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Abstract During hypoxia of isolated cardiomyocytes, Ca?*
entry into mitochondria may occur via the Na/Ca exchanger, the
normal efflux pathway, and not the Ca-uniporter, the normal
influx route. If this is the case, then depletion of myocyte Na*
should inhibit Ca?>* uptake, and collapse of the mitochondrial
membrane potential (Ay,,) would inhibit the uniporter. To test
these hypotheses, isolated rat myocytes were exposed to me-
tabolic inhibition, to mimic hypoxia, and [Ca**], and [Ca®"].
determined by selective loading of indo-1 into these compart-
ments. Ay, was determined using rhodamine 123. Following
metabolic inhibition, [Ca?*], was significantly lower in Na-
depleted cells than controls (P < 0.001), [Ca2*]. was approxi-
mately the same in both groups, and mitochondria depolarised
completely. Thus Na-depletion inhibited mitochondrial Ca?*
uptake, suggesting that Ca?* entry occurred via Na/Ca
exchange, and the collapse of Ay, during metabolic inhibition
is consistent with inactivity of the Ca-uniporter.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Under normal conditions in the heart, mitochondria have
specific transport pathways for Ca>* uptake and release. Stud-
ies on isolated mitochondria revealed that Ca’* uptake oc-
curred via a uniporter, inhibited by ruthenium red and driven
by the highly negative mitochondrial membrane potential
[1,2], whereas Ca’* efflux occurred via an Na/Ca exchanger,
inhibited by diltiazem, clonazepam and CGP 37157 [3]. How-
ever, only clonazepam is effective when used in intact myo-
cytes due to non-mitochondrial effects of the other two inhib-
itors [4]. One role of these transporters under physiological
conditions is to co-ordinate ATP supply and demand: in-
creases in cytosolic Ca®* ([Ca*].), which occur upon in-
creased cardiac workloads or adrenergic stimulation of the
heart, are relayed to the mitochondrial matrix via the trans-
porters and activate enzymes of the citric acid cycle, resulting
in increased rates of oxidative phosphorylation and hence
ATP supply [5].

Mitochondria have the capacity to accumulate large
amounts of calcium with very little deleterious effect under
normal conditions. However, in pathological states such as
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hypoxia or ischaemia, accumulation of Ca’>* by mitochondria
has been associated with the transition from reversible to irre-
versible cell injury [6-9]: when the heart is reoxygenated or
reperfused, the effects of Ca?* on mitochondria are exacer-
bated due to free radical generation, for example, this can
lower the threshold of [Ca®*] needed for inducing the perme-
ability transition pore [10]. If the mitochondria are damaged,
ATP synthesis on reperfusion will be impaired and the heart
will be unable to recover mechanical function since ATP from
aerobic metabolism is necessary for normal contractile activity
[11,12]. Therefore, preventing or delaying mitochondrial Ca>*
uptake during ischaemia/hypoxia may be protective.

In attempting to design strategies to inhibit mitochondrial
Ca’>" uptake during hypoxia, myself and colleagues found
very recently that significant alterations in the transport path-
ways may occur since the increase in [Ca’"],, during hypoxia
could be prevented by clonazepam but not by ruthenium red
[13]. This suggested that Ca®* entry during hypoxia was oc-
curring via reversal of the Na/Ca exchanger whereas the uni-
porter was largely inactive.

The present study investigates the mechanism of the
changes in mitochondrial Ca?* transport (using a model of
metabolic inhibition to mimic hypoxia) without use of inhib-
itors. This strategy avoids any possible interference from non-
mitochondrial systems by non-specific effects of the inhibitors.
Isolated myocytes were exposed to metabolic inhibition fol-
lowing depletion of intracellular [Na*] ([Na*];); this should
remove the driving force for mitochondrial Ca?* uptake if it is
indeed occurring via reversal of the Na/Ca exchanger. Mito-
chondrial membrane potential (Ayy,) was also measured to
determine whether any changes could account for the pro-
posed inactivity of the Ca-uniporter.

