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Mitochondria play a pivotal role in intracellular Ca®>* signalling by taking up and releasing the ion upon
specific conditions. In order to do so, mitochondria depend on a number of factors, such as the mitochondrial
membrane potential and spatio-temporal constraints. Whereas most of the basic principles underlying
mitochondrial Ca?* handling have been successfully deciphered over the last 50 years using assays based on
in vitro preparations of mitochondria or cultured cells, we have only just started to understand the actual
physiological relevance of these processes in the whole animal. Recent advancements in imaging and
genetically encoded sensor technologies have allowed us to visualise mitochondrial Ca®>* transients in live
mice. These studies used either two-photon microscopy or bioluminescence imaging of cameleon or
aequorin-GFP Ca" sensors, respectively. Both methods revealed a consistent picture of Ca** uptake into
mitochondria under physiological conditions even during very short-lasting elevations of cytosolic Ca®*
levels. The big future challenge is to understand the functional impact of such Ca®* signals on the physiology
of the observed tissue as well as of the whole organism. To that end, the development of multiparametric in

brought to you by, CORE

vivo approaches will be mandatory.

© 2008 Elsevier B.V. All rights reserved.

1. Functional roles of Ca?* in mitochondria

According to the endosymbiont hypothesis mitochondria are
derived from some form of prokaryotes which were eventually
taken up by the ancestors of eukaryotic cells [for reviews, see 1,2].
Instead of being digested, the engulfed organisms apparently
managed to start a very successful mutual interaction with their
hosts. To date, many important cellular functions of mitochondria
have been deciphered, one of which being its role in the handling of
Ca" ions [for review, see 3]. As described in detail elsewhere, in many
eukaryotic cell types mitochondria play distinct roles in the Ca®™
game [for review, see 4,5], such as i) they can transiently accumulate
large amounts of Ca?™ as a consequence of cytosolic Ca?™ increases,
thus shaping the kinetics and amplitude of the Ca®* signal, and ii)
they can modulate the activity of Ca>* channels by local buffering of
Ca®" influx through the plasma membrane or intracellular Ca™
channels. Furthermore, Ca®™ itself may also modulate important
processes inside mitochondria, such as energy metabolism [for
review, see 6,7], hormone metabolism [for review, see 8], or the
release of apoptotic factors [for review, see 9]. Thus, on the one hand,
Ca®* is managed by mitochondria which affects its cytosolic levels
but, on the other hand, the ion also actively influences the metabolism
of the organelle. An intriguing feature of mitochondrial Ca?™ handling
is its interaction with the endomembrane system, mainly with the
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endoplasmic reticulum [for review, see 7,10]. This strategic cross-
connection of two major endomembrane network systems would be
ideally suited to control many vital cellular functions. Through the
levels of cytosolic Ca®™ as well as the stimulation of ER-Ca®™ release
by a range of external cues, mitochondria are hooked to the outside
world and thus act as important homeostatic sensors of the cellular
environment [for review, see 8]. Mitochondrial Ca®>" handling has
been extensively studied by different approaches, ranging from
mitochondrial suspensions (in vitro), cell culture, tissue slices (in
situ), and live animals (in vivo). Although most of the mechanisms
concerning mitochondrial Ca>* handling have been elucidated in vitro
or in cultured cells, we still know very little about the actual
physiological role of these processes in the context of the whole
organism. This is mainly due to technical limitations, but recent sensor
developments have provided new insights into mitochondrial Ca®*
signalling under highly physiological conditions in vivo. This contribu-
tion aims at summarizing the results obtained in the last few years
regarding in vivo measurement of mitochondrial Ca>* handling, a field
that is still in its infancy. Readers interested in in vitro mitochondrial
Ca®* homeostasis are referred to other contributions in this special
issue for detailed discussions of the vast literature available.

In the following paragraphs, we will first try to outline the major
considerations of when and where in vivo measurement of mitochon-
drial Ca®" handling is the most desirable approach. We will then
analyze the current challenges in these in vivo studies. We will
conclude with an overview of possible solutions to overcome at least
some of the present technical limitations.
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2. Limitations of in vitro approaches
2.1. Mitochondrial membrane potential

Initial observations of Ca®* transport conducted in vitro using
isolated mitochondria were already made in the 1960s and 1970s [for
review, see 5]. At that time, mitochondrial Ca?™ uptake and release
were perceived as active and passive processes, respectively. The
chemiosmotic hypothesis allowed a better clarification of these vague
concepts and, at present, the uptake of Ca?* into mitochondria is
understood as an electrogenic process mediated by the ruthenium
red-sensitive mitochondrial Ca?>* uniporter (MCU), with the mito-
chondrial membrane potential acting as the driving force for Ca?™
accumulation into the matrix [for reviews, see 11,12]. This concept was
recently reinforced by the electrophysiological characterisation of
mitoplasts showing high Ca®™ currents that occur across the inwardly
rectifying MCU in the presence of physiologically relevant values of
membrane potential [13]. Under physiological conditions, the rate
limiting step in mitochondrial Ca?™ accumulation is the Ca%™
concentration to which the organelle is exposed (i.e., most often the
local Ca®>" concentration). It is still unclear whether and to what
extent physiological changes in membrane potential can affect the
rate of mitochondrial Ca>™ uptake.

