine nucleotides previously 
oxidized by hydroperoxide was reversible and oc- 
curred presumably at the expense of endogenous 
substrates. The earlier re-reduction observed in 
the presence of EGTA may reflect an inhibitory 
effect of Ca 2 + on the transhydrogenase [54]. 

The results reported in the present paper indi- 
cate that under our experimental conditions the 
NAD(P)+-induced transient increase in extrami- 
tochondrial Ca 2÷ concentration was independent 
of irreversible mitochondrial uncoupling and oc- 
curred in the absence of massive loss of internal 
pyridine nucleotides [30,31]. It was also recently 
shown by Frei et al. [46] that net loss of 
mitochondrial pyridine nucleotides during hydro- 
peroxide-induced Ca 2÷ release was observed only 
at relatively high Ca 2÷ loads. These observations 
do not argue against the hypothesis that ADP- 
ribosilation of a protein in the inner mitochondrial 
membrane triggers Ca 2÷ release from liver mito- 
chondria since it was shown that these mitochon- 
dria have the ability to rapidly resynthesize the 
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hydrolysed nucleotides [46]. It should, however, be 
pointed out that this and a previous report from 
our laboratory [29] strongly indicate that in ad- 
dition to the oxidation of NADH, NADPH must 
also be oxidized to stimulate Ca 2+ release from 
mitochondria. 

In conclusion, our results indicate that 
NAD(P)+-stimulated Ca 2+ efflux can be observed 
in tightly coupled mitochondria suspended in the 
presence of physiological concentrations of ATP 
and Mg 2+, but the ruthenium red insensitive de- 
crease in A~k observed during stimulated Ca 2+ 
release and the parallel mitochondrial swelling do 
not support the idea that NAD(P)+-induced Ca 2+ 
release occurs through a Ca 2+/2 H ÷ antiporter. 
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