2. Materials and methods

2.1. Myocyte isolation and measurement of indo-1 fluorescence

Single cardiac myocytes were isolated from rat ventricles by colla-
genase digestion [10,13]. Male Wistar rats (200-250 g) were killed by
cervical dislocation and the heart removed and placed in ice-cold
‘isolation buffer’ plus 0.75 mM CaCl,. Isolation buffer contained, in
mM: 20 sodium N-hydroxyethylpiperazine-N’-2-ethansulphonic acid
(HEPES), 130 NaCl, 4.5 KCI, 5 MgCl,, 1 NaH,POy, 21 glucose, 5 Na-
pyruvate, pH 7.25 with NaOH. The heart was perfused with isolation
buffer plus 0.75 mM CaCl, at 37°C for 4 min before switching to
Ca’*-free buffer (isolation buffer plus 90 uM EGTA) for 4 min. The
perfusate was then switched to ‘enzyme solution’ consisting of 50 ml
isolation buffer plus 50 mg collagenase (Worthington, type I), 5 mg
protease (Sigma, type XIV) and 15 pM CaCl,. The enzyme solution
was continued until the tissue felt soft; approximately 15 min. The
heart was then washed with isolation buffer plus 150 uM CaCl,,
ventricles removed, sliced approximately 10 times and shaken for
5 min at 37°C in 20-25 ml isolation buffer plus 150 pM CaCl,. After
filtration the cells were allowed to sediment in this buffer for 7 min.
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The supernatant was removed and cells resuspended in 0.5 mM
CaCl,, the process repeated and cells finally resuspended in approx-
imately 15 ml of 2 mM CaCl,.

2.2. Measurement of [Ca’”] and mitochondrial membrane potential
(AY)

Mitochondrial and cytosolic [Ca®*] were determined by selective
loading of indo-1, and Ay, using rhodamine 123 (indicators from
Molecular Probes Inc.). Loading conditions for the indicators was
as follows:

2.2.1. Mitochondrial loading of indo-1. Three ml suspension was
incubated with 10 uM indo-1/am for 15 min at 30°C when the dye
partitions approximately equally between cytosolic and mitochondrial
compartments [14]. The cells were centrifuged for 1 min at 500 rpm
and resuspended in 5 ml isolation buffer (containing 2 mM CaCl,).
The cells were then incubated at room temperature for 2 h, shaken
gently at 37°C for 1.5 h, sedimented by centrifugation, resuspended
and stored at room temperature. This process, termed ‘heat-treat-
ment’, promotes loss of cytosolic, but not mitochondrial, indo-1
through sarcolemmal anion channels, and can be inhibited by pro-
benecid. Full details of the method and experiments to confirm the
mitochondrial origin of the remaining fluorescence are given in Grif-
fiths et al. [15].

2.2.2. Cytosolic loading of indo-1. Three ml cell suspension was
incubated with 10 uM indo-1/am for 5 min at 37°C. These conditions
have been reported by other workers to result in approximately 90%
cytosolic loading of the indicator fluo-3 [16]. The cells were then
centrifuged for 1 min at 500 rpm and resuspended in 5 ml isolation
buffer (containing 2 mM CacCl,) plus 1 mM probenecid to prevent dye
leakage from the cytosol. In order to confirm the distribution of indo-
1 in the present experiments, cells were subjected to cytosolic loading
conditions, except that no probenecid was present in the final resus-
pension solution. Fluorescence of a sample of these cells was meas-
ured, and the remainder subjected to the heat-treatment procedure.
For each preparation, the mean fluorescence of the heat-treated cells
was expressed as a percentage of the initial fluorescence (10-14 cells
measured before and following heat-treatment in each case). This gave
a very consistent loading with 851 0.7% (n =3 hearts) of the dye being
located in the cytosol.

2.2.3. Loading of rhodamine 123. Rhodamine 123 is a fluorescent
indicator which partitions into the mitochondrial membrane due to
the highly negative membrane potential [17]. Cells were incubated
with 10 pg/ml rhodamine 123 for 30 min at 37°C. The cells were
then centrifuged for 1 min at 500 rpm and resuspended in 5 ml iso-
lation buffer (containing 2 mM CaCly). Cells were maintained at
room temperature for at least 1 h prior to use to allow for accumu-
lation of rhodamine by mitochondria. The mitochondrial location of
rhodamine was confirmed by addition of FCCP, a mitochondrial un-
coupler, which dissipated Ay,,. See Fig. 4 for full details.

