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Abstract

Over recent years, a renewed interest in mitochondria in the field ®f €ignalling has highlighted their central role in regulating
important physiological and pathological events in animal cells. Mitochondria take up calcium through an uptake pathway that, due to its
low-C&t affinity, demands high local calcium concentrations to work. In different cell systems hfheBacentration microdomains are
generated, upon cell stimulation, in proximity of either plasma membrane or sarco/endoplasmic retictifurhalenels. Mitochondrial
Cé&* accumulation has a dual role, an universal one, which consists in satisfying energy demands by increasing the ATP production through
the activation of mitochondrial enzymes, and a cell type specific one, which, through the modulation of the spatio-temporal dynamics of
calcium signals, contributes to modulate specific cell functions. Recent work has revealed the central role of mitochondria dysfunction in
determining both necrotic and apoptotic cell death. Evidence is also accumulating that suggests that alterations in mitochondrial function
may act as predisposing factors in the pathogenesis of a number of neurodegenerative disorders. These include inherited disorders of
the mitochondrial genome in which a defect in mitochondrial calcium accumulation has been shown to correlate with a defect in ATP
production, thus suggesting a possible involvement of mitochondrfal @gsfunction also for this group of diseases. This review analyses
recent developments in the area of mitochondrigCsignalling and attempts to summarise cell physiology and cell pathology aspects
of the mitochondrial C& transport machinery.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction lar, the endoplasmic reticulum was considered the dynamic
Cat regulator in the cell and, at variance, the nucleus, the
Calcium plays a central role in cellular signallifi-3]. mitochondria and the Golgi compartment were relegated

Its concentration in the cellular environment changes in re- only to a marginal role. The recent development of molecu-
sponse to a variety of signals, which differ in their origin lar biology and cell imaging techniques has revealed that, in
(extracellular or intracellular), and in their chemical, me- living cells, all these components are strictly interconnected
chanical or electrical nature. Like other signalling ions or and the control of their homeostasis not only is essential in
molecules, generally an increase in its cytosolic concentra-the control of organelles specific processes but also is fun-
tion corresponds to an activation of a cellular function. The damental in the dynamic modulation of the cytosoliCa
specificity of the activated function depends on several fac- signalling.
tors: on the co-ordinate activity of the &atransport and the In this review | will focus on mitochondrial G& home-
Cat-binding proteins, as well as on the intracellular com- ostasis. These organelles were considered to play a major
partmentalisation, represented by the organelles, which con-role in intracellular C&t homeostasis at the beginning of the
tributes to generate the well-described spatial and temporal1960s when it was discovered that they could rapidly take
complexity of C&* signal. Until recently, organelles were up large calcium loads (suggesting that mitochondria prob-
considered not only physically but also functionally distinct ably acted as large reservoir of &3. Then, they were rele-
in respect to the control of G4 homeostasis. In particu- gated to oblivion for 30 years, after it was observed that the
affinity of mitochondrial C&" transporters was too low to
allow significant uptake at the cytosolic €aconcentration
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been revaluated: it was demonstrated that not only mitochon-Bz2+ and lanthanides, which are themselves transported by
dria can efficiently take up G at physiological cytosolic  the uniporters), tends to distribute Laaccording to its
Ca?* concentration but that mitochondrial @aaccumula-  electrochemical gradient and thus promotes accumulation
tion strictly controls the energetic metabolism of the cells, of the ion in the matrix. The electrochemical equilibrium is
by directly modulating the activity of enzymes located in prevented by the activity of the electroneutral exchangers,
the matrix, and contributes to shaping cytosoli¢ Cuctu- which transport C&" out of the matrix in exchange forH
ations, thus in turn modulating cellular functions regulated or Na*. The C&* affinity of the uniporter in isolated mito-
by cytosolic C&" variations. chondria was estimated to be in the range ofuM) one or
This review summarizes our current knowledge of mito- two order of magnitude higher than theZaconcentration
chondrial C&" homeostasis considering both the physio- values of 0.1-2.M measured in the cytoplasm of living cells
logical aspects in different cell types and the pathological with C&* fluorescent probes. The Ndndependent Ca&
consequences linked to mitochondrial’Casignalling dis-  efflux saturates at very low-G4 loads and is relatively
turbance. slow; in addition it requires a transmembrane potential as a
component of its driving force. The Nadependent Ca
efflux is considered as the pathway that mediates physi-
ological C&" cycling. The kinetics parameters for €a
efflux are somewhat variable in mitochondria from differ-
Mitochondrial C&" transport was discovered in the early ent sources, i.e. heart mitochondria show the maximal rate
1960s and it was originally described as active’Cap- of C&* transport. C&" efflux is inhibited by Stt, B&™,
take and passive release. Later the chemiosmotic theory andvig2+, Mn?* and by a variety of compounds of pharma-
the measurement of internally negative membrane poten-cological interest such as amiloride, diltiazem, clonazepam
tials led to the concept of an energetically downhill uptake and CGP37157. The molecular nature of the uniporter, as
mechanism. At the beginning of these studies, mitochon- well as that of the mitochondrial €a export systems, the
dria were considered the major intracellular stores of the antiporters H/Ca+ and Na /C&, is unknown. Moreover,

