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A B S T R A C T

Mitochondria are highly dynamic organelles extremely important for cell survival. Their structure resembles that
of prokaryotic cells since they are composed with two membranes, the inner (IMM) and the outer mitochondrial
membrane (OMM) delimitating the intermembrane space (IMS) and the matrix which contains mitochondrial
DNA (mtDNA). This structure is strictly related to mitochondrial function since they produce the most of the
cellular ATP through the oxidative phosphorylation which generate the electrochemical gradient at the two sides
of the inner mitochondrial membrane an essential requirement for mitochondrial function. Cells of highly
metabolic demand like those composing muscle, liver and brain, are particularly dependent on mitochondria for
their activities. Mitochondria undergo to continual changes in morphology since, they fuse and divide, branch
and fragment, swell and extend. Importantly, they move throughout the cell to deliver ATP and other meta-
bolites where they are mostly required. Along with the capability to control energy metabolism, mitochondria
play a critical role in the regulation of many physiological processes such as programmed cell death, autophagy,
redox signalling, and stem cells reprogramming. All these phenomena are regulated by Ca2+ ions within this
organelle. This review will discuss the molecular mechanisms regulating mitochondrial calcium cycling in
physiological and pathological conditions with particular regard to their impact on mitochondrial dynamics and
function during ischemia. Particular emphasis will be devoted to the role played by NCX3 and AKAP121 as new
molecular targets for mitochondrial function and dysfunction.

1. Introduction

Mitochondria are intracellular organelles which play a key role for
cell survival. Their structure resembles that of prokaryotic cells since
they are delimitated by a double membrane, the inner (IMM) and the
outer mitochondrial membrane (OMM) that on their own are able to
outline two aqueous compartments, the intermembrane space (IMS)
[1,2] and the matrix which contains mitochondrial DNA (mtDNA) as
depicted in Fig. 1. This structure is strictly related to mitochondrial
function. Indeed, the OMM oriented towards the cytosol is important to
allow mitochondrial communication with the cytosol, and the IMM
protruding into the mitochondrial matrix which is organized in cristae
and contains all the component of oxidative phosphorylation system,
including the respiratory complexes I to IV and the F1F0-ATP synthase
[3]. The matrix represents the place in which metabolic activity takes

place (Fig. 1). Indeed, mitochondria are the primary generators of
cellular energy since they efficiently produce more than 90 % of cellular
ATP through oxidative phosphorylation, a chemiosmotic process in
which the high energy of electrons are funnelled from NADH to oxygen
through the respiratory chain. The energy consumed in this process
allows the H+ pumping from mitochondrial matrix to the inter-
membrane space in order to generate the electrochemical gradient at
the two sides of the inner mitochondrial membrane. This contribute to
generate the mitochondrial membrane potential (ΔΨm), that is essential
for mitochondrial function [4–6] since it is fundamental for the efficient
production of ATP and requires the coordinated activity of several en-
zyme complexes (Fig. 1). Cells with a high metabolic demand as those
composing muscle, liver and brain, are therefore dependent for their
activities on mitochondrial efficiency. More in details, mitochondrial
distribution within the cells is mainly dictated by the ATP consumption
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as it happens in neurons at synaptic level or in correspondence of
Ranvier’s nodes [7–10]. Along with the ability to control cellular energy
metabolism, mitochondria take part to numerous other physiological
processes such as apoptosis, autophagy, redox signalling, and stem cells
reprogramming [11–14]. All these phenomena are dependent by the
amount of Ca2+ ions contained into the organelles (Fig. 1) [15–17]. In
this review will be discussed the molecular mechanisms regulating
mitochondrial calcium cycling in physiological and pathological con-
ditions with particular regard to their impact on mitochondrial dy-
namics and function during ischemia. Particular emphasis will be de-
voted to the role played by the nuclear encoded NCX3/AKAP121
mitochondrial complex as new molecular target for mitochondrial
function and dysfunction.

2. Molecular mechanisms regulating mitochondrial calcium
homeostasis

Mitochondria represent one of the major cellular compartment in-
volved in the regulation of calcium homeostasis thank to the co-
ordinated action of different release/uptake systems localized on the
IMM, thus playing a critical role in the control of cytosolic Ca2+ signals
and Ca2+-dependent proteins’ activity like kinases, phosphatases, pro-
teases, transcription factors and ion channels. Moreover, Ca2+ ion re-
presents an important intracellular messenger responsible for many
physiological and pathophysiological processes [18]. On the other
hand, the maintaining of Ca2+ concentration within a range is an im-
portant requirement ensuring mitochondrial function. In fact, mi-
tochondrial dehydrogenases are dependent on calcium for their activ-
ities, and they are mainly involved in the regulation of oxidative
phosphorylation and ATP synthesis [19]. These mitochondrial Ca2+-
mediated processes occur within milliseconds and depend on the spa-
tiotemporal distribution of [Ca2+]I, the so called high-Ca2+-contained-
microdomains, identified near the plasma membrane, in proximity of
Ca2+ channels, and close to the endoplasmic reticulum (ER), two cel-
lular regions where mitochondria are more localized [20–22].