2.3. Measurement of fluorescence and cell length

A small portion of the loaded cells was placed in an experimental
chamber which was mounted on the stage of an inverted microscope
(Nikon Diaphot 300). The normal superfusate (‘normoxia’) contained,
in mM: 137 NaCl, 5 KCl, 1.2 MgSQ,, 1.2 NaH,PO,, 16 p-glucose,
2 CaCl,, 20 HEPES pH 7.4 (using NaOH), temperature 37°C. The
myocyte to be studied was illuminated with a red light and its image
visualized with a TV camera and monitor. Indo-1 was excited at 340—
390 nm and emission detected at 410+ 5 nm and 490+ 5 nm, corre-
sponding to the peak emissions of the Ca?>* bound and Ca’* free
forms of the indicator, respectively. Rhodamine 123 was excited at
450-490 nm and emission detected at 535+ 10 nm. Fluorescence of
the whole cell was collected on-line by a Newcastle Photometric Sys-
tems Photon Counting System (Newcastle, UK). Light was collected
at a rate of up to one data point/10 ms from a single myocyte follow-
ing subtraction of background fluorescence. Cell length changes were
monitored using a Crescent Electronics Video Edge Motion Detector.

2.4. Experimental protocol

Where indicated in Section 3, cells were depleted of Na by super-
fusion with ‘0 Na’ buffer where the 137 mM NaCl in the normal
superfusate was replaced with 137 mM choline chloride (pH 7.4 using
KOH). The following superfusion protocol, based on that described
by Siegmund et al. [18] was used to prevent cell hypercontracture
during Na-depletion (1 pM thapsigargin was present throughout to
eliminate interference from the sarcoplasmic reticulum): normoxia,
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S min; 0 Ca (+90 uM EGTA), 5 min; 0 Ca, 0 Na, 60 min. Na-
depletion was confirmed by returning to normoxia (in presence of
2 mM CaCly) when no Ca?* entry occurred. Metabolic inhibition
was induced by superfusion with normoxic solution containing
2.5 mM KCN and no glucose.

2.5. Expression of results and statistical analyses

[Ca*] is expressed as indo-1 ratio, presented as means = S.E. unless
raw data tracings are shown. Calibration of the indo-1 signal in terms
of absolute values of calcium was not attempted since this would
provide no advantage over ratio values in the present experiments.
Rhodamine fluorescence is expressed in arbitrary units, this in a non-
ratiometric indicator and the signal cannot be calibrated in terms of
absolute values of electrical potential. In Fig. 4B the results are ex-
pressed as % increase in rhodamine fluorescence over initial values, no
bleaching of the dye occurred under the experimental conditions used.
Statistical analyses were performed using Student’s r-test, paired
where appropriate.

3. Results

3.1. Mitochondrial and cytosolic [Ca’*] changes during
metabolic inhibition in presence and absence of sodium

Upon exposure of isolated myocytes to either metabolic
inhibition or anoxia, cells undergo ATP-depletion rigor-con-
tracture, where the cell contracts to approximately 60% of its
original length [12,19,20]. Only after this point do both
[Ca®*], and [Ca®*]. begin to increase. Cell recovery upon
subsequent reoxygenation (or washout of inhibitors) occurs
only in cells where [Ca®*],, remains below 300-400 nM during
hypoxia [7,13].

In the present study, the effect of metabolic inhibition on
[Ca?t], and [Ca?t]. was determined firstly in control cells, i.e.
experiments performed in presence of Nat. Control cells had
initial levels of [Ca>*],, that were slightly lower than [Ca®*].,
Fig. 1, agreeing with previous observations on rat myocytes
[14,15]. Following exposure of control cells to metabolic in-
hibition, no change in either [Ca?t],, or [Ca®*]. occurred prior
to rigor-contracture. However, following rigor both [Ca?*],
and [Ca®*]. increased significantly over their respective initial
values and there was no significant difference between cyto-
solic and mitochondrial levels (Fig. 1).

