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We have investigated the kinetics of mitochondrial Ca2+ influx and efflux and their dependence on cytosolic
[Ca2+] and [Na+] using low-Ca2+-affinity aequorin. The rate of Ca2+ release from mitochondria increased
linearly with mitochondrial [Ca2+] ([Ca2+]M). Na+-dependent Ca2+ release was predominant al low [Ca2+]M
but saturated at [Ca2+]M around 400 μM,while Na+-independent Ca2+ releasewas very slow at [Ca2+]M below
200 μM, and then increased at higher [Ca2+]M, perhaps through the opening of a new pathway. Half-maximal
activation of Na+-dependent Ca2+ release occurred at 5–10 mM [Na+], within the physiological range of
cytosolic [Na+]. Ca2+ entry rates were comparable in size to Ca2+ exit rates at cytosolic [Ca2+] ([Ca2+]c) below
7 μM, but the rate of uptake was dramatically accelerated at higher [Ca2+]c. As a consequence, the presence of
[Na+] considerably reduced the rate of [Ca2+]M increase at [Ca2+]c below 7 μM, but its effect was hardly
appreciable at 10 μM [Ca2+]c. Exit rates were more dependent on the temperature than uptake rates, thus
making the [Ca2+]M transients to be much more prolonged at lower temperature. Our kinetic data suggest
that mitochondria have little high affinity Ca2+ buffering, and comparison of our results with data on
total mitochondrial Ca2+ fluxes indicate that the mitochondrial Ca2+ bound/Ca2+ free ratio is around 10- to
100-fold for most of the observed [Ca2+]M range and suggest that massive phosphate precipitation can only
occur when [Ca2+]M reaches the millimolar range.
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1. Introduction

Mitochondrial Ca2+ fluxes play a very important role in cell
physiology. The large negative potential of the mitochondrial matrix
provides an enormous driving force for Ca2+ entry through the inner
mitochondrial membrane. However, [Ca2+]M is low under resting
conditions because of the very low Ca2+ permeability of the inner
mitochondrial membrane and the operation of systems able to
extrude Ca2+ from mitochondria in exchange by Na+ or H+. During
cell activation, the increase in [Ca2+]c triggers the opening of the
mitochondrial Ca2+ uniporter, a Ca2+ channel of the inner mitochon-
drial membrane, and large amounts of Ca2+ flow through this channel
into the mitochondrial matrix. Opening of the uniporter is thus
triggered by cytosolic Ca2+, but its activation requires relatively high
[Ca2+]c, with Kd values for the activation in the range 20–50 μM [1–9].

Duringphysiological cell activation, [Ca2+]c neverusually rises above
1–2 μM, except for some small regions close to the Ca2+ channels.
Nevertheless, because themaximumCa2+ flux through the uniporter is
very big, even a small degree of openingof theuniporter is able to induce
a significant Ca2+ entry intomitochondria. This situation of submaximal
activation of the uniporter is the most frequent under physiological
conditions, and balance between influx and efflux pathways should
then be critical to determine the final [Ca2+]M. However, there is little
direct information on the kinetics ofmitochondrial Ca2+fluxes obtained
by looking directly at [Ca2+]M. We have investigated here in detail
the behaviour of mitochondrial Ca2+ fluxes under different conditions
of extramitochondrial [Ca2+], [Na+] and temperature to obtain a clearer
picture of mitochondrial [Ca2+] homeostasis.

2. Methods

2.1. Cell culture and targeted aequorin expression

HeLa cells were grown in Dulbecco's modified Eagle's medium
supplemented with 5% fetal calf serum, 100 i.u.ml−1 penicillin and
100 i.u.ml−1 streptomycin. Theconstruct formutatedaequorin targeted
to mitochondria (mitmutAEQ) has been described previously [4].
Transfections were carried out using Metafectene (Biontex, Munich,
Germany).

2.2. [Ca2+]M measurements with aequorin

HeLa cells were plated onto 13 mm round coverslips and
transfected with the plasmid for mitochondrially targeted mutated
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Fig. 1. Kinetics of mitochondrial Ca2+ release at 37 °C. HeLa cells expressingmitmutAEQ
and reconstituted with coelenterazine n were permeabilized and stimulated briefly
with a 7 μM [Ca2+] buffer, as indicated in the panel A. Then, an EGTA-containing
intracellular mediumwas perfused to monitor Ca2+ release frommitochondria, both in
the presence and in the absence of 10 mM [Na+]. Panel B shows a superimposition of
the release curves in the presence and in the absence of 10 mM [Na+] obtained as the
mean of 6 different experiments of each kind. Panel C shows the dependence of the rate
of Ca2+ release on the mitochondrial [Ca2+]. The mean data of panel B were polynomial
fitted and the first derivative of these curves was plotted against the [Ca2+]M. The curve
labelled Na+-dependent was obtained by subtracting the Na+ 0 curve from the Na+

