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Abstract

The adenine nucleotide translocase (ANT), besides transferring ATP from the mitochondrial matrix to the rest of the cell, has also
been proposed to be involved in mitochondrial permeability transition (MPT), and accordingly in mitochondrial Ca2+ homeostasis. In
order to assess the role of ANT in Ca2+ signal transmission from the endoplasmic reticulum (ER) to mitochondria, we overexpressed the
various ANT isoforms and measured the matrix [Ca2+] ([Ca2+]m) increases evoked by stimulation with IP3-dependent agonists. ANT
overexpression reduced the amplitude of the [Ca2+]m peak following Ca2+ release, an effect that was markedly greater for ANT-1
and ANT-3 isoforms than for ANT-2. Three further observations might explain these findings. First, the effect was partially reversed
by treating the cells with cyclosporine A, suggesting the involvement of MPT. Second, the effect was paralleled by alterations of the
3D structure of the mitochondria. Finally, ANT-1 and ANT-3 overexpression also caused a reduction of ER Ca2+ loading that caused
a marginal decrease in the cytosolic Ca2+ responses. Overall, these data provide evidence for the involvement of ANT-1 and ANT-3 in
the induction of MPT and indicate the relevance of this phenomenon in ER–mitochondria Ca2+ transfer.
� 2006 Elsevier Inc. All rights reserved.
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The primary role of the ADP/ATP translocator (ANT)
is the exchange of ADP and ATP across the inner mito-
chondrial membrane (IMM). Following the molecular
identification of the most abundant ANT isoform, member
4 of the solute carrier family 25 proteins [1], recently the
presence of different ANT isoforms in various tissues has
been reported. In rat and mouse, ANT-1 is mainly present
in skeletal muscle, heart, kidney, and the brain, whereas the
ANT-2 isotype is predominant in the tissues with regener-
ative capacity [1]. ANT-3 was shown to be present in small
amount in virtually all tissues [1,2]. However, despite the
tissue specific predominance of the different subtypes,
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ANT-1, ANT-2, and ANT-3 appear to co-exist within
the mitochondria of the same cell, with a different distribu-
tion. Indeed, it was shown that the peripheral inner mito-
chondrial membrane contains all three isoforms of ANT,
whereas the ANT-2 isoform is present exclusively in cristae
membranes [3]. This particular distribution also suggested
specific functions of the ANT isoforms [4]. Indeed, parallel
to its characterization as adenine nucleotide exchanger,
extensive studies have shown that ANT participates in
the development of mitochondrial permeability transition
(MPT).

MPT is characterized by the opening of a non-specific
large conductance pore of the inner and outer mitochondrial
membranes (IMM and OMM, respectively) termed as mito-
chondrial permeability transition pore (MPTP). MPT can
be induced by the combination of high mitochondrial
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[Ca2+] ([Ca2+]m), oxidative stress, ATP depletion, and high
inorganic phosphate [5]. While the exact molecular nature
of the MPTP is still debated, it is generally proposed that
the core structure of the pore includes the voltage-dependent
anion channel (VDAC) of the OMM, the ANT of the IMM,
and cyclophilin-D (Cyp-D) of the mitochondrial matrix.
However, the issue is far from being settled, as permeability
transition was shown to occur in cells devoid of all three
isoforms [6]. It was also suggested that members of the
Bcl-2 family proteins, the ‘peripheral type’ benzodiazepine
receptor, and hexokinase interact with the MPTP [7].