In order to determine whether the Na/Ca exchanger was
indeed responsible for the mitochondrial Ca?* uptake ob-
served following rigor-contracture, cells were depleted of
Na' as described in Section 2 prior to induction of metabolic
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Fig. 1. Cytosolic and mitochondrial [Ca?*] changes during exposure
of myocytes to metabolic inhibition in presence of sodium. Data
show mean values for indo-1 ratios prior to metabolic inhibition
and following rigor development. There are no significant differences
between mitochondrial and cytosolic values.
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Fig. 2. Cytosolic and mitochondrial [Ca®*] changes during exposure
of myocytes to metabolic inhibition in absence of sodium. A: Raw
data from single cells showing changes in indo-1 ratio following rig-
or-contracture (no changes occurred prior to rigor). B: Mean values
for indo-1 ratios prior to metabolic inhibition and following rigor
development. *P < 0.05 vs. cytosolic value.

inhibition (which was also performed in absence of Na™).
There was no increase in either [Ca?*],, or [Ca®*]. before rigor
development, as found in control cells. However, following
rigor [Ca?*]. increased rapidly and significantly as shown in
Fig. 2. In contrast, [Ca®*], increased only very slowly and
was significantly lower than [Ca?*]. at the end of rigor (Fig.
2). Thus Nat appeared to be necessary for entry of Ca?* into
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Fig. 3. Changes in rhodamine 123 fluorescence and cell length upon
addition of FCCP. Simultaneous measurement of cell length and
rhodamine fluorescence in a single myocyte stimulated to contract
at 1 Hz.

E.J. Griffiths/lFEBS Letters 453 (1999) 400-404

A
metabolic inhibition
~ 250000
[P
2 %5 200000
g § > 150000
252 100000 T
=3 50000 ! .
contractile nigor
failure [
2 100
g 80
g 60
= 40
2min
B
n=6

250 p= T

fluorescence)

Mitochondrial membrane potential
(% increase in rhodamin

FCCP  contractile rigor
failure

Fig. 4. Changes in mitochondrial membrane potential during meta-
bolic inhibition. A: Simultaneous measurements of rhodamine fluo-
rescence and cell length during exposure of a single myocyte to met-
abolic inhibition. B: Mean values of experiments shown in Fig. 3
and A. Data are presented as the % increase in rhodamine fluores-
cence over initial values. The change in Ay, achieved during rigor
was identical to that observed using FCCP.

mitochondria, but not into the cytosol, during metabolic in-
hibition following rigor-contracture.

3.2. Changes in mitochondrial membrane potential (Ay,,)
during metabolic inhibition

Cells were loaded with rhodamine for measurement of Ay,
as described in Section 2. In order to confirm the mitochon-
drial localisation of the indicator, cells were exposed to
FCCP, an uncoupler of oxidative phosphorylation, which
completely depolarises the mitochondrial inner membrane.
Fig. 3 shows the changes in rhodamine fluorescence and cell
length following exposure of a single cell to FCCP. Following
addition of FCCP, Ay, began to increase just prior to con-
tractile failure and reached a peak before rigor development
(indicated by cell shortening). There appeared to be very little
effect of rigor development on rhodamine fluorescence. The
large increase in rhodamine fluorescence following addition of
FCCP confirms the mitochondrial localisation of the indica-
tor. Since the rhodamine signal cannot be calibrated, results
are subsequently expressed in either arbitrary units or as % of
initial fluorescence.
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The changes in Ay, during exposure to metabolic inhibi-
tion for a single cell are shown in Fig. 4A together with
simultaneous measurement of cell length. Ay, increased
slightly following contractile failure and began to increase
further just prior to rigor development. Following rigor,
Ay, reached a plateau and remained at this level throughout.
The peak value of Ay, following rigor development was iden-
tical to that observed using FCCP, as shown in Fig. 4B which
compares the % changes in Ay, observed during metabolic
inhibition to those seen using FCCP. Thus mitochondria were
completely depolarised following rigor development.

4. Discussion

The results presented here indicate that Na' is necessary for
entry of Ca’" into mitochondria, but not cytosol, following
rigor development in cells exposed to metabolic inhibition.
Under control conditions (Na* present), [Ca’], and
[Ca?*]. increased to approximately the same extent following
rigor development (Fig. 1). However, when cells were depleted
of sodium prior to exposure to metabolic inhibition, entry of
Ca’* into mitochondria was greatly inhibited (Fig. 2), indicat-
ing that the pathway of Ca?* entry into mitochondria during
metabolic inhibition is Na-dependent. This, together with pre-
vious work which showed that Ca>* entry into mitochondria
of hypoxic myocytes could be inhibited by clonazepam [13],
provides compelling evidence that the route of Ca>" entry is
indeed the Na/Ca exchanger, the normal efflux pathway.