The driving forces for mitochondrial calcium uptake are the

electrochemical gradient, generated at the level of IMM, and a rela-
tively low [Ca2+]m. However, [Ca2+]m is finely regulated by the co-
ordinated activity of many transporters and channels distributed along
the IMM and the OMM. Calcium enters into mitochondria through the
mitochondrial Ca2+ uniporter (MCU) which mediates the Ca2+ uptake
across the IMM into the matrix in an energy-dependent manner
[23,24], and is extruded from the mitochondria by two different me-
chanisms one Na+-dependent (NCE) and another one Na+-independent
(NICE) [25–28], both mechanisms endowed with proper activation and
calcium binding capabilities [29–31]. The Na+-independent Ca2+ ef-
flux, which exchanges Ca2+ with H+, is the main mitochondrial Ca2+

efflux system in non-excitable cells [6]. This transporter saturates at
low calcium loads with an extremely slow kinetic [32]. These features
of the mitochondrial Ca2+ machinery, high Vmax uptake transport
systems coupled to slow and easily saturable efflux system, increase the
risk of mitochondrial Ca2+ overload [33]. Another actor in mitochon-
drial calcium handling is the voltage-dependent anion channel (VDAC)
which is localized on the OMM and contributes to Ca2+ flux within the
intermembrane space to promote the activity of the specific transport
systems of the IMM [34]. Moreover, VDAC is a component of the mi-
tochondrial permeability transition pore (PTP) which concurs in mi-
tochondrial Ca2+ efflux [32,34].

During the last years, extensive efforts have been devoted to clarify
the identity of the systems regulating mitochondrial calcium efflux
through the Na+-dependent pathways. The Li+-dependent Na+/Ca2+

exchanger (NCLX), a member of the cation/Ca2+- exchanger (CCX)
superfamily localized on the IMM, mediates sodium- and lithium-de-
pendent calcium efflux from the mitochondrial matrix to the inter-
membrane space [27] (Fig. 1, inset). Nevertheless, the mechanisms
regulating the expression, transport, tissue distribution of NCLX, as well
as its contribution to mitochondrial activity in pathological conditions
were only recently addressed [35,36]. On the other hand, Duchen’s
group demonstrated that the OMM is not so permeable to calcium
fluxes as it was previously thought, since this outer mitochondrial
membrane plays an active role in directing mitochondrial function and
Ca2+ cycling [37]. This emerging concept let to hypothesize that the

Fig. 1. Mitochondrial structure and func-
tions. Mitochondria consist of four compart-
ments: outer membrane (OM), intermembrane
space (IMS), inner membrane (IM) and matrix.
Mitochondria coordinate many essential me-
tabolic processes and contribute to different
cellular pathways. Among them: energy meta-
bolism with respiration and synthesis of ATP;
maintenance of mitochondrial electrochemical
gradient; expression of the mitochondrial
genome; protein import and signaling; en-
doplasmic reticulum interaction and cytosolic
calcium homeostasis, quality control and de-
gradation processes including mitophagy and
apoptosis.
Inset: molecular pathways involved in the reg-
ulation of mitochondrial calcium cycling.
E3, ubiquitin-protein ligase; ER, endoplasmic
reticulum; mtDNA, mitochondrial DNA; TCA,
tricarboxylic acid; Ub, ubiquitin.
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mechanisms regulating mitochondrial calcium homeostasis are more
complex and dynamic. Recent findings provided evidence that NCX3
isoform, belonging to the NCX family, coded by nuclear DNA, as the
majority of mitochondrial proteins [38], is present on the OMM of
neurons (Fig. 2C) and contributes to mitochondrial calcium efflux [28].
In particular, NCX3 plays this role due to the physical interaction with
AKAP121 (Fig. 2A), a protein that anchors protein kinase A (PKA) to the
OMM, and it controls mitochondrial metabolism and neuronal survival
[39]. This interaction between the nuclear encoded NCX3 and
AKAP121 occurs on the OMM in a PKA-dependent manner and is cru-
cial for improving neuronal survival since it allows mitochondrial Ca2+

extrusion in physiological and in pathophysiological conditions such as
hypoxia [28].