Cyp-D is the target of cyclosporine A (CsA), the best
characterized inhibitor of the MPTP [8], and it mediates
the Ca2+-dependent MPTP open/closed transitions by
reversible binding to ANT. Importantly, ANT-1 and
ANT-3 display higher affinity for Cyp-D than ANT-2 [3],
suggesting a more specific role in MPT induction. Upon
opening of the PTP, increased permeability of the mito-
chondrial membranes leads to collapse of the mitochondrial
membrane potential (Dwm). In isolated mitochondria, MPT
induces osmotic mitochondrial swelling, breakdown of the
OMM, and release of several apoptotic factors, such as
AIF (apoptosis-inducing factor) [9], cytochrome c [10],
and Smac/Diablo [11,12]. Whether this mechanism can also
operate in intact cells is still a matter of debate, but Bauer
et al. described that overexpression of ANT-1 but not
ANT-2 induced apoptosis in several cell lines even if its
ATP/ADP exchanger activity is impaired by point muta-
tions [13]. In addition, Zamora et al. found that overexpres-
sion of ANT-3 also leads to induction of apoptosis [14].

Mitochondria, due to the membrane potential (Dwm),
negative inside, generated by the respiratory chain, readily
accumulate Ca2+ during cell stimulation. This uptake is
mediated by a low affinity (Kd > 10 lM) Ca2+ activated
calcium channel (the mitochondrial Ca2+ uniporter,
MCU), localized in the IMM. Mitochondria are highly
responsive to agonist stimulation because they are closely
positioned to IP3-gated Ca2+ release channels (IP3 recep-
tors, IP3R) of the ER [15]. Upon opening of the IP3R,
the locally formed high Ca2+ concentration microdomain
is transferred through the OMM voltage-dependent anion
channel (VDAC), and consequently activates the MCU
of the IMM. Ca2+ is then released from the mitochondria
through Na+/Ca2+ and H+/Ca2+ exchange mechanisms,
the molecular nature of which is still unknown. Moderate
calcium uptake into the mitochondrial matrix activates
metabolic activity [16], while excessive Ca2+ load and/or
the effect of other mediators such as ceramide induces
mitochondria apoptosis probably through induction of
MPT. In addition to the above-described mitochondrial
Ca2+ transport mechanisms, recently it has been shown
that MPT may also participate in mitochondrial Ca2+

homeostasis in two different ways. First, Ca2+ induced
MPT leads to Ca2+ extrusion from the mitochondrial
matrix, which in particular systems may serve as an ampli-
fication loop for Ca2+ induced Ca2+ release from the
ER/sarcoplasmic reticulum Ca2+ stores. In addition,
reversible, flickering MPT pore opening was proposed to
finely tune Dwm, thus determining the driving force for
Ca2+ uptake and free radicals production [17]. Additional-
ly, in our previous paper we showed that also mitochondri-
al shape can affect organelle Ca2+ uptake, by controlling
the diffusion to the whole network of Ca2+ entering mito-
chondria at the sites of contact with the ER. Probably it
can be due to changes of mitochondria interaction with
the ER and plasmamembrane. Overexpression of Drp-1
causes division of the mitochondrial network and blocks
intraorganellar Ca2+ waves [18]. Frieden et al. demonstrat-
ed that the fragmented perinuclear mitochondrial popula-
tion slower accumulates Ca2+ from extracellular sources
even if the capability of mitochondria to take up Ca2+

released from the ER remain unaltered [19,20]. Moreover,
PGC-1a selectively reduced mitochondrial Ca2+ responses
to cell stimulation by reducing the efficacy of mitochondrial
Ca2+ uptake sites and increasing organelle volume [21].

Based on the proposed interaction between the putative
MPT pore component ANT and Ca2+ signaling we aimed
to characterize the role of the three ANT isoforms (ANT-1,
ANT-2, and ANT-3) in mitochondrial Ca2+ uptake. Thus,
we used targeted aequorin probes to monitor [Ca2+] chang-
es in cells overexpressing these particular ANT isoforms. In
parallel using confocal microscopy we assessed changes in
mitochondrial morphology and their interaction with the
ER.
Materials and methods