The mechanism of the observed increase in [Ca?*]. in ab-
sence of Na™ is unknown. Ca?* entry into cells during hypo-
xia has been proposed to be largely due to the sarcolemmal
Na/Ca exchanger following an increase in [Na'];, via either
Na/H exchange or Na-channels [21]. This was based on ex-
periments showing that hypoxic Ca-loading can be reduced by
nickel, an inhibitor of Na/Ca exchange [22] and by studies
showing that inhibitors of Na/H exchange reduced Na-load-
ing with a corresponding decrease in Ca-loading [23]. The
results of the present study indicate that Ca>* can enter the
cytosol of Na-depleted myocytes during metabolic inhibition.
A previous study [18], found a similar result in hypoxic my-
ocytes. These workers suggested that their observation did not
disprove the previous conclusions that the major route of
Ca”>" entry was by Na/Ca exchange, but rather that under
conditions of Na-depletion another, as yet unidentified, path-
way became active. The present results support this conclu-
sion but also indicate that no similar pathway exists for Ca’*
entry into mitochondria during Na-depletion.

Upon exposure of myocytes to metabolic inhibition, Ay,
partially depolarised prior to rigor and reached a peak follow-
ing rigor. The Ay, achieved during rigor was identical to the
Ay, produced by FCCP allowing the conclusion that mito-
chondria were completely depolarised at this time. The
changes in Ay, occurring during metabolic inhibition were
very similar to those reported to occur in hypoxic myocytes
[24].

Ay, is normally maintained at highly negative values, ap-
proximately —100 mV, with respect to the cytosolic potential
[1] and isolated mitochondria, uptake of Ca?* via the Ca-
uniporter is driven by Ayp,. In absence of Ay, generation
by respiration, no Ca?t uptake into isolated mitochondria
could be observed even in the presence of an 8-fold gradient
of [Ca?*] [25] (Na™ was not present in these experiments).
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These workers concluded that Ca?* uptake through the uni-
porter would not occur in absence of Ay, even though the
process would not be thermodynamically restricted. In experi-
ments where Ca?t uptake into isolated mitochondria was
studied in presence of Na't, and when Ay, was dissipated
with FCCP, Jung et al. [26] found that rapid Ca?* uptake
into mitochondria did indeed occur. The Ca?* uptake was
inhibited by diltiazem, suggesting that the Na/Ca exchanger
was the route of Ca’* entry under these conditions. The ex-
change was electroneutral in contrast to the situation during
normal, energised conditions where the Na/Ca exchanger is
now thought to be electrogenic with a stoichiometry of
3Nat:Ca?t [26,27].

The present results underline the importance of studying
basic mechanisms of Ca?* transport in designing protective
strategies against hypoxic/ischaemic injury. In attempting to
limit Ca®* uptake by mitochondria during hypoxia, previous
studies have assumed that the route would be via the uniport-
er [28-31]. We have now shown that conditions during hypo-
xia are such that the uniporter is largely inactive, and that
Ca’* entry occurs, instead, by the Na/Ca exchanger.

Acknowledgements: This work was supported by the British Heart
Foundation.

References

[1] Crompton, M. (1990) in: G.A. Langer (Ed.), Calcium and the
Heart, Raven Press, New York, pp. 167-198.

[2] Gunter, T.E. and Pfeiffer, D.R. (1990) Am. J. Physiol. 258,
C304-310.
[3] Cox, D.A. and Matlib, M.A. (1993) J. Biol. Chem. 268, 938-947.
[4] Griffiths, E.J., Wei, S.-K., Haigney, M.C.P., Ocampo, C.J., Stern,
M.D. and Silverman, H.S. (1997) Cell Calcium 21, 335-343.
[5] McCormack, J.G., Halestrap, A.P. and Denton, R.M. (1990)
Physiol. Rev. 70, 391-425.

[6] Shen, A.C. and Jennings, R.B. (1972) Am. J. Pathol. 67, 417-421.