2. Control of mitochondrial calcium homeostasis

ion. When, however, their Ga uptake system was charac-
terised, its affinity was found to be too low to accumulate
the cation not only in resting conditions but also during the
transient cytosolic C& concentration increases generated
by cell stimulation. In the eighties, the identification of inos-
itol 1,4,5-trisphosphate (IngpPas soluble second messenger
that liberated C& from an internal store (soon identified as
the endoplasmic reticulufd]) definitely excluded the mi-
tochondria from the role of mobilizable intracellular &a

a putative additional pathway for €arelease, the perme-
ability transition pore (PTP), has been recently described.
This non-selective, high-conductance channel has attracted
much interest as it was proposed that its activation in early
phases of the apoptotic process could cause the swelling of
mitochondria, the rupture of the outer membrane and the
consequent release of caspase co-factors such as cytocrome
¢ in the cytoplasm. Despite an intense body of work, how-
ever, also the molecular nature of this channel is unknown.

sinks. The idea that mitochondria could accumulaté*Ca The vast majority of information summarised until now
when its concentration greatly increased in the cytoplasm comes from biochemical studies carried out on isolated mi-
became prevalent and these organelles were relegated to thébchondria and only recently the introduction of the recom-
role of safeguards against &aoverloads, to preventcellular  binant probe aequorin selectively targeted to mitochondrial
toxicity and damage. This role was thus considered the morematrix [8] and the new generation of fluorescent dyes, i.e.
relevant one although the work of Denton and co-workers rhod-2, which selectively accumulate into the mitochondria
[5,6] demonstrated that & regulates the activity of three  [9,10], and C&*" sensitive GFPs have permitted to investi-
key enzymes of mitochondrial metabolism. Indeed, although gate mitochondrial G4 homeostasis in living cells. These
it was not clear how mitochondria could accumulaté Cia important technological advances have shown that mito-
physiological conditions, these data strongly suggested thatchondria, in a variety of cell types, accumulate?Caery
the regulation of the matrix enzymes was a possible targetefficiently and rapidly, due to the fact that their uniporter
for C&* rises occurring in the mitochondrial matrix, and is exposed to local G4 concentrations much higher than
thus that this process should occur in healthy cells. those measured in the bulk cytosol. In fact, the cytosolic
The kinetic properties, the sensitivity to inhibitors and Ca&* concentration does not increase uniformly during cell
the mechanism of action of the mitochondrial transport stimulation, this implies that local regions of high-cytosolic
systems have been extensively studied starting from theC&* are generated in close proximity of thetachannels
sixties (seq7] for a detailed review). It is now well recog-  of the plasma membrane which allow the?Caentry from
nised that the large negative potential across the innerthe extracellular medium and of the endo/sarcoplasmic retic-
membrane (up te-180 mV), generated by the respiratory ulum which allow the release of the ion from the intracel-
chain, drives C& into mitochondria matrix through an lular stores to the cytoplasm. Mitochondria that are located
electrogenic transporter, the uniporter, located in the inner close enough to such channels could be transiently exposed
membrane. The uniporter, which is specifically inhibited by to very high-C&+concentrations, sufficient to activate their
ruthenium red (RR) and divalent cations (e.g?'SMn?+, low-affinity Ca?+ uptake pathway. In these conditions mito-
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Fig. 1. Schematic model of the &a channels/mitochondria cross talk.
Following cell stimulation C&" is rapidly released from the ER via
InsP; or Ry receptors and/or rapidly enters from the extracellular space
via plasma membrane €& channels. In both cases a microdomain of
high [C&"] is generated at the mouth of the channels which allows
rapid C&* uptake in the neighbouring mitochondria via the low-affinity
mitochondrial uniporter, causing a rise in the fChof the matrix. The rise