10 mM curve.
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aequorin. For aequorin reconstitution, HeLa cells were incubated for
1–2 h at room temperature in standardmedium (145 mMNaCl, 5 mM
KCl, 1 mMMgCl2, 1 mM CaCl2, 10 mM glucose, and 10 mM HEPES, pH
7.4) with 1 μM of coelenterazine n. After reconstitution, cells were
placed in the perfusion chamber of a purpose-built luminometer.
Then, standard medium containing 0.5 mM EGTA instead of Ca2+ was
perfused for 1 min, followed by 1 min of intracellular medium
(130 mM KCl, 10 mM NaCl, 1 mMMgCl2, 1 mM potassium phosphate,
0.5 mM EGTA, 1 mM ATP, 20 μM ADP, 10 mM L-malate, 10 mM
glutamate, 10 mM succinate, 20 mM Hepes, pH 7) containing
100 μM digitonin. Then, intracellular medium without digitonin was
perfused for 5–10 min, followed by buffers of known [Ca2+] prepared
in intracellular medium using HEDTA/Ca2+/Mg2+ mixtures. To
obtain intracellular mediums with different [Na+], the concentration
of Na+ in the medium was equimolarly replaced by K+. Temperature
was set either at 22 °C or at 37 °C.

Calibration of the luminescence data into [Ca2+] was made using
an algorithm as previously described [10,11]. Calibration of mutated
aequorin reconstituted with coelenterazine n has been previously
made at pH 7 under three different conditions: in vitro [12], inside the
endoplasmic reticulum [10,12] and inside mitochondria [13]. The
relationship between relative luminescence and [Ca2+] was the same
in all the cases, indicating that the response of aequorin to Ca2+ was
not altered inside any of these organelles. However, given that the
resting pH inside mitochondria in HeLa cells is known to be close to
8 [14,15], the values obtained with the pH 7 calibration require a 20%
downwards correction, as we have recently described [13]. [Ca2+]
values in this paper have therefore been obtained using the original
pH 7 calibration and applying then this small correction.

2.3. Measurement of total calcium uptake by HeLa cell mitochondria

Isolation of mitochondria from HeLa cell was carried out using the
Mitochondria Isolation kit from Miltenyi Biotec (Bergisch Gladbach,
Germany). Mitochondria were treated with 1 μM thapsigargin to
block SERCA pumps and they were finally suspended in intracellular
medium containing 5 μM EGTA and assayed for protein concentration
using the Pierce BCA protein assay kit (Thermo Fischer Scientific,
Waltham, MA, USA). The yield in terms of mitochondrial protein was
approximately 1 mg/108 cells. To measure calcium uptake, 0.1 mg of
mitochondrial protein were suspended in 1 ml of intracellular
medium containing 5 μM EGTA and 0.3 μM Calcium Green-5 N
(Molecular Probes) and incubated at 37 °C under magnetic stirring
in the cuvette holder of an Aminco-Bowman series 2 fluorescence
spectrophotometer. Fluorescence excited at 506 nm and emitted at
532 nm was monitored and then 20 nmol of calcium was added to
start mitochondrial Ca2+ uptake. Taking into account the 5 μM EGTA
present in the medium, the [Ca2+] obtained after calcium addition
was 15 μM. The rate of mitochondrial calcium uptake was calculated
from the rate of decrease in the extramitochondrial [Ca2+] after
calcium addition.

3. Results

3.1. Kinetics and Na+ dependence of Ca2+-release from mitochondria

We have first studied the kinetics of Ca2+ release from mitochon-
dria. We have loaded mitochondria with Ca2+ by making a short
perfusion with a Ca2+-containing intracellular medium. After that,
Ca2+-free medium was perfused to initiate Ca2+ release. Panel A of
Fig. 1 shows that perfusion of the EGTA-containingmedium triggered
a very fast Ca2+-release, at a rate similar to that seen during the Ca2+

entry period in the presence of 7 μM [Ca2+]. The right trace in this
panel shows the Ca2+ release obtained when the EGTA-containing
mediumwas devoid of Na+. It can be appreciated that blocking Ca2+-
release through the mitochondrial Na+/Ca2+ exchanger produced a
very significant decrease in the rate of Ca2+ release. Panel B shows
mean data of several similar experiments, showing the effect of the
absence of Na+ on the kinetics of Ca2+ release from mitochondria.
Panel C shows the dependence of the rate of Ca2+ release on the
mitochondrial [Ca2+] both in the presence and in the absence of Na+.
Data in panel B were polynomial fitted to smooth them. Then, Ca2+

exit rate data were obtained as the first derivative of the fitted traces,
and finally the obtained rates were plotted against the [Ca2+]M
corresponding to each measured rate. The figure shows that the rate
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of Ca2+ release increased linearly with the [Ca2+]M in the presence of
Na+, reaching rates around 800 μM/min at 400 μM [Ca2+]M. Instead,
in the absence of Na+, the rate was very small at [Ca2+]M below
200 μM, and then started to increase in a non-linear mode. As a result
of that, the rate of Na+-dependent Ca2+ release, obtained as the
subtraction of both curves, saturated at [Ca2+]M around 400 μM.