Different families of mitochondrial AKAPs have been identified
[39,40]. Mitochondrial AKAP-PKA complex controls the activation and
integration of distinct signaling events at mitochondrial level, sup-
porting oxidative phosphorylation, metabolism, calcium homeostasis,
survival and global protein synthesis [39,41]. AKAPs, thus, represent an
important signaling hub that optimally adapt mitochondrial functions
to rapid changes of the extracellular microenvironment. It has been
demonstrated that AKAP121 promotes the mitochondrial respiratory
activity, induces mitochondrial membrane hyperpolarization and im-
proves the ATP synthesis in a PKA dependent manner [42]. Interest-
ingly, in conditions of low oxygen availability, the cells promotes
AKAP121 degradation in order to preserve mitochondrial activity [39].

3. Calcium-dependent mechanisms regulating mitochondrial
dynamics

It is now largely proved that mitochondria are highly dynamic or-
ganelles that continually undergo to changes in their morphology
known as mitochondrial dynamics. Indeed, they are able to fuse and
fragment, to cluster or to stay as individual entities and to move
throughout the cell in anterograde and in retrograde way to provide
ATP and other metabolites where they are mostly required. These
events are particularly evident in neurons, at presynaptic and at post-
synaptic terminals, where mitochondria are more concentrated and
where the energetic demand is particularly high [43]. Moreover, mi-
tochondria contribute to synaptic plasticity thank to their ability to
maintain calcium homeostasis in the synaptic microenvironment. The
changes in mitochondrial morphology are also important to preserve
mitochondrial function since they allow the mixing and the exchange of
small molecules, proteins and mtDNA among the organelles [44]. Fi-
nally, fusion and fission are crucial for the mitochondrial quality

control, since these processes regulate not only the overall morphology
of the mitochondrial population, but also their proper functions in-
cluding oxidative phosphorylation, membrane potential, and DNA re-
plication/repair [45]. Fusion is regulated by three proteins: the two
mitofusins, Mfn1 and Mfn2, and OPA1. Mfn1 and Mfn2 are GTPases
localized on the OMM [46–48], whereas OPA1 is a dynamin-related
GTPase localized at the IMS very close to the IMM [49–51]. Fission
consists in division of one mitochondrion into two daughter mi-
tochondria, and is essential for organelle biogenesis and inheritance.
The deregulation of this phenomenon brings out to the formation of
dysfunctional organelles with an unequally mtDNA content, an altered
energy production, and a larger capacity to produce reactive oxygen
species which in turn make the cells more prone to apoptosis [51].
Therefore, fission is extremely relevant to remove damaged mitochon-
dria through a process known as mitophagy [52,53]. Two are the
proteins regulating mitochondrial fission: Fis1 and Drp1 [54]. Fis1 is
uniformly distributed in mitochondria at the level of the OMM, whereas
Drp1, a dynamin-related GTPase, is a cytosolic protein which oligo-
merizes into puncta on the OMM, depending on cellular stimuli, to
activate mitochondrial fission. Blocking the activity of these proteins
leads to the elongation and interconnectivity of mitochondria [54–57].
It is interesting to underline that Drp1 activity is inhibited by PKA ac-
tivation [58] whereas, it is stimulated by the calcium-activated phos-
phatase calcineurin [58,59]. Studies performed in a cardiac cell model
of ischemia demonstrated that mitochondria undergo to fragmentation
through Drp1 activation [60], thus indicating the importance of Drp1 in
the pathogenesis of cerebral ischemia/riperfusion.

Interestingly, we have recently demonstrated that the nuclear en-
coded NCX3/AKAP121 mitochondrial complex on the OMM regulates
mitochondrial dynamics by controlling mitochondrial shape and mi-
tochondrial oxidative metabolism in neurons exposed to hypoxia and
hypoxia followed by reoxygenation [61].