Regarding Ca?™ efflux from mitochondria, there is now a general
consensus that this process is mediated by Na*(H*)/Ca?* antipor-
ters, with the driving force being the ion gradients across the inner
mitochondrial membrane. Given that the antiporters are electrogenic
(they exchange 3 Na*(H™) for 1 Ca%™), their function is also affected
by membrane potential [for review, see 12]. A number of other
parameters may also be of importance for the efficient transport of Ca?
* into and out of mitochondria. As far as these are relevant for our
considerations of in vivo measurements, they will be addressed below.

2.2. Space, time and amplitude

Apart from the mitochondrial inner membrane potential, the
quantity and the speed of Ca?* taken up into mitochondria mostly
depends on the amount of this ion present at mitochondrial Ca?™
uptake sites and the duration of such events. Since Ca®* levels are
typically highest in close proximity to Ca?>* channels, the spatial
distance of MCUs from these spots is of crucial relevance for the
uptake of the ion into the matrix. In fact, whereas most text books
traditionally depict mitochondria as dot- or worm-like structures
distributed all over the cytoplasm in a seemingly random fashion,
these organelles are now increasingly understood as being highly
interactive, maintaining intense mutual signalling and metabolite
exchange with the rest of the cell. Regarding Ca®™ signals, the ER
seems to be the prime interaction partner [for review, see 10]. A
wealth of literature has demonstrated tight morphological and
functional links between ER-Ca®" exit and putative mitochondrial
Ca®* uptake sites [e.g. 14,15] [for reviews, see 7,10]. Furthermore,
although randomly distributed mitochondrial networks are com-
monly found in many tissue culture cells, this is only rarely the case in
the organism. Indeed, mitochondrial networks in situ mostly exhibit
striking localisation patterns, which reflect their physiological roles in
a given tissue. Examples for such specific patterns are (i) mitochon-
drial perigranular localisation in pancreatic acinar cells [16,17], (ii)
enrichment at vesicle release sites of adrenal chromaffin cells 18], and
(iii) striated localisation in skeletal and cardiac muscle fibres [for
review, see 19]. Such specific subcellular distribution is apparently
further enhanced by the occurrence of distinct mitochondrial
microdomains, wherein the matrix Ca?* content may vary by orders
of magnitude [18]. For some of these cases, strong evidence has been
provided suggesting that the microdomains play pivotal roles in
shaping Ca®* signals which might be important for synaptic plasticity,
transcriptional regulation, exocytic processes, muscle tissue contrac-

tility, or tunnelling of Ca®™ transients from one cell pole to the other,
to name just a few [for reviews, see 8,17,20]. In other words, apart from
mitochondrial integrity and membrane potential, also the spatial
arrangement of different organelles towards mitochondria as well as
tissue-specific mitochondrial localisation patterns are critical for a
proper understanding of this organelle function.

Besides spatial separation, the duration and frequency of Ca?™
transients is key to the transformation of external cues into
intracellular responses. Mitochondria have been shown to participate
in both the shaping of Ca?* transient kinetics as well as the
transformation of these signals into matching outputs. Mitochondria
may shape Ca™ signals by different means, including propagation of
Ca®* waves, induction of oscillations, and sustained release of Ca®* in
synapses upon intense stimulation [for review, see 20]. A prime
functional output of mitochondria in response to Ca®* transients lies
in the adaptation of energy metabolism to the cellular demand [for
review, see 6]. Again, these functions depend on a number of systemic
parameters, which are hard to predict in a bottom-up approach that is
just based on the molecular understanding of mitochondria.

Finally, the amplitude of Ca®>* transients might considerably
change depending on experimental conditions. In cell culture
approaches, often supramaximal stimuli leading to large and long-
lasting elevation of cytosolic Ca®>* levels are used to show the
principal existence of a certain postulated uptake mechanism [e.g.
14,16,21-23]. However, rises in cytosolic Ca?" occurring under
physiological conditions may be often highly localised and limited in
amplitude, such as mitochondrial Ca?>* marks in striated muscle [24],
and cytosolic Ca®™ sparks in neurons and muscle [for review, see 25]
which might eventually trigger a full-blown global Ca?* transient by
calcium-induced-calcium release (CICR) mechanisms.

2.3. Metabolic aspects and external cues

Mitochondrial Ca®>* uptake is driven by the large mitochondrial
inner membrane potential which either arises from respiration or
from ATP consumption. A corollary is that the robustness of Ca™
uptake, as well as the interpretation of physiological consequences of
such uptake, critically depends on the metabolic activity and route
(anaerobic/oxidative) of a given experimental system. Interestingly,
in a number of cancer cell lines (including the frequently studied HeLa
cells) anaerobic metabolism prevails over oxidative, while the
situation might be considerably different in many primary cell lines,
intact tissues and organisms [26].

Finally, although mitochondria are located inside cells, ensheathed
by two membranes, apparently lacking any direct contact to the cell
surface, these organelles are far from being buried in the cell; indeed,
they are known to be, for example, prime sensors and actuators of
blood glucose and oxygen levels in the pancreas, the hypothalamus
and the carotid arteries [for review, see 8]. By different means,
including a rise of the cellular ATP/ADP.Pi ratio or of the cytosolic Ca®™
level, mitochondria then modulate in their sensing tissues the
appropriate release of insulin or catecholamines.