in matrix [C&*] allows the activation of mitochondrial metabolism. ER:
endoplasmic reticulum; MT: mitochondrion; CCE: capacitative calcium
entry; TCA: tricarboxylic acid cycle.

chondria accumulate &4 ions very rapidly and efficiently
(Fig. 1. This aspect and its physiological meaning will be
treated in details in the next paragraph.

3. Mitochondrial Ca?t transport in living cells and its
rolein different cell types

The original observation that mitochondrial Laac-
cumulation in living cells depended on the existence of
microdomains of high [C&] traced back to 10 years
ago. Direct measurements of mitochondrial {€awith
the selective recombinant probe aequdBh showed that,
in HelLa cells, application of physiological stimuli cou-
pled to the generation of IngPthe physiological agonist
which releases G4 from the endoplasmic reticulum,
caused a large, rapid rise in [€g in the mitochondrial
matrix, [C&]m [11]. The evidence that [Ga] transients
measured with aequorin were indeed {€hchanges in
the mitochondrial matrix was given by the fact that they

were completely abolished in the presence of carbonyl-

cyanide p-(trifluoro-methoxy)phenylhydrazone (FCCP), a

protonophore which collapses the proton gradi@ht and
thus the driving force for Ga accumulation in the matrix
or following injection of the uniporter inhibitor RRL2].

Through the work of various laboratories and using
different probes (recombinant aequorin or mitochondrially
accumulated fluorescent dyes) this observation has been
extended to a variety of cell types differing radically in the
C&*t signalling pathway and in their embryological ori-
gins. There is a general consensus now that virtually in all
cell types mitochondrial [C4] rises are induced by cell
stimulations that induce cytosolic [€#] transients. Large
Cat rises were observed in primary cultures of skeletal
myotubes upon opening the ryanodine recepf{df, in
hepatocyte$14], in endothelial cell§15] or in chromaffin
cells[16] upon opening the ER and the plasma membrane
Catchannels. It was also observed that in cardiomyocytes
and astrocytes local €4 release from intracellular stores
induces highly localised transient mitochondrial depolari-
sations and mitochondrial 8 uptake[17,18]

Now itis also well accepted that microheterogeneity exists
in cellular C&* concentration and that localised hot spots of
high-C&* concentration could be sensed by neighbouring
mitochondria. This hypothesis has been initially suggested
by experiments with digitonin-permeabilised cdld]. In
these experiments, Hela cells, expressing recombinant mi-
tochondrially targeted aequorin, were permeabilised with
digitonin in a way that the functional interaction between
ER and mitochondria were kept intact, and then perfused
with InsP; or exposed to buffered [¢&] medium. The mi-
tochondrial C&" accumulation was rapid in the presence of
InsP; and similar only when the cells were perfused with
buffered [C&1] of 5-10uM, i.e. 10- to 20-fold higher than
that measured in the cytoplasm of stimulated cells. These
experiments suggested that a close apposition of mitochon-
dria to ER C&" release channels (or to plasma membrane
C&t channels) was a necessary prerequisite for mitochon-
drial C&* uptake. Two types of evidence later confirmed
that this was the case. The first one was based on morpho-
logical data that gave the direct demonstration of the close
apposition of the two compartments by high-resolution mi-
croscopy techniques. By combining the expression of ER tar-
geted green fluorescent protein (GFP) and mitochondrially
targeted blue fluorescent protein (BFP), a spectrally shifted
mutant of the GFP, and using digital imaging microscopy it
was demonstrated that, in living cells, ER and mitochondria
were in close contact over about 5% of their surf§te]
and that those contacts were estimated tod®0 nm, at
the limit of resolution of the imaging experiments. The sec-
ond evidence was based on experiments in which the Ca
concentration at the mitochondrial surface was measured us-
ing an aequorin probe located between the outer and the in-
ner mitochondrial membrane. This probe revealed that, after
cell stimulation with an agonist coupled to Insproduc-
tion, larger [C&*] rises were evoked in the mitochondrial
inter-membrane space in respect to those measured in the
bulk cytosol[19].
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The obvious functional significance of the mitochondria Mitochondrial Ca* LIp‘I'er
and ER (or other organelles) association and of the tran-