4. Mitochondrial calcium handling affects mitochondrial function
and dynamics in in vitro anoxia and in vivo ischemia

Mitochondria play a central role in ischemia-induced cell death ei-
ther because they became unable to produce the adequate amount of
ATP for neuronal function, or because they release factors leading to
cell demise [62–68]. The cascade of events activated by ATP depletion
during ischemia, causes neuronal membrane depolarization and gluta-
mate release which provokes a massive increase in cytosolic Ca2+ with
the consequent swelling of the cells [69–72]. Due to coordinated ac-
tivity of specific channels and transporters on the OMM and IMM,

Fig. 2. Mitochondrial localization of NCX3 and AKAP121 in NCX3-stably transfected BHK cells and in cortical neurons. (A-B) NCX3 and AKAP121 colo-
calization and interaction in BHK cells. Scale bar: 5μm; (C) NCX3 localization on the OMM in primary cortical neurons. Scale bar: 200 nm.
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mitochondria are able to face the increase in free cytosolic calcium by
promoting mitochondrial Ca2+ uptake. The excessive increase in matrix
[Ca2+] alters the mitochondrial membrane potential and impairs mi-
tochondrial capacity to produce ATP with consequent release of pro-
apoptotic factors [73,74] (Fig. 1). On the other hand, calcium released
from the endoplasmic reticulum also contributes to ischemia induced-
cell damage [75]. Due to the close proximity between mitochondria and
ER, the release of calcium ions through IP3 receptor further promotes
the entry of calcium in adjacent mitochondria [76–78] (Fig. 1). These
events, by exposing mitochondria to high Ca2+ concentrations for long
period of time favours Ca2+ uptake by the MCU, and stimulate mi-
tochondria calcium buffering activity [79]. It is clear that calcium ac-
cumulation by mitochondria induces the membrane permeability
transition, via the calcium-activated pore (mPTP) in the inner mem-
brane and impairs their ability to face cellular metabolism (Fig. 3).

The recent demonstration that new mitochondrial proteins have
been identified as regulators of mitochondrial Ca2+ uptake and efflux
provide a chance to deeply investigate the role of mitochondrial Ca2+

handling in the ischemic neuronal damage. This is supported by the
finding that in neurons the nuclear encoded NCX3 is localized on the
OMM (Fig. 2 C) and it is particular evident in those mitochondria dis-
tributed close to the plasmatic membrane [28], where energy is re-
quired to promote the activity of proteins involved in the regulation of
ionic homeostasis [80,81].

In the light of these findings and of the results obtained by Palty
et al., who demonstrated that NCLX, the component of the Na+/Ca2+

exchanger superfamily in the IMM, has a role in removing Ca2+ ions
from the mitochondria [27], it is reasonable to hypothesize that in
anoxic conditions the Na+/Ca2+ exchange from mitochondria requires
two consecutive steps. The first one, mainly mediated by NCLX, which
participate to the removal of Ca2+ from the matrix to the inter-
membrane space, and the second one, mainly operated by the nuclear
encoded NCX3/AKAP121 mitochondrial complex, that promotes the
Ca2+removal from the intermembrane space to the cytosol (Fig. 1
inset). Consistent with the role played by the nuclear encoded NCX3/
AKAP121 mitochondrial complex in the regulation of mitochondrial

Ca2+ efflux on the OMM we demonstrated that this antiporter preserves
mitochondrial function and contributes to cells survival in hypoxic
conditions [28]. The relevance of the interaction between these two
proteins, NCX3 and AKAP121 (Fig. 2 A–B), is extremely important
when we look at mitochondrial function in cells exposed to hypoxic
condition since, we reported that in the absence of AKAP121, the
mNCX3-promoted Ca2+ efflux was reduced with consequent risk of
increased cell death. Therefore, it is possible to speculate that, when
activated on the OMM, the nuclear-encoded-NCX3/AKAP121 mi-
tochondrial complex participates to mitochondrial Ca2+ handling, thus
helping mitochondrial metabolism and, in turn, promoting cellular
survival. This hypothesis is in accordance with data previously de-
scribed by Secondo et al. in BHK cells stably transfected with NCX3
[82]. In these cells, NCX3 significantly contributes to [Ca2+]i home-
ostasis during ischemia and preserves mitochondria preventing ΔΨm

collapse and, consequently, counteracts cell death [82]. Accordingly,
the experiments performed in primary culture of cortical neurons under
OGD and OGD/reoxygenation conditions emphasize the key role played
by the nuclear encoded mNCX3/AKAP121 complex in the regulation of
mitochondrial Ca2+ extrusion in pathological conditions. In fact,
[Ca2+]m significantly increased in neurons during OGD, when NCX3 is
impaired [83], and decreased during OGD followed by reoxygenation,
when NCX3 expression returned to the basal values [83]. Interestingly,
the NCX3 knocking down affected mitochondrial [Ca2+] under basal
and OGD/reoxygenation conditions, since it was reduced, whereas no
alteration in mitochondrial Ca2+ extrusion can be detected during OGD
[28]. This is in line with data previously reported about the changes in
the expression of NCX3 and AKAP121 detected during OGD and OGD
followed by reoxygenation [39,83]. Moreover, these findings have re-
levant physiological and pathophysiological implications since, the
crosstalk between energetic function and Ca2+ homeostasis strongly
affects mitochondrial oxidative metabolism and promotes mitochon-
drial respiration [84–86]. However, when [Ca2+]m rises over its set-
point, the ability of mitochondria to produce ATP dramatically de-
creases leading to irreversible depolarization of IMM and consequent
apoptosis [87,88]. Therefore, the nuclear encoded NCX3/AKAP121