In conclusion, the Na+-dependent Ca2+ release pathway is clearly
predominant at [Ca2+]M below 200 μM and is nearly the only Ca2+-
exit pathway at [Ca2+]M below 100 μM. In contrast, the Na+-
independent Ca2+-exit pathway rapidly activates at [Ca2+]M above
200 μMand approaches the rate of the Na+-dependent pathwaywhen
the [Ca2+]M reaches 400 μM. Because of aequorin consumption, we
could not measure the rates at higher [Ca2+]M, but the data point to a
Fig. 2. Kinetics of mitochondrial Ca2+ release at 22 °C. HeLa cells expressingmitmutAEQ
and reconstituted with coelenterazine n were permeabilized, stimulated briefly with a
7 μM [Ca2+] buffer and then perfused with an EGTA-containing intracellular medium in
the presence of different [Na+], as indicated in the figure. Panel A shows the mean Ca2+

release curves obtained in 4–8 similar experiments of each kind. Panel B shows the
dependence of the rate of Ca2+ release on themitochondrial [Ca2+] obtained as in Fig. 1.
Panel C shows the Na+-dependent Ca2+ release obtained by subtracting the Na+ 0
curve in panel B from each of the other curves.
further increase in the importance of theNa+-independent pathway at
higher [Ca2+]M because of the saturation of the Na+-dependent
pathway.

Regarding theCa2+-release rates obtained, values in the literature are
usually reported in terms of nmol Ca2+·mg protein−1·min−1. Taking
into account that the relationship betweenmitochondrialmatrix protein
concentration and water volume is about 1 mg protein·μl water−1 or
1000 mg·ml−1 [16,17], a good approximation to transform our data
(μM·min−1 or nmol·ml−1·min−1) into those units would be just
dividingby this protein concentration, so that 1000 μM/mincorresponds
to a free Ca2+ exit rate of 1 nmol free Ca2+·mg protein−1·min−1. Of
course, our data only measure the fluxes of free Ca2+, so that the total
calcium flux should be much higher depending on the mitochondrial
Ca2+ buffering. However, transforming our data into those units (nmol
free Ca2+·mg protein−1·min−1) is useful because it allows obtaining
information about mitochondrial Ca2+ buffering by comparing the free
Ca2+ flux rates obtained here, with the values in the literature for the
total calciumfluxes (see theDiscussion). Thus, according to our data, the
Na+-dependent Ca2+ efflux pathway saturates below 500 μM/min or
0.5 nmol free Ca2+·mg protein−1·min−1, while the Na+-independent
Ca2+ efflux pathway is much slower at low [Ca2+]M but approaches
also those values at [Ca2+]M above 400 μM.

3.2. Effect of the temperature on Ca2+ release

We have then investigated the effect of the temperature on the
rates of Ca2+ release from mitochondria. Fig. 2 shows the kinetics of
Ca2+ release frommitochondria at 22 °C and in the presence of several
different Na+ concentrations. Because of the slower consumption of
aequorin at low temperature, it is now possible to monitor the release
rates at higher [Ca2+]M. Panel A of Fig. 2 shows that Ca2+ release was
Fig. 3. Kinetics of mitochondrial Ca2+ uptake at 37 °C and different cytosolic [Ca2+] and
[Na+]. HeLa cells expressing mitmutAEQ and reconstituted with coelenterazine n were
permeabilized and then stimulated with [Ca2+] buffers containing different [Ca2+],
as indicated in the figure. Panel A, intracellular perfusion solutions without sodium.
Panel B, solutions containing 10 mM [Na+]. Data are the mean of 3–5 different
experiments of each kind.

image of Fig.�2
image of Fig.�3
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much slower here than at 37 °C (compare with Fig. 1) and it was also
dramatically dependent on the [Na+] in the intracellular medium. In
panel B of this figure, data have been transformed to show the
dependence of the Ca2+ exit rate on [Ca2+]M, and in panel C the curve
obtained in the absence of Na+ has been subtracted from the rest to
show only the Na+-dependent Ca2+-exit rate.