sient C&+ accumulation in the matrix is the activation of

m?tochondr?al metapolism._From the biochemical studies on InsPR 5 1[\ ATP

mitochondrial function dating over two decades 4§@®], \

in fact, it was well known that two enzyme of the Krebs . )
cycle (isocitrate and oxoglutarate dehydrogenase) and pyru- ' % Earsprencling
vate dehydrogenase are regulated by matrix{q.aMore (¥
recent experimental evidence demonstrated the direct re- RyR G—jed
lationship between mitochondrial €aconcentration rises \
and increases in NADH leve[42,14,20]and ATP produc-

_3. 6 Ca® waves propagation

tion [21]. 6 Ca™ channels sensitisation
The use of recombinant aequorin has also permitted to

analyse in detail the activation of the three matrix enzymes e

by C&", and to correlate it with the matrix free [€4]. CCE g ‘?‘ Patab ca TNty

[Ca®*]m and NADH production were measured in living chahnels

Hela cells upon agonist-stimulation and, indeed, a marked
increase in NADH production was observed in parallel with
transient [C&t]m rises [12]. An interesting observation \ V]
was reported in hepatocytes where it was documented that | ¢o* E.%h:.: A \// €7 catecholaminesecretion
InsPs-dependent [CH]. oscillations induced mitochon- channels

drial [C&"] oscillations as well, which, if their frequency
was sufficiently high, were translated in a sustained increase

in NADH production[14]. In this respect, the mitochon- Fi , . . . .

. . o . ig. 2. Schematic representation of the interplay between mitochondrial
dria act as decoder of cytosolic [é_"‘] oscillations. This C&+ uptake and shaping of cytosolic &asignalling. The local removal
mechanism appeared to be finely tuned on the frequencyof ca22+ by buffering mitochondria modulates the open probability of the
in the [Ca’—‘*‘] oscillations: low-frequency oscillations cor- C&t channels, which in turn regulates the rate, and the spreading of
responds to NADH oscillations, high-frequency Caos- Cét signals.
cillations corresponds to sustained increase, suggesting that
the enzymes remained activated also during the inter-spike
periods. Similar phenomena were observed in pancreaticthe [C&*] inhibitory effect[23]. As a consequence, the rate
B-cells and adrenal glomerulosa cells where4ta oscil- of C&* efflux from ER was modulated and, in turn, the
lations were associated with oscillatory changes in NADH shape of cytoplasmatic €awaves. A similar role for mito-
[20]. The correlation between the changes of mitochondrial chondria has been described also in mammalian cells where
[Ca?t] and ATP production has been directly demonstrated mitochondria suppressed [€4 positive (or negative) ef-
recently using recombinant targeted luciferfal. In both fects on the Inspor ryanodine channel4,25]

Hela cells and primary cultures of skeletal myotubes, stim-  Evidences have also been reported for a role of mitochon-
ulation with agonists evoking cytosolic and mitochondrial dria in modulating the activity of plasma membrane chan-
Cé&™* signals caused increases in mitochondrial and cytoso-nels. Lewis and co-workerf6] reported that in leukemic

lic [ATP] that depended on the amplitude of Earises in Jurkat T cells mitochondria can sense {€k gradients
the mitochondrial matrix and the availability of mitochon- near C&* release-activated & (CRAC) channels and they
drial substrates. Interestingly, the authors suggested thatcan reduce the high-&a microdomains generated in the
Cat elevation induced a long-lasting priming that persisted proximity of the mouth of the channels and thus théCa
up to 1 h after cell stimulation and represented a sort of cell feedback inhibition. By dissipating the local [€g mi-
memory, since the addition of oxidative substrates caused acrodomains mitochondria can buffer theahat enters T
major increase in mitochondrial [ATP]. cells via store-operated €achannels: they sequesteria