Fig. 3. NCX3 and AKP121 involvement in mitochondrial dy-
namics during hypoxia. (A) In normoxic conditions the nuclear
encoded NCX3/AKAP121 mitochondrial complex on the outer
mitochondrial membrane preserves mitochondrial function; (B) In
hypoxic conditions, the binding of Siah2 to the nuclear encoded
NCX3/AKAP121 mitochondrial complex on the outer mitochon-
drial membrane promotes its ubiquitin-mediated proteasome de-
gradation impairing mitochondrial function and promoting mi-
tochondrial fission.
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mitochondrial complex for its ability to finely tune mitochondrial cal-
cium handling from the OMM is extremely important for preserving
mitochondrial function. The functional relevance of this finding resides
in the demonstration that the hypoxia-induced E3–Ub ligase Siah2 was
detected in association with the nuclear encoded mNCX3/AKAP121
mitochondrial complex on the OMM. More interestingly, this interac-
tion regulates AKAP121 and the nuclear encoded mNCX3 expression
and activity through the stimulation of their ubiquitin-dependent pro-
teasome degradation which in turn leads to mitochondrial dysfunction
during ischemia [39,61]. The proteolytic degradation of the nuclear
encoded mNCX3/AKAP121 complex is also associated to an imbalance
between mitochondrial fission and fusion events with a consequent
increase in mitochondrial fragmentation [61]. It is worth to underline
that, in cortical neurons obtained from siah2 KO mice, the exposure to
OGD and OGD followed by reoxygenation does not impair the expres-
sion of the nuclear encoded NCX3/AKAP121 mitochondrial complex,
and as a consequence, mitochondrial function is preserved, as well as
the balance between fission and fusion that is restored [61]. These
findings confirm the key role played by the nuclear encoded NCX3/
AKAP121 mitochondrial complex in the regulation of mitochondrial
shape and functional properties. In fact, Siah2 ablation by preventing
NCX3 degradation elicited by OGD, was able to preserve the balance
between fragmentation and fusion, and to counteract the increases in
[Ca2+]m and mitochondrial depolarization observed in mice during
hypoxic/ischemic conditions [39,61]. On the other hands, that NCX3
exerts a beneficial role on mCa2+ homeostasis is also reinforced by the
data obtained in neurons exposed to a sub-lethal ischemic insult, known
as ischemic preconditioning, demonstrating that NCX3 expression and
activity was increased. This effect is associated to a reduction of mi-
tochondrial calcium levels, which in turn, renders the neurons more
tolerant to the subsequent lethal ischemic insult. Interestingly, this ef-
fect is prevented by siNCX3 and CGP37157, a selective inhibitor of
mitochondrial NCX [90], without affecting cytosolic calcium con-
centration [89].

5. Conclusions

Collectively, the data reported suggest new perspectives to explore
the role of mitochondrial Ca2+ handling in neuronal death occurring in
pathological conditions like cerebral ischemia. Indeed, targeting the
proteins that play a key role in governing Ca2+ fluxes across the IMM
and the OMM not only might help to understand whether the altered
mitochondrial Ca2+ handling is causally related to ischemic neuronal
death, but it might also contribute to enrich the repertoire of ther-
apeutic tools currently employed to interfere with ischemic brain de-
mise. In this scenario, a strategy aimed to reduce mitochondrial Ca2+

concentration during ischemia might be focused to stimulate mi-
tochondrial efflux either at the level of the IMM or of the OMM. The
identification of NCLX and of nuclear encoded NCX3/AKAP121 mi-
tochondrial complex as proteins able to regulate mitochondrial Na+/
Ca2+ exchange might, therefore, result in the identification of new
promising targets for developing therapeutic strategies aimed to
counteract mitochondrial dysfunction during ischemia/reperfusion in
the brain. In this regard, the demonstration that the SIAH2/NCX3/
AKAP121 pathway regulates fission and fusion balance by controlling
mitochondrial morphology and mitochondrial oxidative metabolism let
to speculate that the inhibition of Siah2 might be explored as a new
druggable target to selectively prevent mNCX3 degradation and mi-
tochondrial damage in ischemic conditions.
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