Several conclusions can be obtained from these data. First, the Na+-
independent Ca2+-exit pathwaywasvery small at all the [Ca2+]Mvalues
and it hardly reached values of 40 μM/min (0.04 nmol free Ca2+·mg
protein−1·min−1) at 500 μM[Ca2+]M. Therefore, the exit rates observed
through the Na+-independent Ca2+-exit pathway decreased by more
than 10-fold when the temperature was reduced from 37 °C to 22 °C.
Second, the rate of Ca2+ release through the Na+-dependent Ca2+-exit
pathway was also sensitive to the temperature, although the depen-
dencewas smaller. For a [Na+] of 10 mM, themaximumrate observed at
22 °Cwas about 4-fold smaller than at 37 °C, that is, about 120 μM/min
or 0.12 nmol free Ca2+·mg protein−1·min−1. As a consequence, Ca2+-
release frommitochondria at 22 °C in standardNa+-containingmedium
is more than 4-fold slower than at 37 °C and is mainly mediated by the
Na+-dependent pathway at every [Ca2+]M. Finally, regarding the Na+-
dependence of Ca2+ release, the data of panel C of Fig. 2 show that the
[Na+] producing half-maximal activation is about 10 mM. Sigmoidal
fitting of the rate values obtained at 400 μM[Ca2+]M for each [Na+] gave
an EC50 value of 9.5±0.6 mM.
Fig. 4. Dependence of the mitochondrial [Ca2+] increase rate at 37 °C on [Ca2+]M. Data in
increase (balance between influx and efflux rates) against [Ca2+]M at every cytosolic [Ca2+]
in the presence of 10 mM [Na+] (panels C and D, which is an expansion of panel C). The da
3.3. Kinetics of Ca2+ uptake by mitochondria

Wehavenowanalyzed the kinetics of Ca2+ increase inmitochondria
in the presence of different [Ca2+] and at every temperature. Fig. 3
shows Ca2+-entry traces obtained after perfusion of intracellular
medium containing different [Ca2+] to permeabilized cells, both in
the absence (panel A) and in the presence (panel B) of 10 mM [Na+].
The rate of Ca2+ entry increasedwith the [Ca2+] in themedium, and the
increase was dramatically accelerated whenmedium [Ca2+] was above
7 μM. In fact, perfusion of 10 μM [Ca2+] triggered a very fast increase in
[Ca2+]M that rapidly reached the millimolar range. The presence of
10 mM[Na+] considerably reduced the rate of uptake, but the effectwas
much stronger at low buffer [Ca2+], 7 μM or below. In contrast, the rate
of Ca2+ entry was little dependent on the presence of Na+ when the
medium [Ca2+] reached 10 μM.

Fig. 4 shows the dependence of the Ca2+ increase rate, obtained in
experiments as those of Fig. 3, with [Ca2+]M. Several experiments as
those of Fig. 3 were pooled and polynomial fitted, and the first
derivative in each case was plotted against [Ca2+]M. Rate values cor-
responding to the increasing slope part of the uptake curves (before
the maximum rate in each case is reached) were not included for
clarity. Panels A and B show data obtained in the absence of Na+

(panel B is an expansion of panel A in both scales). Panels C and D
show data obtained in the presence of 10 mM [Na+] (panel D is an
Fig. 3 were transformed as described in Fig. 1 to plot the rate of mitochondrial [Ca2+]
and both in the absence of [Na+] (panels A and B, which is an expansion of panel A) and
shed curves represent the rate of Ca2+ release in each case, taken from Fig. 1.

image of Fig.�4
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expansion of panel C). The dashed lines show for comparison the rates
of Ca2+-exit in each case, taken from Fig. 1.

The curves of Fig. 4 do not show unidirectional Ca2+-entry into
mitochondria, but the balance betweenmitochondrial Ca2+ influx and
Ca2+ efflux for each medium [Ca2+] and intramitochondrial [Ca2+].
The presence of Na+ in the medium shifts down the curves obtained
at low [Ca2+] (up to 7 μM), because of the increased Ca2+ exit flux
through the Na+/Ca2+ exchanger. However, Ca2+ entry through the
uniporter should remain the same, and that was the case. To calculate
unidirectional Ca2+ entry, we can study the steady-state in the Ca2+