3. In vivo measurements

So far, measurements of mitochondrial Ca>* uptake and release, as
well as the role(s) of these ion fluxes on cellular and tissue
homeostasis, have been almost exclusively investigated in biochem-
ical assays or using tissue culture cells. Collectively, these studies have
undoubtedly led to a broad understanding of the basic mechanisms
underlying Ca®>* handling by mitochondria. Unavoidably, they have
also triggered a plethora of questions concerning their actual
physiological relevance in the live organism. Critical factors like the
amplitude and the spatio-temporal arrangement of Ca?* transients,
the orientation and organisation of mitochondrial networks and their
interacting organelles, the metabolic activity of a given tissue of
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interest and its influence on the general physiology of the organism
can hardly be mimicked in vitro. Thus, wherever these features might
play any significant role, it is highly desirable to carry out all
measurements in situ and in vivo. At present, a series of probes allows
for the direct monitoring of Ca>* fluxes into and out of mitochondria,
but their application to in vivo studies is still quite limited. In the
following, we will briefly introduce these currently available probes
and discuss their advantages and draw-backs.

3.1. Chemical probes

As discussed above, energised mitochondria are endowed with a
highly negative membrane potential across the inner membrane,
enabling the accumulation of cationic dyes, such as tetramethylrho-
damine, which is frequently used as marker for mitochondrial
localisation and potential. A Ca®>"-dependent derivative, rhod-2 [27],
was introduced in the mid-nineties as a selective mitochondrial Ca®™
sensor [28,29]. Although targeting of rhod-2 into mitochondria has
been shown to be problematic in a some cases (see below), it has
been used in a number of studies investigating mitochondrial Ca®*
handling of cultured cells and slice preparations. The K, for Ca®* of
this probe, which is now commercially available from a couple of
sources, was found to be 570 nM in vitro, while calibrations in live
cells usually revealed slightly higher values, a phenomenon that is
often observed for calcium sensors in a biological environment. As
in the case of other chemical probes, rhod-2 is mainly used in its
cell-permeant acetoxymethyl (AM) ester. Unlike other probes, the
delocalised positive charge present in rhod-2's AM moiety allows
the accumulation of this dye within the mitochondrial matrix,
where it is hydrolysed and trapped [30]. This property, allied to its
spectral characteristics (excitation and emission in the green-red
part of the visible spectrum make it less susceptible to cellular
autofluorescence), have made rhod-2 the fluorescent Ca?™" indicator
of choice amongst the currently available chemical dyes to study
mitochondrial Ca?* handling. However, compared to other Ca?™
sensors such as the ratiometric dyes fura-2 or indo-1, rhod-2
responds to increasing Ca®™ levels not by a change in the emission
and/or excitation spectrum, but by a rise in fluorescence emission;
i.e, rhod-2 is an intensity-based Ca®* sensor. This is one of its major
drawbacks for measurements in live tissue, since there is no
compensation for movement artefacts. Another serious issue
concerns uneven distribution of the dye within mitochondria [31],
which could lead to over- or underestimation of the Ca?" content in
some regions.

Furthermore, targeting efficiency is often problematic with rhod
dyes. While rhod-2 was reported to show reasonably good mitochon-
drial localisation in a number of preparations, such as striated muscle
cells [24,32-53], glial [54-61], neuronal [59,62-77], or acinar cell
cultures [78-84], in other cases important quantities of the probe
were detected in the cytosol, in non-specific accumulations or
extramitochondrial localisations [85]. In perfused rabbit heart, rhod-
2 was actually found to be completely cytosolic [86-88]. The overt
discrepancies in probe distribution in different experimental systems
may be at least partially explained by the uptake mode of the dye into
cells and mitochondria: since rhod-2 as such is membrane imper-
meant, rhod-2 AM is used for loading. Once inside the cell, the ester is
cleaved, leaving the charged rhod-2 compound trapped intracellu-
larly. However, rhod-2 AM has to penetrate also the mitochondrial
membranes before being hydrolysed and it is likely that removal of
only one of the four AM groups is sufficient to prevent the
accumulation of the dye into the matrix; thus, tissue-dependent
differential activity of cytosolic esterases may at least in part explain
the variable efficacy of mitochondrial accumulation in different
tissues. This hypothesis is corroborated by the observation that
loading of rhod-2 AM at low temperatures — and thus at low esterase
activity - is beneficial for the targeting efficiency of the dye [32,89].

Evidently, such protocols are hardly applicable in many living
organisms, in particular in homeothermic animals.

Additional problems that, to our knowledge, have not been
addressed until now concern the Ca®>" buffering capacity and the
potential toxicity of the AM hydrolysis. As to the first, usually
investigators tend to choose brighter cells for imaging; this also
means that the selected cells bear elevated concentrations of a high
affinity Ca®™ chelator, and are therefore kept under conditions where
mitochondrial Ca®>* buffering may be severely increased. As to the
second, it has to be stressed that, as for all other AM esters, the
hydrolysis products are acetate and formaldehyde, and, to our
knowledge, no systematic investigation of the potentially harmful
effects of these compounds on mitochondrial functions has been
carried out.