The ubiquitous and probably most important consequenceduring periods of rapid Cd entry and release it slowly
of mitochondrial C&t accumulation is the activation of key —after C&% entry has ceased. The idea that by slowly re-
matrix enzymes. However, it is becoming evident that this is leasing stored Ga mitochondria can prolong the period of
only one of the effects on the cellular processes controlled [Ca?*]. elevation in response to a transient episode &ffCa
by mitochondrial C&" (Fig. 2). In particular, the clearing of  influx was already documented in the literat&¥—29]
local [C&"]¢ in the C&T release channels proximity playsa and it was suggested that these actions may have impor-
role in the modulation of the G& channels activity. The first  tant effects on C#& -dependent processes such as exocy-
example of this effect was reportedXenopus oocyteq22] tosis and synaptic transmission. In their paper, Lewis and
where, by buffering microdomains of [€8]¢, mitochondria co-workers have also shown that mitochondria play an ac-
regulated the open probability of IngRhannels, relieving tive role in modulating the rate of G influx: cell treatment

A | éinsulin secretion
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with inhibitors of mitochondrial C&" transport prevented
the ability of T cells to maintain a high rate of capacitative
Ca&t entry.

The local buffering of [C&']c by mitochondria has
been shown to have an important role in chromaffin cells
in the modulation of catecholamine secretid6]. By us-
ing aequorin mutants with different affinities, Alvarez and
co-workers have shown that inhibition of €asequestra-

403

Mitochondrial diseases (also referred as mitochondrial en-
cephalomyopathies) include a number of genetic disorders
of mitochondrial genome (MtDNAB4]. However, if many
of molecular defects have been identified, the pathways
that lead to cellular and clinical dysfunctions are largely
unknown. Recently, experiments in transmitochondrial cell
lines (“cybrids”), in whichp® cells (where mtDNA has been
destroyed) are fused with cells carrying the tRRAnuta-

tion by mitochondria causes a large increase in the secretiontion of MERRF (myoclonic epilepsy with ragged red fibres)

of catecholamine, suggesting that mitochondrial buffering
of C&* represents a way to control the recruitment or
the fusion of catecholamine-containing secretory vesicles.
They also have shown that, after cell stimulation, mito-
chondria can accumulate large amounts of‘Céeaching
concentration in the millimolar range) without impairing
mitochondrial function, and that, in intact cells, two differ-
ent mitochondrial populations can be identified which differ
in their localisation with respect to €& hotspot sources.
Those which are close to regions of high-cytosolic con-
centrations show large increases in {€k, and the others
essentially do not take up €&

The control of the ion diffusion throughout the cell has
been revealed another important aspect of mitochondrial

C&t signalling. This aspect seems to be a general mech-

anism to control the shaping of cytosolic Lasignal: it

or the ATPase6 mutation of NARP (neuropathy, ataxia and
retinitis pigmentosa) showed that mitochondrial*Cae-
sponses to agonists was drastically reduced in MERRF cy-
brids but not in NARP cells. The cytoplasmic response was
normal in both the cases. These results were partially pre-
dictable since tRNA mutation affects all the mitochondrially
encoded subunits of respiratory complexes thus impairing
the generation of the proton gradient across the mitochon-
drial membrane (and thus the driving force for’Caccu-
mulation), while ATPase mutation do not. Interestingly, the
impairment of C&" responses caused a decrease in ATP
production following cell stimulation, which could be re-
stored by applying an inhibitor of the mitochondrial&a
efflux pathways. This indicates that a defect in mitochon-
drial C&* homeostasis is a relevant event in the cellular
pathogenesis of the MERRF disordab].