entry curves, that is, the region where [Ca2+]M is stable because Ca2+

influx and Ca2+ efflux are equal. In the curves of Fig. 4, that region
corresponds to the intersection with the X axis, when the rate is 0, and
the Ca2+ entry rate corresponding to each particular curve should
then be equal to the exit rate at the [Ca2+]M in the intersection. Fig. 5
exemplifies the calculation and shows that Ca2+ entry is independent
of the presence of Na+. Extrapolation of the curves for 4.5 and 5.5 μM
[Ca2+] in the presence and in the absence of Na+ provides the [Ca2+]M
where Ca2+ influx and efflux are balanced in each case. At that point,
the Ca2+ efflux rate should be equal to the Ca2+ influx, and can be
obtained from the efflux curve. The figure shows that Ca2+ influx at
4.5 μMmedium [Ca2+] was about 160 μM/min, and at 5.5 μMmedium
[Ca2+] was about 650 μM/min, and those values were independent of
the presence of Na+ in the medium, in spite of the large difference in
the rate curves in both cases.
Fig. 5. Calculation of unidirectional Ca2+ influx rates. The figure shows data from Fig. 4
corresponding to the curves of [Ca2+]M increase rate (balance between influx and efflux
rates) at 4.5 μM [Ca2+] and 5.5 μM [Ca2+] both in the absence (panel A) and in the
presence (panel B) of 10 mM [Na+], together with the [Ca2+]M decrease rates in both
cases. When the [Ca2+]M increase rate curves reach the X axis, influx and efflux must be
equal and the pure influx rate can be calculated from the value of the [Ca2+]M decrease
rate curve obtained at the same intramitochondrial [Ca2+] (as indicated by the dashed
arrows).
The maximum rate of mitochondrial Ca2+ increase observed with
the 10 μM buffer [Ca2+] was about 1800 μM/min, corresponding to
about 1.8 nmol free Ca2+·mg protein−1·min−1, and it was indepen-
dent of the presence of Na+. The reason for that may be that, as shown
in Fig. 1, the Na+-dependent Ca2+ exit pathway saturated at [Ca2+]M
around 400 μM, and above that concentration the Na+-independent
Ca2+ exit pathway started to be predominant. Thus, at the high [Ca2+]M
reached in the presence of the 10 μM Ca2+ buffer, the contribution of
the Na+-dependent Ca2+ exit pathway should be small. It is difficult
to estimate the maximum Ca2+ entry rate with the 10 μM [Ca2+] buffer
as we did in Fig. 5, because we would need to make a very large
extrapolation of the Ca2+-exit rate. However, we can obtain a more
direct estimation by adding the maximum measured rate value
(1800 μM/min), obtained at a [Ca2+]M of 700 μM, with the extrapola-
tion of the Ca2+ exit rates up to that point (800–1000 μM/min),
obtaining a total value of about 2600–2800 μM/min or 2.6–2.8 nmol
free Ca2+·mg protein−1·min−1.

Regarding the lower [Ca2+] buffers, particularly below 5 μM,
probably the cytosolic [Ca2+] found under most physiological
conditions of cell stimulation, the Ca2+-entry rates were much
smaller and in the same range as Ca2+-exit rates. Thus, the observed
Ca2+ increase under those conditions was largely dependent on the
presence of Na+ in the medium and could be significantly modulated
by changes in [Na+]. Fig. 6 shows the effect of the presence of different
[Na+] in the perfusion medium on the [Ca2+]M increase induced by a
4.5 μM [Ca2+] buffer. Panel A shows the crude uptake curves and
panel B shows the dependence of the rate of Ca2+-increase on [Ca2+]M.
Both the maximum rate of [Ca2+]M increase and the steady-state
Fig. 6. Effect of [Na+] on mitochondrial [Ca2+] increase rate at 37 °C. HeLa cells
expressing mitmutAEQ and reconstituted with coelenterazine n were permeabilized
and then stimulated with a 4.5 μM [Ca2+] buffer in the presence of different [Na+], as
indicated in the figure. Panel A shows a typical experiment. In panel B, mean data from 4
to 7 experiments of each kind were transformed as described in Fig. 1 to plot the rate of
mitochondrial Ca2+ increase against [Ca2+]M at every [Na+].

image of Fig.�5
image of Fig.�6
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[Ca2+]M obtained in the absence of Na+ was decreased by 5-fold in the
presence of 20 mM [Na+], and the larger changes occurred in the
physiological range of intracellular [Na+], around 5 mM. Sigmoidal fit
of the effects of [Na+] on either the steady-state [Ca2+]M values or
themaximum rates of Ca2+ effluxprovided values for themean effect of
[Na+] of 4.6±0.1 mM and 5.3±0.4 mM, respectively.

3.4. Effect of the temperature on Ca2+ uptake

We have then investigated the balance between Ca2+ entry and
Ca2+ release at 22 °C. Fig. 7 shows the kinetics of the increase in [Ca2+]M
induced by the addition of different buffered [Ca2+] to permeabilized
cells, both in the presence and in the absence of Na+, and Fig. 8 shows
the relationship between the Ca2+ increase rate and the [Ca2+]M in
each case. The dashed traces represent the Ca2+ exit rates at both 0
and 10 mMNa+, taken from Fig. 2. As occurred at 37 °C, the presence of
Na+ reduced the rates obtained at [Ca2+] below 7 μM, hardly affecting
the rate obtained with a 10 μM [Ca2+] buffer. The maximum rate
obtained with a 10 μM [Ca2+] buffer could be calculated by adding the
maximum ratemeasured (at 200–400 μM[Ca2+]M)with the exit rate at
that [Ca2+]M, obtaining a value of 1100–1200 μM/min or 1.1–1.2 nmol
free Ca2+·mg protein−1·min−1, about 2.5-fold smaller than the rate
measured at 37 °C for the same [Ca2+]. However, because the effect of
the temperature on the release rates is larger (more than 4-fold, see
Figs. 1 and 2), thefinal steady-state [Ca2+]M reached at 22 °Cwas higher
than at 37 °C for the [Ca2+] buffers below 7 μM (compare Figs. 3 and 7).