A more general limitation of any chemical dye with respect to its
use in vivo is its supply to the tissue of interest. Whereas genetically
encoded probes can be delivered by standard transgenetic approaches
(see below), chemical probes have to be applied in any case either
directly to the tissue or systemically, e.g., via the blood stream.
Although this might pose severe problems in a number tissues, recent
technological advancements, such as the multi-cell bolus loading
technique [90,91], now allow a series of cellular parameters to be
studied in situ and in vivo using chemical sensors.

3.2. Genetically encoded probes

A major advantage of genetically encoded over chemical Ca’*
sensors is that they can be efficiently targeted into subcellular
compartments, such as the endoplasmic reticulum, the nucleus or
mitochondria. For this purpose, an arsenal of targeting sequences is
now available to guide proteins according to the signal hypothesis
[92,93] into various specific localisations within cells. In the case of
mitochondrial probes, mostly short N-terminal peptides from the
yeast cytochrome c oxidase (COX) subunit IV (12 amino acids) or the
human COX subunit VIII (36 amino acids, used in all in vivo studies so
far) were cloned in front of the actual sensor coding sequence.
Notably, both, sensor activity as well as targeting efficiency were
found to vary according to the used peptide sequence. Furthermore,
targeting efficiency appears to inversely correlate with sensor
complexity. Finally, a systematic analysis of these factors using
distinct GFP-based Ca®" sensors targeted with different sequences
into mitochondria [94] revealed that the use of duplicated N-terminal
targeting sequences can strongly increase targeting efficiency. As to
aequorin, its targeting to the mitochondrial matrix is highly efficient
with a single COX VIII targeting sequence and there is no need to
change this import peptide. In any case, efficiency of targeting needs
to be properly verified, in particular for GFP-based probes, for any new
experimental setup.

3.2.1. Aequorin

Together with GFP, the photoprotein aequorin is responsible for
the green bioluminescent touch response of the marine hydrozoan
jellyfish, Aequorea victoria [95]. While GFP plays the role of a
bioluminescence resonance energy transfer (BRET) acceptor in this
response, aequorin plays the role of donor and delivers the energy
necessary to trigger the BRET reaction [96]. It does so by peroxidizing
(and thus consuming) an aromatic substrate, coelenterazine, upon
activation by calcium ions [for review, see 97]. In the absence of the
GFP acceptor molecule, the aequorin-coelenterazine reaction releases
blue light in a stoichiometrically calcium-dependent manner. This
phenomenon was exploited soon after its discovery in 1962 with
scientists using biochemically isolated aequorin to measure intracel-
lular Ca?* transients [98,99]. With the publication of the aequorin
sequence in 1985 [100], Ca®’™ measurements in live cells using
genetically encoded aequorin became an important tool for the
understanding of cytosolic calcium handling. Regarding the concept of
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subcellular compartmentation of calcium signalling and particularly
with respect to the importance of mitochondria in this phenomenon,
targeting of aequorin into these organelles was a major step forward
[14,101]. In fact, this and a number of following investigations using
mitochondrial aequorin, led to a revival of mitochondria as key players
in the Ca®™ game, showing their tight interaction with the ER network
and many of the physiological functions now well-known to the
community [for review, see 10].

For a number of reasons, aequorin could be an almost ideal
sensor for mitochondrial calcium measurements in live organisms.
First, it can be genetically expressed and can therefore be
introduced into model organisms such as Drosophila or mouse by
standard transgenic methods [102,103]. Second, aequorin efficiently
folds in most cell types into a fully functional protein. Third, using
appropriate targeting sequences, aequorin can be efficiently
directed into virtually any specific location inside the cell [for
review, see 104]. Fourth, aequorin can be genetically modified,
yielding mutants that allow us to measure Ca’" from the
submicromolar to the millimolar range of concentrations [18].
Fifth, aequorin consumes its substrate in a stoichiometric and
almost irreversible manner; aequorin-based light production is
therefore highly quantitative [105]. Sixth, aequorin actively pro-
duces light upon binding of calcium; therefore, no excitation light
producing severe background signals in whole animal imaging
approaches is needed [102,103]. Finally, aequorins can be coupled
by genetic means to appropriate BRET acceptor molecules, such as
GFP, thereby permitting the construction and simultaneous usage
of differently targeted sensors or tuning the emission wavelength
for higher tissue penetration efficiency [106,107]. A limitation of
the aequorin approach is the low amount of Ca?"-dependent light
production, which can be particularly challenging upon targeting of
the sensor into subcellular compartments [108]. Therefore,
aequorin measurements usually employ cell population analyses
with relatively low spatio-temporal resolution.