[7] Miyata, H., Lakatta, E.G., Stern, M.D. and Silverman, H.S.
(1992) Circ. Res. 71, 605-613.

[8] Silverman, H.S. (1993) Basic Res. Cardiol. 88, 483-494.

[9] Piper, H.M., Noll, T. and Siegmund, B. (1994) Cardiovasc. Res.
28, 1-15.

[10] Griffiths, E.J. and Halestrap, A.P. (1995) Biochem. J. 307, 93-98.

[11] Allen, D.G., Morris, P.G., Orchard, C.H. and Pirolo, J.S. (1985)
J. Physiol. 361, 185-204.

[12] Bowers, K.C., Allshire, A.P. and Cobbald, P.H. (1992) J. Mol.
Cell. Cardiol. 24, 213-218.

[13] Griffiths, E.J., Ocampo, C.J., Savage, J.S., Rutter, G.A., Hans-
ford, R.G., Stern, M.D. and Silverman, H.S. (1998) Cardiovasc.
Res. 39, 423-433.

[14] Miyata, H., Silverman, H.S., Sollot, S.J., Lakatta, E.G., Stern,
M.D. and Hansford, R.G. (1991) Am. J. Physiol. 261, H1123—
HI1134.

[15] Griffiths, E.J., Stern, M.D. and Silverman, H.S. (1997) Am. J.
Physiol. 273, C37-C44.

[16] Chacon, E., Ohata, H., Harper, L.S., Trollinger, D.R., Herman,
B. and Lemasters, J.J. (1996) FEBS Lett. 382, 31-36.

[17] Zahrebelski, G., Nieminien, A-L., Alshoul, K., Qian, T., Her-
man, B. and Lemasters, J.J. (1995) Hepatology 21, 1361-1372.

[18] Siegmund, B., Ladilov, Y.V. and Piper, H.M. (1994) Am. J.
Physiol. 276, H506-H513.

[19] Stern, M.D., Silverman, H.S., Houser, S.G., Josephson, R.A.,
Capogrossi, M.C., Nichols, C.J., Lederer, W.J. and Lakatta,
E.G. (1988) Proc. Natl. Acad. Sci. USA 85, 6954-6958.

[20] Hayashi, H., Miyata, H., Noda, N., Kobayashi, A., Hirano, M.,
Kawai, T. and Yamazaki, N. (1992) Am. J. Physiol. 262, C628—
C634.

[21] Tani, M. and Neely, J.R. (1989) Circ. Res. 65, 1045-1056.

[22] Haigney, M.C.P., Miyata, H., Lakatta, E.G., Stern, M.D. and
Silverman, H.S. (1992) Circ. Res. 71, 547-557.



404

[23] Harper, L.S., Bond, J.M., Chacon, E., Reece, J.M., Herman, B.
and Lemasters, J.J. (1993) Basic Res. Cardiol. 88, 430-442.

[24] Di Lisa, F., Blank, P.S., Colonna, R., Gambassi, G., Silverman,
H.S., Stern, M.D. and Hansford, R.G. (1995) J. Physiol. 486, 1-
13.

[25] Kapus, A., Szaszi, K., Kaldi, K., Ligeti, E. and Fonyo, A. (1991)
FEBS Lett. 282, 61-64.

[26] Jung, D.W., Baysal, K. and Brierley, G.P. (1995) J. Biol. Chem.
270, 672-678.

[27] Baysal, K., Jung, D.W., Gunter, K.K., Gunter, T.E. and Brier-
ley, G.P. (1994) Am. J. Physiol. 266, C800-C808.

E.J. Griffiths/lFEBS Letters 453 (1999) 400404

[28] Ferrari, R., Di-Lisa, F., Raddino, R. and Visioli, O. (1982)
J. Mol. Cell. Cardiol. 14, 737-740.

[29] Figueredo, V.M., Dresdner, K.P., Wolney, A.C. and Keller,
A.M. (1991) Cardiovasc. Res. 25, 337-342.

[30] Park, Y., Bowles, D.K. and Kehrer, J.P. (1990) J. Pharm. Exp.
Ther. 253, 628-635.

[31] Peng, C.F., Kane, J.J., Straub, K.D. and Murphy, M.L. (1980)
J. Cardiovasc. Pharmacol. 2, 45-54.