3.5. Total mitochondrial Ca2+ uptake

Wehave finally studied the rate of totalmitochondrial Ca2+ uptake
obtained inmitochondria isolated fromHeLa cells and stimulatedwith
Fig. 7. Kinetics of mitochondrial Ca2+ uptake at 22 °C and different cytosolic [Ca2+] and
[Na+]. HeLa cells expressing mitmutAEQ and reconstituted with coelenterazine n were
permeabilized and then stimulated with [Ca2+] buffers containing different [Ca2+], as
indicated in the figure, and either in the absence (panel A) or in the presence (panel B)
of 10 mM [Na+]. Data are the mean of 2 different experiments of each kind.
a calcium bolus under conditions similar to those of the previous
experiments, but using the dye Calcium Green 5 N to measure the
decrease in extramitochondrial [Ca2+] induced bymitochondrial Ca2+

uptake. We are aware that this method is unable to measure the
maximal rate of mitochondrial Ca2+ uptake, because of the limitations
imposed by the changes in membrane potential occurring during
mitochondrial Ca2+ uptake, that lead to serious underestimations
of the rate of uptake [2,6]. However, the results are useful as a
lower estimation for the rate of total calcium uptake by HeLa cell
mitochondria.

Fig. 9 shows that addition of a Ca2+ bolus of 150 nmol total
calcium·mg protein−1 (15 μM [Ca2+]) produced a sudden increase in
the [Ca2+] measured by the extramitochondrial dye, which then
progressively decreased in the next few minutes until all the added
calcium had been taken up by mitochondria. In several similar
experiments, the rate of total calcium uptake measured at an
extramitochondrial [Ca2+] of 10 μM was 21±3 nmol total cal-
cium·mg protein−1·min−1 (mean±s.e., n=5).

4. Discussion

We have made a detailed study of the kinetics of mitochondrial
Ca2+ fluxes by measuring the mitochondrial [Ca2+] in permeabilized
cells during Ca2+ entry and Ca2+ release in the presence of different
extramitochondrial [Ca2+] and [Na+], and different temperatures. Our
study provides a view of the dynamics of intramitochondrial [Ca2+]
along the activation of mitochondrial Ca2+ fluxes and allows making a
direct comparative estimation of the balance between Ca2+ entry and
Ca2+ release fluxes. In addition it provides new information on
mitochondrial Ca2+ buffering.

4.1. Mitochondrial Ca2+ uptake rates and matrix Ca2+ buffering

Themaximum activity of the Ca2+ uniporter has been estimated in
rat liver mitochondria to be around 1400 and 900 nmol total Ca2+·mg
protein−1·min−1 at 30 °C and 20 °C, respectively, using conditions of
constant membrane potential [2,6,7]. The presence of 1 mMMg2+

should reduce these figures by about 20–30%, to values close to 1000
and 600 nmol total Ca2+·mg protein−1·min−1, respectively. In our
experiments, the measured rate of total calcium uptake was 21 nmol
total calcium·mg protein−1·min−1 in the presence of about 10 μM
extramitochondrial [Ca2+]. Reported values for the Km for Ca2+ of the
uniporter are in the 20–50 μM range [1–9], and previous data indicate
that the maximum rate should be at least 4-fold higher than that
obtained at 10 μM [Ca2+] [4,5]. Therefore, a reasonable estimation for
the maximum rate of uptake in our conditions would be about
80 nmol total calcium·mg protein−1·min−1. This rate is about 10-fold
smaller than that previously obtained in rat liver mitochondria,
although we should remember that it is a lower estimation for the
actual rate, because of the changes in membrane potential occurring
duringmitochondrial Ca2+ uptake [2,6]. In conclusion, the rate of total
calcium uptake at 37 °C in our cells should be in the range 100–
1000 nmol total calcium·mg protein−1·min−1.