Recently, Rogers et al. have described the first aequorin-based in
vivo monitoring of mitochondrial Ca?* handling [103]. These
authors show the generation of a conditional knock-in mouse line
ubiquitously expressing a mitochondrially targeted GFP-aequorin
(mtGA) fusion protein. In this mtGA sensor, the aequorin moiety
acts as Ca’™ sensor, which delivers emission energy to the GFP
acceptor molecule in a BRET process similar to the one observed in
the Aequorea medusae. Although BRET leads to a partial loss of
emission energy, addition of the GFP moiety is beneficial, because it
emits longer wavelength light with higher tissue penetration depth
than the aequorin alone would do. The mtGA could be shown to be
nicely localised in the mitochondrial compartment [103]. Upon
systemic application of coelenterazine, mitochondrial Ca®>* signal-
ling could be reliably studied in different tissues using a biolumi-
nescence imaging device over several hours. This finding came as a
positive surprise, since coelenterazine (in this case applied systemi-
cally to the animal) is known to be consumed immediately upon
interaction with aequorin and Ca®". Using nerve-stimulation of
hindlimb muscles in anaesthetised animals the authors demon-
strated the uptake of Ca?* into mitochondria during single twitch
and tetanic contractions, thereby confirming a precedent in vivo
study employing a mitochondrial cameleon (2mtYC2, see below).
While the spatio-temporal resolution of the 2mtYC2 measurements
were superior to the ones obtained with mtGA, the latter approach
profited from being completely non-invasive, allowing also the
observation of Ca?™ signals in the live, unrestrained and non-
anaesthetised animal. This delivered insights into the development-
dependent formation of whole body mitochondrial calcium wave
patterns. Future studies employing tissue-selective expression
patterns of mtGA in combination with appropriate physiological
questions promise to provide important new data regarding the role
of mitochondrial calcium signalling in physiology.

3.2.2. GFP-based Ca®™ sensors

GFP, as well as its spectral mutants and functionally similar
fluorescent proteins (XFPs) from other cnidarian species, have
revolutionised cell biological research. Although described already
in 1962 as a side product of the aequorin purification protocol [95],
GFP became a major focus of biological research only more than
30 years later upon the publication of its DNA sequence [109] and the
proof of its heterologous expression in C. elegans [110] and
mammalian cells [111]. Apart from its early employment as gene
reporter or protein localisation tool, XFPs were soon developed further
to be usable as bona fide measuring instruments. In particular, Roger
Tsien, Atsushi Miyawaki and colleagues have been quite successful in
this field, setting up custom-made, modular tools that allow to
monitor dynamic changes of intracellular parameters by changes in
the fluorescent properties of modified XFPs [for review, see 112].
Typically, such probes consist of a sensing fluorescence modulator
domain (e.g., calmodulin and its binding peptide in the Ca?*-sensing
cameleon probes) and one or more XFPs. Upon binding of the cellular
factor which is under investigation (e.g., Ca®™) the sensor-modulator
domain changes its conformation and influences the fluorescence of
the XFP(s). Currently, two major groups of probes employ inducible
changes either in fluorescence intensity (and/or excitation spectrum)
or in FRET (Forster resonance energy transfer). Well known examples
for the first group are camgaroo, pericams [113], pHfluorins [114] and
mtAlpHi [115]. Widely used exponents of the second group are
cameleons [116,117], cAMP and cGMP probes [118-121], and enzyme
activity probes [122-125]. Like aequorin, also XFP-based sensors can
be easily targeted into virtually any kind of subcellular compartment
by means of appropriate targeting sequences, although targeting
efficiency needs to be controlled properly and sometimes necessitates
tuning [94]. Currently, different XFP-based sensors are employed for
in vitro and - more importantly for the topic of this review - in vivo
visualisation of Ca?>™ dynamics. Henceforth these will be termed FCIPs
(fluorescent Ca®* indicator proteins) and include, to date, FIP-CBsy
[126], camgaroo [127], pericam [127], GCaMP [128] and, in particular,
cameleons [116]. Originally, most of these probes were designed using
the calmodulin-M13 peptide (the 25-residue long calmodulin binding
peptide of myosin light chain kinase) pair as Ca?"-dependent
modulator of XFP fluorescence. Since calmodulin is an abundant
signalling molecule in many cell types, interference between the FCIPs
and endogenous calmodulin could not be excluded. Nonetheless,
these sensors worked rather well in many different tissue culture
approaches, in C. elegans [129-137], and the fruit fly [138-150] upon
stable expression.

In vertebrates in vivo, stably expressed FCIPs, particularly first
generation yellow cameleons, showed weak performance and the
FRET responses upon Ca?" transients were severely dampened
[151,152]. This led to the exploration of inducible or transient FCIPs
expression in mammals [153-155] as well as of different molecular
designs of FCIPs. The most prominent examples of such modified FCIPs
include high dynamic range cameleons (YC6.1, with CaM-dependent
kinase kinase sandwiched between the N- and C-termini of calmo-
dulin) [156], cameleons with re-engineered calmodulin and M13
peptide [117,157,158], and cameleon-like Ca®?* sensors based on
troponin C as ‘Ca®>"™ nose’ [128,159]. Altogether, these different
approaches led to a number of insights mainly into cytosolic Ca®*
handling in brain [for recent reviews, see 160,161].