Cell culture and transfection. HeLa cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% fetal calf
serum (FCS), in 75 cm2 Falcon flasks. For aequorin measurement,
before transfection, cells were seeded onto 13 mm glass coverslips and
allowed to grow to 50% confluence. At this stage, transfection with
4 lg of DNA (control cells: 3 lg mtGFP + 1 lg AEQ; ANT over-
expressing cells: 3 lg ANT + 1 lg AEQ) was carried out as previously
described [30] and aequorin measurements were performed 36 h after
transfection. For mitochondrial structure and mitochondrial membrane
potential cells (seeded onto 24 mm coverslips) were transfected with
2 lg mtGFP and 6 mg ANT expressing vectors. For mitochondrial and
ER structure cells (seeded onto 24 mm coverslips) were transfected with
2 lg ERGFP and 6 mg ANT expressing vectors. Cells were transfected
with the calcium phosphate method as described before [22]. All
cDNAs were in pcDNA3 plasmid. Green fluorescent protein and
aequorin selectively targeted to organelle of interest (ERGFP, cytAEQ,
mtAEQ, and ERAEQ) were previously engineered in laboratory of
Professor R. Rizzuto. All ANT cDNAs were obtained from Professor
G. Kroemer.

Estimation of the overexpression level of ANT-1, ANT-2, and ANT-3

isoform in HeLa cells. The efficiency of the overexpression of three iso-
forms of ANT was analyzed by Western blot analysis. HeLa cells plated in
10-cm petri dishes were transfected with 30 lg of each plasmid (ANT-1,
ANT-2, and ANT-3). The cells were harvested, 36 h after transfection, by
trypsinization and centrifuged at 600g for 10 min. The cell pellet was
washed twice in PBS and resuspended in 2 ml of buffer A (sucrose
250 mM, Hepes 20 mM, pH 7.4, KCl 10 mM, EDTA 1 mM, MgCl2
1 mM, and DTT 1 mM) supplemented with 1 · protease inhibitor cocktail
(Sigma–Aldrich). After chilling on ice for 30 min with frequent tapping,
cells were lysed with 50 strokes of glass Dounce homogenizer (this lysate
corresponds to total proteins). For detection of ANT expression whole cell
lysate was prepared using standard protocol. Protein was quantified using
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Bradford method (Bio-Rad). Forty micrograms of total protein was sep-
arated by SDS–PAGE 10%. Western blotting was performed using poly-
clonal ANT antibody (Santa Cruz Biotechnology) diluted 1:1000 and
monoclonal b-tubulin antibody (Santa Cruz) diluted 1:5000. After
hybridization with peroxidase (HRP)-conjugated secondary antibody, the
signal was revealed using ECL Plus Western blot detection reagent
(Amersham Pharmacia Biotech).

Aequorin measurements. For cytosolic aequorin (cytAEQ) and mito-
chondrial aequorin (mtAEQ) the coverslips with the cells were incubated
with 5 lM coelenterazine for 1–2 h in DMEM supplemented with 1% FCS
and then transferred to the perfusion chamber. For reconstitution with the
aequorin chimera targeted to the ER (erAEQ), the luminal [Ca2+] of this
compartment was first reduced. This was obtained by incubating the cells
for 1 h at 4 �C in Krebs–Ringer modified buffer (KRB) (125 mM NaCl,
5 mM KCl, 1 mM Na3PO4, 1 mM MgSO4, 5.5 mM glucose, and 20 mM
Hepes, pH 7.4, 37 �C) supplemented with coelenterazine 5 lM, the Ca2+

ionophore ionomycin, and 600 lM EGTA. After this incubation the cells
were extensively washed with KRB supplemented with 2% BSA (bovine
serum albumin) and 1 mM EGTA, then aequorin reconstitution was
carried out as described above.

All aequorin measurements were carried out in KRB. Agonists and
other drugs were added to the same medium, as specified in the figure
legends. The experiments were terminated by lysing cells with 100 lM
digitonin in a hypotonic Ca2+-rich solution (10 mM CaCl2 in H2O), thus
discharging the remaining aequorin pool. The light signal was collected
and calibrated into [Ca2+] values as previously described [22–24]. The
aequorin luminescence data were calibrated off-line into [Ca2+] values,
using a computer algorithm based on the Ca2+ response curve of wild-type
and mutant aequorins, as previously described [23,24]. All the results are
expressed as means ± standard error (SE).