Regarding the rates of free Ca2+ uptake obtained from the
aequorin experiments, we obtain uptake rates with a 10 μM [Ca2+]
buffer of 2.8 and 1.2 nmol free Ca2+·mg protein−1·min−1 at 37 °C
and 22 °C, respectively. Using the same factor as above (4-fold), a
reasonable estimation for the maximum uptake rate of free Ca2+ in
our case would be 10 nmol free Ca2+·mg protein−1·min−1 at 37 °C
and 5 nmol free Ca2+·mg protein−1·min−1 at 22 °C. These values for
the rate of free Ca2+ increase in mitochondria are 10- to 100-fold
smaller than the above-mentioned rates for total calcium uptake by
mitochondria. The difference should be due to the mitochondrial
buffering capacity and would therefore represent a good estimation
for the Ca2+ bound/Ca2+ free relationship in the mitochondrial
matrix along the Ca2+ uptake process. If this is correct, the Ca2+
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Fig. 8. Dependence of the mitochondrial [Ca2+] increase rate at 22 °C on [Ca2+]M. Data in Fig. 3 were transformed as described in Fig. 1 to plot the rate of mitochondrial Ca2+ increase
(balance between influx and efflux rates) against [Ca2+]M at every cytosolic [Ca2+] and both in the absence of [Na+] (panels A and B, which is an expansion of panel A) and in the
presence of 10 mM [Na+] (panels C and D, which is an expansion of panel C). The dashed curves represent the rate of Ca2+ release in each case, taken from Fig. 2.
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bound/Ca2+ free ratio in the mitochondria would be similar to that
measured in the cytosol of many cells [3,18], although this parameter
may depend on the cell type [19]. Previous estimations for the Ca2+

binding ratio in the mitochondrial matrix range from 4000 [20] to
150,000 [21]. The discrepancy with these figures is mainly due to the
Fig. 9. Total calcium uptake by mitochondria isolated from HeLa cells. 0.1 mg of protein
from the HeLa cell mitochondrial preparation were suspended in 1 ml of intracellular
medium containing 5 μMEGTA and 0.3 μMCalcium Green-5 N at 37 °C. When indicated
by the arrow, 20 nmol of calcium (final [Ca2+] 15 μM)was added to start mitochondrial
Ca2+ uptake. This experiment is representative of 5 similar ones.
different values obtained for the free [Ca2+] inside mitochondria
during Ca2+ loading, a problemwhich has been discussed before [13].

Regarding mitochondrial Ca2+ buffering, our data show smooth
free Ca2+ increase curves up to the millimolar range in mitochondria
exposed to a constant rate of Ca2+ uptake. Similarly, Ca2+ release
curves show a nice exponential kinetics from about 500 μM to resting
values. Therefore, our data do not show any evidence for high affinity
Ca2+ buffering in the low micromolar range in mitochondria. Rather,
our data are consistent with previous data [22,23] suggesting the
presence of a high-capacity and low affinity Ca2+ buffering. This
buffering would allow rapid uptake and release of large amounts of
Ca2+ from mitochondria, with [Ca2+]M transiently reaching the tens
or even hundreds of micromolar range, as we have previously shown
in intact chromaffin cells [4]. If the factor of two orders of magnitude for
the bound/free calcium relationship is correct, then reaching a [Ca2+]M
of 1 mM would correspond to a net calcium load of 100 nmol total
Ca2+·mg protein−1. Interestingly, this value corresponds approximate-
ly to the maximum amount of calcium that can be accumulated by
mitochondriawithin the classically considered limited loading, which is
reversible and does not produce damage to mitochondria [8,24]. In the
presence of phosphate,mitochondria is known to be able to store 10–30
times more calcium than that [21,24], accompanied by irreversible
damage, morphological changes and calcium phosphate precipitation.
Our data suggest that, contrarily to previous estimations [21,25],
this precipitation only occurs when the free [Ca2+]M approaches the
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millimolar range and thus the limited loading threshold. Then, the
free [Ca2+]M stabilizes around 1 mM (as in Figs. 3 and 7) while calcium
phosphate precipitation develops.

4.2. Mitochondrial Ca2+ release rates

Regarding Ca2+ release from mitochondria, the maximum rate of
the Na+/Ca2+ exchange systemwas 0.5 nmol free Ca2+·mg protein−1·
min−1 at 37 °C and 0.12 nmol free Ca2+·mg protein−1·min−1 at 22 °C.
Values in the literature for the maximum rate of this system range
between 2.6 and 18 nmol total Ca2+·mg protein−1·min−1 at room
temperature [6,7,26,27]. Again here, our values for the rate of free Ca2+