The literature on organellar Ca®* handling in live vertebrate tissue
using FCIPs is up to now much more limited [154,155]. Both studies
employed in vivo electro-transfer of ¢cDNAs encoding different
cameleon FCIPs into hindlimb muscles, leading to consistent sensor
expression for at least three weeks upon transfection. Ca®* transients
in the cytosol [154], in mitochondria [154] or in the sarcoplasmic
reticulum [155] were measured upon application of different skeletal
muscle contraction regimes using two-photon in vivo microscopy.
These investigations first showed that also FCIPs containing the
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calmodulin-M13 interaction pair can, in principle, be used in
vertebrate tissue, at least in transient transfections. Second, they
demonstrated the high capability of the ratiometric cameleon FCIPs to
correct even for the comparably strong movement artefacts, which
naturally occur during muscle contraction. With respect to mitochon-
dria in vertebrate muscle, regular uptake of Ca>™ into these organelles
during single twitches as well as upon tetanic stimulation was
demonstrated for the first time under highly physiological conditions
and in vivo [154] in a fast-twitch tibialis anterior muscle. Given that
very similar results were recently obtained also in vivo with the
aequorin-based sensor mtGA [103], Ca®>* uptake into vertebrate
muscle mitochondria appears to be a basic and robust feature. It is
therefore tempting to speculate that vertebrate muscle actually uses
this activity-dependent uptake for the adaptation of the mitochon-
drial energy metabolism to the muscle contraction-driven ATP-
demand, as suggested also for other tissue types [for review, see 8].
Direct comparison of the data employing mitochondrial GFP-
aequorin (mtGA) [103] or cameleon (2mtYC2) [154] (Fig. 1, schematic
of experimental setups) reveals further similarities. First, in both cases
intense tetanic stimulation led to mitochondrial Ca®™ elevations that
persisted for a couple of seconds longer than the actual duration of the
stimulus, suggesting a transient storage function of the organelle at
high Ca?™ loads. Second, upon single twitches, the Ca®>* transients
were apparently much shorter, with a completion time in the
millisecond range. Pharmacologic interference with the mitochondrial
Na*/Ca®?* exchanger slowed down the Ca?* decay, suggesting that
this was actually due to active expulsion of Ca?>* from mitochondria
rather than due to Ca?" precipitation or other mechanisms [154].
Finally, a clear positive correlation between muscle activity and the
dimension of mitochondrial Ca?* was observed [103]. Both, the mtGA
and the 2mtYC2 approaches display advantages and disadvantages,
which are largely complementary. While the mtGA measurements can

BRET:
bioluminescence resonance
energy transfer

FRET:
Férster resonance
energy transfer

CCD camera

be carried out in a completely non-invasive manner and thus also on
behaving animals, fluorescence microscopy usually asks for sterical
fixation of the object of interest, unless particular, sophisticated
methods such as implanted miniature microscopes [162] are used. A
further advantage of the mtGA approach is its wide field of
observation, i.e., a whole animal can be surveyed, in contrast to
fluorescence microscopy, which will be limited to an optical field of at
most few square millimetres. Again, new imaging technologies such as
selective plane illumination microscopy (SPIM) might, in future,
overcome this limitation of fluorescence microscopy [163]. As a
bioluminescence approach, mtGA can also be advantageous, because
it deals with virtually zero background noise, whereas any type of
fluorescence microscopy has to cope with signals originating from
sources other than the sensor itself, which deteriorates its signal-to-
noise ratio. However, aequorin bioluminescence also comes at the
expense of comparably low photon yield, leading to an important
trade-off between image acquisition speed and spatial resolution.
As such, fluorescence microscopy is usually much faster than
bioluminescence measurements and it exhibits significantly better
spatial resolution. In conclusion, the mtGA- and 2mtYC2-based
approaches appear to be pretty complementary raising big hopes
for future research addressing mitochondrial Ca®>* handling in live
animals.

4. Future challenges

At the time of writing, the aequorin-based bioluminescence and
the cameleon-based fluorescence approaches seem to hold most
promises for a reliable monitoring of mitochondrial Ca>* handling in
live animals. We are still far from a satisfying tool set, though. First of
all, both assay systems exhibit severe inherent limitations (see above),
which might be partially solved by future technological achievements,

Fig. 1. Schematic of the experimental setups currently used to measure mitochondrial Ca®* signalling in vivo. Left picture: BRET imaging approach; the anaesthetised, stably mtGA
expressing animal is placed under a luminescence imager equipped with a high-sensitivity CCD camera. During nerve-electrode evoked muscle contraction, which leads to a
transient rise of mitochondrial Ca®" levels, bioluminescence light is emitted from the coelenterazine-injected animal. BRET imaging can also be performed with the unrestrained,
behaving animal. Right picture: FRET imaging approach; the anaesthetised, 2mtYC2 cameleon expressing animal is placed under a two-photon laser scanning microscope,
equipped with a high resolution water immersion objective. Upon excitation of Cyan Fluorescent Protein (CFP) using pulsed infrared laser light, CFP and Yellow Fluorescent Protein
(YFP) emission signals of the cameleon sensor are detected simultaneously by photomultiplier tubes. Upon nerve-electrode evoked muscle contraction, the increase in
mitochondrial Ca?" levels leads to a change in FRET, measurable by a variation in the YFP-to-CFP emission ratio. The table below the drawings compares major features of the BRET

and FRET imaging methods.
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including better BRET acceptors and higher sensitivity cameras for the
bioluminescence assay and fast, large field microscopy with high
spatial resolution and low photodamage [163] for the fluorescence
approach. Second, being able to just see mitochondrial Ca®>* dynamics
in a live, complex organism does not lead to the understanding of their
physiological meaning unless they can be correlated to further cellular
parameters under well-defined experimental conditions. Apparently,
such parameters can be manifold, depending on the question of
interest. In the context of muscle physiology, these could be factors
like contractile kinetics and muscle force, mitochondrial membrane
potential and metabolic activity, pH, Ca®>" levels in cytosol and
sarcoplasmic reticulum, to name just a few. Actually, bioindicators are
available for some of these, but their implementation in combination
with mitochondrial Ca>* measurement in vivo remains a major
challenge. However, our increasingly comprehensive understanding
of XFPs [164-166], is leading to a growing colour palette of fluorescent
proteins [167-171]. Combined with recent advancements in the fields
of spectral unmixing of fluorescent dye labels [172], multiple
ratiometric FRET imaging [173] and novel imaging techniques this
may soon allow for deeper insights into the signal-function relation-
ship of mitochondrial Ca?" handling in live organisms.