Measurements of mitochondrial membrane potential. Dwm was mea-
sured by loading cells with tetramethyl-rhodamine-methylester (TMRM,
10 nM, 30 min, 37 �C) [25]. TMRM fluorescence was detected on Zeiss
confocal microscope (LSM 510 equipped with a plan-Apochromat 63· oil
immersion objective) or iCys Scanning Microscope. The 543 nm excitation
wavelength was provided by a HeNe laser source. Signal was collected as
total emission > 570 nm. To distinguish control from the ANT/mtGFP
transfected cells, green emission was collected as emission from the range
505 to 535 nm. To accurately measure fluorescence emission from the
entire mitochondrial network, a maximal 3D projection of confocal
images on the z-axis was obtained by means of the LSM software (Zeiss).
Fluorescence was quantified and corrected for background emission with
the cell imaging software Metamorph 2.3 (Universal Imaging Corpora-
tion, PA, USA).

Analysis of mitochondrial and endoplasmic reticulum morphology. Cells
were transiently transfected with ERGFP (control) and ERGFP
cotransfected with one of ANT isoforms (ANT-1 or ANT-2 or ANT-3).
Transfected cells were loaded at the same time with 20 nM MitoTracker
Deep-Red to study mitochondrial structure. Images were acquired with a
LSM 510 Zeiss confocal microscope. To achieve a higher resolution of the
mitochondrial and ER network, images were analyzed with an algorithm
for 3D reconstruction developed from the Biomedical Imaging Group of
the University of Massachusetts (Worcester, MA, USA) based on point
spread function analysis [26]. All experiments were performed at 37 �C in
the modified KRB solution. For the colocalization analysis of fluorescence
signals the data analysis and visualization environment (DAVE) software
was used to visualize images in three dimensions, to superimpose them,
and to determine the extent to which they coincided [27].
Results

Mitochondrial Ca2+ uptake is markedly inhibited by

overexpression of ANT-1 and ANT-3 isoforms

In order to study the role of ANT in mitochondrial cal-
cium handling we overexpressed ANT-1, ANT-2, and
ANT-3 in HeLa cells and analyzed calcium homeostasis
at different subcellular compartments using the recombi-
nant aequorin technique [23,28,29]. First, HeLa cells were
transfected either with a mitochondria targeted mutated
low affinity aequorin chimera alone (mtAEQmut control)
or co-transfected with the three ANT isoforms and
mtAEQmut together (ANT-1, ANT-2, and ANT-3, respec-
tively). As confirmed by Western blot analysis, the level of
expression of the particular isoforms was practically identi-
cal (Fig. 1C). Both in control and ANT-transfected HeLa
cells, application of 100 lM histamine, through Gq/o cou-
pled receptors, caused a rapid increase of mitochondrial
Ca2+ concentration ([Ca2+]m), following IP3 induced
Ca2+ release from the endoplasmic reticulum Ca2+ store
(Fig. 1A). However, overexpression of the ANT-1 and
ANT-3 isoforms induced a large decrease (�40%) of mito-
chondria calcium uptake. In contrast, in the ANT-2 over-
expressing cells, the mitochondrial Ca2+ transient was
much less reduced (�20%).

This subtype specific effect of ANT overexpression led
us to consider the possibility that the ANT-1 and ANT-3
isoforms might affect mitochondrial calcium uptake by
the formation of new MPT pores. To verify this hypothesis,
control and ANT transfected cells were treated with
300 nM cyclosporin A (CsA) for 2 h before calcium mea-
surement to inhibit MPTP opening during the experiment.
As shown in Fig. 1B, inhibition of PTP opening by CsA
partially abolished the inhibitory effect of ANT-1 and
ANT-3 mediated inhibition of the mitochondrial Ca2+

response, arguing for a role of MPT in the effect of the
overexpression.