has been in fact described in various cell types. Petersen The role of mitochondrial Ca in modulating ATP lev-

and co-workerg30] demonstrated that in pancreatic acinar

cells mitochondria strategically located beneath the granu-

lar region prevent the spreading of a%tavave from the

secretory pole towards the basolateral region by accumulat-

ing C&*t. Duchen and co-workerf81] reported a similar
role for mitochondria in rat cortical astrocytes. They sug-

els has been described to have a fundamental role in insulin
secreting cells, the pancreafiecells[36,37], since in turn
ATP level controls the gating of ATP sensitive'kchannels
and thus the initiation of the secretion process. Wollheim
and co-workers showed that a reduction in mitochondrial
Cat accumulation is responsible for a reduction in insulin

gested that mitochondria exert a negative feedback on theSecretion suggesting that modulation of mitochondriat'Ca

propagation of intracellular G& waves. By digital fluores-

cence imaging techniques they have shown that preventingCretion in response to repeated exposures to metabolic sub

mitochondria C&" uptake by dissipating the mitochondrial
membrane potential slowed the rate of decay of?[Ga

uptake may be involved in the desensitisation of insulin se-

strateq38]. They also suggested that a mitochondrial factor,
distinct from ATP, and later identified as glutam§{&8] par-

transients and significantly increased the rate of propagationticipated in the triggering of insulin exocytosis. The central

of Ca&2t waves.

4. Pathophysiological alterations of mitochondrial
Ca?* signalling

Mitochondria play such a significant role in shaping cel-
lular C&* signals in all cell types that any disturbance either
in the organelle distribution and morphology or in the driv-
ing force for C&t accumulation may result in impaired cell

role of mitochondria in the transduction pathway is further

underlined by the observation that diabetes mellitus is very
common in patients affected by mitochondrial encephalomy-
opathies and by the finding that maternally inherited form

of diabetes is associated to mtDNA mutati¢48,41]

Very recently it has been shown that early mitochondrial
C&t defects are directly involved in the pathogenesis of
the Huntington's disease (HO¥2]. It was demonstrated
that mutant huntingtin, containing an expanded polyglu-
tamine tract, reduced mitochondrial membrane potential

function. Indeed, in a number of neurodegenerative diseasesn normal lymphoblast mitochondria, thus impairing the
it has been described that mitochondrial disorders may becapacity of mitochondria to take up €a This finding

implicated in the pathogenedi32,33] However, it is still

partially reproduced the defects seen in HD patients and in

difficult to establish whether the alterations in mitochondrial HD mutant transgenic mice, where the authors described
function are the cause or the effect of the disease. | discusghat mitochondria depolarised much more readily than con-
here only a few examples where an alteration of mitochon- trol mitochondria. Altered mitochondrial distribution was

drial C&* handling has been shown to generate the cellular observed in neuronal process of motoneuronal cells ex-
phenotypes. pressing mutated androgen receptor, a model for spinal and
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bulbar muscular atrophj43]. Since neuronal degeneration Mitochondria strategically located contribute to the dis-
is linked to the same type of mutation of HD in unrelated sipation of local microdomains of high [€8] close to the
genes (abnormal expansion of a polyglutamine tract nor- ER C&* release channels and the plasma membrafé Ca
mally present in the wild-type proteins) it can be envisaged entry channels thus modulating the activity of the channels
that abnormal polyglutamine tract per se is responsible for and counteracting the spreading of cytosoli¢Taignal.
mitochondrial alterations and that similar mitochondrial In this respect mitochondria may be considered as spatial
defects (both in the function and in the distribution) may buffer and it can be speculated that their distribution could
occur in other polyglutamine disorders. change in response to specific cell demands. It is obvious
Apart from a series of specific pathologies, mitochon- that disturbance of mitochondrial &€ahomeostasis could
dria have been proposed recently to play a central role in evoke different pathological phenotypes that are not only
programmed cell deatf4]. In most pathways leading to  directly linked to the impairment of energetic metabolism.
apoptosis the release of proapoptotic factors located in the
inter-membrane space of the mitochondria or in their ma-
trix (e.g. cytocrome c, AlF, caspase-2 and -9) represents aAcknowledgements
key step in the progression of cell de§dly,46] It was pro-
posed that mitochondrial & overload together with ox- | wish to thank Rosario Rizzuto for helpful discussion
idative stress is a potent stimulus for the PTP opening which and critical reading of the manuscript. The experimental
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totic stimuli the C&* sensitivity of PTP increases and that : - » _
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