Acknowledgements

RR was supported by the European Community (HPMF
CT200201543.01), the University of Padova and the Deutsche
Forschungsgemeinschaft (RU923/1-1). The original work of the
authors has been supported by grants from the Italian Ministry of
University, the Veneto Region grant “Biotech 2” and grants from Italian
Telethon. We are grateful to Dr. Magalhdes for critical reading of the
manuscript.

References

[1] M.W. Gray, W.E. Doolittle, Microbiol. Rev. 46 (1982) 1-42.
[2] M. Rizzotti, Early Evolution: From the Appearance of the First Cell to the First
Modern Organisms, Birkhduser, Basel, Boston, Berlin, 2000.
[3] R.Rizzuto, P. Bernardi, T. Pozzan, J. Physiol. 529 (Pt 1) (2000) 37-47.
[4] R. Rizzuto, P. Pinton, M. Brini, A. Chiesa, L. Filippin, T. Pozzan, Cell Calcium 26
(1999) 193-199.
[5] E. Carafoli, Trends Biochem. Sci. 28 (2003) 175-181.
[6] J.G. McCormack, R.M. Denton, Dev. Neurosci. 15 (1993) 165-173.
[7] P.Pizzo, T. Pozzan, Trends Cell Biol. 17 (2007) 511-517.
[8] M.R. Duchen, ]. Physiol. 516 (Pt. 1) (1999) 1-17.
[9] K. Ferri, G. Kroemer, Bioessays 23 (2001) 111-115.
[10] R.Rizzuto, M.R. Duchen, T. Pozzan, Sci. STKE 2004 (2004) rel.
[11] TE. Gunter, D.R. Pfeiffer, Am. J. Physiol. 258 (1990) C755-C786.
[12] P. Bernardi, Physiol. Rev. 79 (1999) 1127-1155.
[13] Y. Kirichok, G. Krapivinsky, D.E. Clapham, Nature 427 (2004) 360-364.
[14] R. Rizzuto, M. Brini, M. Murgia, T. Pozzan, Science 262 (1993) 744-747.
[15] G. Csordas, C. Renken, P. Varnai, L. Walter, D. Weaver, KF. Buttle, T. Balla, C.A.
Mannella, G. Hajnoczky, J. Cell Biol. 174 (2006) 915-921.
[16] N.J. Dolman, ].V. Gerasimenko, O.V. Gerasimenko, S.G. Voronina, O.H. Petersen, A.V.
Tepikin, J. Biol. Chem. 280 (2005) 15794-15799.
[17] O.H. Petersen, A.V. Tepikin, Annu. Rev. Physiol. 70 (2008) 273-299.
[18] M. Montero, M.T. Alonso, E. Carnicero, I. Cuchillo-Ibanez, A. Albillos, A.G. Garcia, ].
Garcia-Sancho, J. Alvarez, Nat. Cell Biol. 2 (2000) 57-61.
[19] C. Franzini-Armstrong, Physiology (Bethesda) 22 (2007) 261-268.
[20] R. Rizzuto, T. Pozzan, Physiol. Rev. 86 (2006) 369-408.
[21] S. Arnaudeau, W.L. Kelley, J.V. Walsh Jr., N. Demaurex, ]. Biol. Chem. 276 (2001)
29430-294309.
[22] V. Robert, P. Gurlini, V. Tosello, T. Nagai, A. Miyawaki, F. Di Lisa, T. Pozzan, EMBO J.
20 (2001) 4998-5007.
[23] V. Robert, M.L. Massimino, V. Tosello, R. Marsault, M. Cantini, V. Sorrentino, T.
Pozzan, ]. Biol. Chem. 276 (2001) 4647-4651.
[24] P. Pacher, A.P. Thomas, G. Hajnoczky, Proc. Natl. Acad. Sci. U. S. A. 99 (2002)
2380-2385.
[25] M.J. Berridge, Cell Calcium 40 (2006) 405-412.
[26] L.S.]Jouaville, P. Pinton, C. Bastianutto, G.A. Rutter, R. Rizzuto, Proc. Natl. Acad. Sci.
U. S. A. 96 (1999) 13807-13812.
[27] A. Minta, J.P. Kao, R.Y. Tsien, ]. Biol. Chem. 264 (1989) 8171-8178.
[28] T.C.H. Mix, R.M. Drummond, R.A. Tuft and ES. Fay. in Biophys ], Vol. 66, pp. A97
1994.
[29] G.Hajnoczky, L.D. Robb-Gaspers, M.B. Seitz, A.P. Thomas, Cell 82 (1995) 415-424.
[30] R.Y. Tsien, Nature 290 (1981) 527-528.

[31] B.S. Launikonis, J. Zhou, L. Royer, T.R. Shannon, G. Brum, E. Rios, ]. Physiol.
(2005).