Ca2+ release from the endoplasmic reticulum is slightly

modified by ANT-3 overexpression

Next, we investigated whether the observed mitochon-
drial calcium changes ([Ca2+]m) (Fig. 1A and B) were cor-
responding to alterations of cytosolic and ER calcium
concentration ([Ca2+]c, [Ca2+]ER). HeLa cells were trans-
fected either with the specific aequorin chimeras—cytosolic
or ER alone (cytAEQ and erAEQmut, controls) or co-
transfected with each ANT isoforms and the cytAEQ or
erAEQmut probe. As shown in Fig. 2A, the cytosolic calci-
um transients evoked by the addition of 100 lM histamine
are comparable in control and ANT-1, ANT-2 transfected
HeLa cells. In ANT-3 transfected cells a small but repro-
ducible reduction of cytosolic response was observed.

Although the key parameter for mitochondrial Ca2+

uptake (the [Ca2+]c transient) was practically unaffected,
we analyzed the ER calcium content in control and ANT
transfected cells. This parameter, due to the intimate con-
nections between the ER and mitochondria, may have a
greater impact on mitochondrial calcium uptake than
[Ca2+]c, and reduced mitochondrial calcium uptake in
ANT-1 and ANT-3 transfected cells could be a result of
the lower ER [Ca2+] ([Ca2+]ER) levels. Indeed, Brini and
co-workers showed that the mitochondrial Ca2+ responses



Fig. 2. Ca2+ homeostasis in cytosol and lumen of ER in control and ANT-overexpressing HeLa cells. HeLa cells were cotransfected either with the
appropriate AEQ chimera (A) cyt Aeq, (B) ERAeq and different ANT isoforms, or transfected with the AEQ chimera alone (control). Where indicated,
the cells where challenged with 100 lM histamine.

Fig. 1. Mitochondrial Ca2+ homeostasis in control and ANT-overexpressing HeLa cells. Effect of cyclosporine A on mitochondrial Ca2+ uptake. (A)
Parallel batches of HeLa cells where co-transfected either with the mitochondrial AEQ chimera (mtAeq) and the different ANT isoforms, or transfected
with the mtAEQ chimera alone (control). Where indicated, cells were challenged with 100 lM histamine. Thirty-six hours after transfection, the
measurement of AEQ luminescence was carried out and calibrated into [Ca2+] values as described in Materials and methods. In this, and in the following
aequorin experiments, the traces are representative of at least five experiments, which gave similar results. (B) Two hours before mitochondrial calcium
uptake measurements, cells were treated with 300 nM cyclosporine A (CsA). (C) Immunoblotting of control and ANT transfected HeLa cells.
Overexpression level of ANT-1, ANT-2, and ANT-3 estimated with polyclonal anti-ANT antibodies.
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correlate to the state of filling of the Ca2+ stores and the
rate and extent of Ca2+ release rather than to the [Ca2+]
rise detected in the bulk cytosol [30]. Fig. 2B shows the
effect of ANT-1, ANT-2, and ANT-3 overexpression on
the steady state [Ca2+]ER level and the kinetics of Ca2+

release, following histamine stimulation. Importantly, we



Fig. 3. Mitochondrial and ER morphology in control and ANT
overexpressing cells. Confocal images of control and ANT transfected
cells overexpressing ER-GFP and loaded with 20 nM MitoTracker Deep-
Red. Mitochondria (red) in control and ANT transfected cells were
visualized by loading cells with MitoTracker Deep-Red. ER (green) in a
control and ANT transfected cells was visualized by overexpression of
ER-GFP (see Materials and methods for experimental details). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)

M.R. Wieckowski et al. / Biochemical and Biophysical Research Communications 348 (2006) 393–399 397
observed a small reduction of steady state [Ca2+]ER level in
both ANT-1 and ANT-3 transfected cells, which thus can
be responsible for the reduced [Ca2+]m response in these
cells. This finding might explain why CsA treatment does
not completely recover mitochondrial Ca2+ response to
the control level.