release are smaller by a factor of about20–150 than thepublishedvalues
for total Ca2+ release through this system. In the case of the Na+-
independent Ca2+ release flux, our values for the maximum rate of this
system are about 0.5 and 0.04 nmol free Ca2+·mg protein−1·min−1 at
37 °C and 22 °C, respectively. The published values for the maximum
rate of this system have been obtained at room temperature and are
around 1–2 nmol total Ca2+·mg protein−1·min−1 [6,7,23]. In this case
the total flux is 25- to 50-fold larger than the free Ca2+ flux measured
here. At this respect, it is interesting to note that in our experiments the
Na+-independent Ca2+ efflux was very slow at low [Ca2+]M, below
200 μM, and its rate increased at higher [Ca2+]M. However, it has been
reported that this efflux system saturates at totalmitochondrial calcium
values around 25 nmol total Ca2+·mg protein−1 [23], which according
to the data in this paper (relationship bound Ca2+/free Ca2+ of 100
in the matrix and assuming 1 μl water/mg protein) should correspond
to a [Ca2+]M of around 250 μM. A possible explanation for the
discrepancy would be the activation of a new pathway for Ca2+ release
from mitochondria when [Ca2+]M rises above these values, perhaps a
reversible or transient opening of the mitochondrial permeability
transition.

Ca2+-release from mitochondria in HeLa cells was highly depen-
dent on the extramitochondrial [Na+], particularly at [Ca2+]M below
100–200 μM. In fact, at 100 μM [Ca2+]M, 85–90% of Ca2+ release was
dependent of the presence of Na+. The [Na+] required for half-
maximal activation of Ca2+ releasewas about 10 mM(Fig. 2), although
the [Na+] required for half-maximal inhibition of the [Ca2+]M increase
rate (Fig. 6) was smaller, close to 5 mM. The difference may be due
to the experimental design or perhaps also to the temperature. In
any case, these values are comparable with reported values for the
Kmof this system,which are in the range of 2.6 to 9.4 mM[27–29]. This
[Na+] is in the physiological range, so that physiological variations in
the cytosolic [Na+] may produce significant variations in Ca2+

accumulation by mitochondria, as it has been previously proposed
[29]. Our data show that the rate of Ca2+ release frommitochondria is
comparable with the rate of Ca2+ entry when the cytosolic [Ca2+]
keeps below 7 μM, which is the case for most physiological cell
stimulations, with the possible exception of local high-Ca2+ micro-
domains. Therefore, modulation by cytosolic [Na+] of the rate of Ca2+

release from mitochondria may be physiologically relevant for
mitochondrial Ca2+ homeostasis.

4.3. Temperature dependence of mitochondrial Ca2+ fluxes

Finally, our data show also a very important dependence of
mitochondrial Ca2+ release with the temperature. Na+-dependent
Ca2+-release increased its activity by 4-fold when the temperature was
increased from 22 °C to 37 °C, and Na+-independent Ca2+-release
increased its activity by more than 10-fold in the same interval. This
temperature dependence is larger than that of the Ca2+-entry
mechanism, which increases its rate only about twice by the same
temperature increase. Because of that, the final [Ca2+]M reached at
steady-state was higher at 22 °C than at 37 °C in the presence of every
[Ca2+] buffer, except for the 10 μM[Ca2+] one,which leads to saturation
of the probe at around 1 mM [Ca2+]M and also probably to calcium
phosphate precipitation. It is very important to have into account this
large temperature dependence of the mitochondrial Ca2+-release
mechanisms to interpret previous data in the literature regarding
mitochondrial Ca2+ storage ability during physiological cell function. In
fact, most of the original work on the role of mitochondria in Ca2+

homeostasis was made at room temperature [20,30–33]. Those papers
grounded the key idea that mitochondria constitute a very important
transient Ca2+ buffer able to modulate cytosolic [Ca2+] homeostasis.
However, regarding the kinetics of that phenomenon, one of their
conclusions was that mitochondria was able to take up Ca2+ rapidly
during cell activation and then release it slowly, thus generating a
mitochondrial Ca2+ transient much prolonged than the cytosolic one
and a sustained Ca2+ release from mitochondria well after the original
[Ca2+]c transient had finished. That is in fact the case at room
temperature, but the kinetics of this phenomenon under physiological
conditions is very different. The rate of mitochondrial Ca2+-release at
37 °C is much faster, and the kinetics of the mitochondrial [Ca2+]
transient is in fact very similar to that of the cytosolic one, but with very
different amplitude [4]. This point is physiologically very important, as
the response of mitochondrial [Ca2+] to rapid [Ca2+]c oscillations, such
as those occurring in cardiac cells, either generating [Ca2+]M oscillations
or progressive [Ca2+]M accumulation [34–36], may critically depend
on that.

4.4. Conclusion

In conclusion, our data reveal mitochondria as a highly dynamic
compartment in termsof Ca2+homeostasis, able to takeup and release
Ca2+ fast enough to follow the cytosolic Ca2+ transients, but under-
going reversible variations in [Ca2+]M that could span up to four orders
of magnitude, from 100 nM to 1 mM. Under physiological conditions,
of course, the [Ca2+]M transients in most of the mitochondria are
surely smaller, but the organelle has the capacity to do it and mito-
chondria close to high Ca2+ microdomains may be involved in such a
big Ca2+ movements.
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