Selective modification of mitochondrial structure might

contribute to the reduction of mitochondrial Ca2+ uptake by

upregulation of ANT-1 and ANT-3

Since alterations in mitochondrial metabolism can
influence organelle structure, and we showed recently
forced division of the tubular mitochondrial network
results in decreased [Ca2+]m responses [18], in the next
set of experiments we investigated whether the ANT
overexpression induces modifications of the mitochondri-
al and ER structure. In particular, we examined whether
the [Ca2+]m and [Ca2+]ER changes observed in ANT-1
and ANT-3 transfected cells were paralleled by altera-
tions of mitochondrial and ER morphology. HeLa cells
were transfected with ER targeted GFP (in order to
visualize endoplasmic reticulum, controls, Fig. 3), or
co-transfected with ER targeted GFP and each ANT iso-
form (ANT-1, ANT-2, ANT-3 overexpressing cells). The
mitochondrial structure was evaluated by loading the
cells with the MitoTracker Deep-Red dye, allowing the
parallel visualization of both organelles by confocal
microscopy without crosstalk between the fluorescent sig-
nals. As shown in Fig. 3, mitochondria in control cells
form a continuous intracellular network (in red), interre-
lated with the more dense and thin ER structure (in
green). Analysis of images showed that the ER morphol-
ogy was not affected by overexpression of any of ANT
isoforms, while the mitochondrial network was fragment-
ed in ANT-1 and ANT-3 transfected cells, as compared
to controls. The most striking fragmentation was
observed in ANT-3 transfected cells. Despite this change
in the mitochondrial morphology, further colocalization
analysis reveals no difference between number of mito-
chondria colocalizing voxels in ANT-1 (5.28 ± 0.93),
ANT-2 (6.12 ± 0.72), and ANT-3 overexpressing cells
(6.01 ± 0.37), compared to control cells (5.75 ± 0.62).
This result suggests that there is no difference in the
number of ER–mitochondria contacts between control
and ANT transfected cells.

As we have previously shown, fragmentation of the
mitochondrial network without the modification of ER–
mitochondria contact leads to limited Ca2+ diffusion in
the mitochondrial network, a heterogeneous Ca2+

response, and thus, an overall reduction of the mitochon-
drial Ca2+ load [18]. Thus, we concluded that the observed
structural modification of the mitochondrial network in
ANT-1 and ANT-3 expressing cells might result in reduc-
tion of mitochondrial Ca2+ uptake, adding a further mech-
anism for the reduction of ER Ca2+ content and
mitochondrial depolarization.
Discussion

In the last years, several lines of evidence demonstrated
a crucial role for mitochondria in cellular Ca2+ signaling.
First, drastic inhibition of mitochondrial Ca2+ uptake by
mitochondrial uncouplers was shown to change the kinetic
of global [Ca2+]c transients, proving a buffering role of the
organelle [31]. In addition, using high resolution light and
electron microscopy, some regions of ER were shown to
form close contacts with mitochondria [32], giving rise to
a mutual regulation of ER Ca2+ release and mitochondrial
Ca2+ uptake. The MCU, while its molecular nature is still
not yet identified, was recently characterized by electro-
physiological means [33]. In contrast, much less is known
about the intrinsic regulation of mitochondrial Ca2+

uptake by protein components of the inner and outer mem-
brane. We have recently shown that the OMM channel
VDAC-1 underlies the Ca2+ permeability of the OMM,
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transferring high Ca2+ microdomains from the mouth of
the IP3R to the intermembrane space [18,27]. In addition,
microtubule driven mitochondrial dynamics [34], large
GTPase driven fusion/fission of the mitochondrial network
[18,35] as well as PGC-1a induced mitochondrial biogene-
sis was also shown to modify the extent of mitochondrial
Ca2+ load.

Here, we present results which open a new aspect of the
regulation of mitochondrial Ca2+ uptake. Our work dis-
sected the pleiotropic effect of upregulation of specific
ANT isoforms. The results indicate that overexpression
of different ANT isoforms induces specific and different
alterations in calcium homeostasis. Only ANT-1 and
ANT-3 isoforms, that are postulated to be integral part
of PTP, induced dramatic decrease of mitochondria calci-
um uptake. In contrast to control and ANT-2 transfected
cells, inhibition of PTP in ANT-1 and ANT-3 transfected
cells causes a significant increase of mitochondrial Ca2+

response. Moreover, we postulate that increased number
of MPT pores (possible formed by additional ANT mole-
cules) present in mitochondria of cells overexpressing
ANT-1 and ANT-3 is able to modulate the mitochondrial
Ca2+ response without significant alterations in the global
cellular calcium homeostasis.

The sensitivity of the ANT-1 and ANT-3 effect to MPT
blockers can be explained by the help of the recent theory
of the role of MPT in maintaining Dwm, i.e., to prevent
extreme hyperpolarization of the IMM which causes
increase of free radical production by mitochondria [17].
Reversible flickering of the MPT pore between open and
closed states was repetitively shown under different experi-
mental conditions [36,37]. Such opening of the pore might
lead to a localized depolarization in the mitochondrial net-
work, which, however, does not spread to the whole net-
work, but rather is quickly compensated by the H+

pumping activity of the electron transport chain. Upregula-
tion of the pore component ANT-1 and ANT-3 might aug-
ment the frequency of these events, without leading to a
general depolarization of the whole mitochondrial net-
work. In these ANT-1 and ANT-3 transfected cells, we
have not found any significant shift in Dwm as measured
by TMRM on the Zeiss Confocal Microscope and iCys
Scanning Microscope (data not shown). This does not
exclude the occurrence of local flickering episodes due to
their transient duration [36,37]. Moreover, upregulation
of the number of MPT pores in these cells is expected to
confer also increased Ca2+-sensitivity of MPT, thus leading
to a more profound Dwm loss at the sites of Ca2+ uptake,
thus, decreasing the driving force for Ca2+ influx during
cell stimulation, explaining the observed reduction of mito-
chondrial Ca2+ uptake.

In addition, local provision of ATP to SERCA pumps
(the tight bioenergetic coupling underlying efficient Ca2+

loading in the ER) could be partly impaired. The conse-
quent modest reduction in ER filling, while affecting very
modestly cytosolic [Ca2+] increases, could participate in
reducing the efficiency of ER–mitochondria Ca2+ coupling.
Interestingly, apart from the CsA-, i.e., MPT-dependent
reduction of the mitochondrial Ca2+ uptake, we observed
an additional component, remaining after CsA addition.
One clue to explain this further reduction might come from
the observation that ANT-1 and ANT-3 overexpressing
cells displayed a drastically fragmented mitochondrial net-
work. Importantly, this fragmentation was similar to the
fragmentation observed previously by overexpressing the
mitochondrial fission component Drp-1 [18], in the sense
that the fragmented mitochondrial particles preserved their
close connection to the ER. Analysis of the spreading of
Ca2+ waves from these sites (hot spots) led to the conclu-
sion that fragmentation leads to blockade of complete
uploading of the mitochondrial network, i.e., to the reduc-
tion of the overall mitochondrial Ca2+ uptake. The mech-
anism by which ANT-1 and ANT-3 overexpression and/
or MPTP upregulation leads to mitochondrial fragmenta-
tion is unknown, but in this respect it is important to note
that the efficient fusion of the IMM, a preserved Dwm, was
shown to be necessary.

In conclusion, our work showed a partially MPTP
dependent inhibition of the overall mitochondrial Ca2+

uptake following overexpression of the ANT-1 and ANT-
3 isoforms, which most probably reflects local loss of
Dwm. Further experiments are necessary to reveal the
sub-mitochondrial dynamics of Dwm changes and its effect
on intramitochondrial Ca2+ waves, as well as to describe
the mechanism by which these changes lead to the fragmen-
tation of the mitochondrial network.
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