[32] D.R. Trollinger, W.E. Cascio, ].J. Lemasters, Biochem. Biophys. Res. Commun. 236
(1997) 738-742.

[33] D.N. Bowser, T. Minamikawa, P. Nagley, D.A. Williams, Biophys. J. 75 (1998)
2004-2014.

[34] J. Lannergren, H. Westerblad, ].D. Bruton, J. Muscle Res. Cell Motil. 22 (2001)
265-275.

[35] M. Murata, M. Akao, B. O'Rourke, E. Marban, Circ. Res. 89 (2001) 891-898.

[36] R.D. Rakhit, M.H. Mojet, M.S. Marber, M.R. Duchen, Circulation 103 (2001)
2617-2623.

[37] D. Hudman, R.D. Rainbow, C.L. Lawrence, N.B. Standen, ]. Mol. Cell. Cardiol. 34
(2002) 859-871.

[38] J. Bruton, P. Tavi, J. Aydin, H. Westerblad, J. Lannergren, J. Physiol. 551 (2003)
179-190.

[39] E.V.Isaeva, N. Shirokova, J. Physiol. 547 (2003) 453-462.

[40] T. Sato, T. Takizawa, T. Saito, S. Kobayashi, Y. Hara, H. Nakaya, J. Pharmacol. Exp.
Ther. 307 (2003) 955-960.

[41] R.C. Scaduto Jr., LW. Grotyohann, Am. J. Physiol. Heart Circ. Physiol. 285 (2003)
H2118-H2124.

[42] H.Y. Sun, N.P. Wang, M.E. Halkos, F. Kerendi, H. Kin, R.X. Wang, R.A. Guyton, Z.Q.
Zhao, Eur. J. Pharmacol. 486 (2004) 121-131.

[43] T. Sato, T. Saito, N. Saegusa, H. Nakaya, Circulation 111 (2005) 198-203.

[44] O. Friedrich, EV. Wegner, M. Hartmann, B. Frey, K. Sommer, H. Ludwig, R.H. Fink,
Undersea Hyperb. Med. 33 (2006) 181-195.

[45] H.Jo, A. Noma, S. Matsuoka, ]. Mol. Cell. Cardiol. 40 (2006) 394-404.

[46] T. Kadono, X.Q. Zhang, S. Srinivasan, H. Ishida, W.H. Barry, 1J. Benjamin, ]. Mol.
Cell. Cardiol. 40 (2006) 783-789.

[47] C. Maack, S. Cortassa, M.A. Aon, A.N. Ganesan, T. Liu, B. O'Rourke, Circ. Res. 99
(2006) 172-182.

[48] M. Ruiz-Meana, D. Garcia-Dorado, E. Miro-Casas, A. Abellan, ]. Soler-Soler,
Cardiovasc. Res. 71 (2006) 715-724.

[49] V.M. Shkryl, N. Shirokova, ]. Biol. Chem. 281 (2006) 1547-1554.

[50] N. Smart, M.H. Mojet, D.S. Latchman, M.S. Marber, M.R. Duchen, RJ. Heads,
Cardiovasc. Res. 69 (2006) 164-177.

[51] S. Yitzhaki, A. Shainberg, Y. Cheporko, B.A. Vidne, A. Sagie, K.A. Jacobson, E.
Hochhauser, Biochem. Pharmacol. 72 (2006) 949-955.

[52] S.H. Kang, W.S. Park, N. Kim, ].B. Youm, M. Warda, J.H. Ko, E.A. Ko, J. Han, Am. ].
Physiol. Heart Circ. Physiol. 293 (2007) H307-H313.

[53] S. Belmonte, M. Morad, ]. Physiol. 586 (2008) 1379-1397.

[54] MJ. Jou, T.L Peng, S.S. Sheu, J. Physiol. 497 (Pt. 2) (1996) 299-308.

[55] P.B. Simpson, J.T. Russell, J. Biol. Chem. 271 (1996) 33493-33501.

[56] P.B. Simpson, S. Mehotra, D. Langley, C.A. Sheppard, ].T. Russell, J. Neurosci. Res.
52 (1998) 672-683.

[57] P.B. Simpson, J.T. Russell, J. Physiol. 508 (Pt. 2) (1998) 413-426.

[58] E. Boitier, R. Rea, M.R. Duchen, J. Cell Biol. 145 (1999) 795-808.

[59] LE. Smith, J.P. Boyle, L.D. Plant, H.A. Pearson, C. Peers, ]. Biol. Chem. 278 (2003)
4875-4881.

[60] MJ. Jou, S.B. Jou, MJ. Guo, H.Y. Wu, T.I. Peng, Ann. N.Y. Acad. Sci. 1011 (2004)
45-56.

[61] R.B. Tjalkens, M. Zoran, B. Mohl, R. Barhoumi, Brain Res. 1113 (2006) 210-219.

[62] G. David, ].N. Barrett, E.F. Barrett, J. Physiol. 509 (Pt 1) (1998) 59-65.

[63] T.I Peng, J.T. Greenamyre, Mol. Pharmacol. 53 (1998) 974-980.

[64] T.I Peng, M. Jou, S.S. Sheu, J.T. Greenamyre, Exp. Neurol. 149 (1998) 1-12.

[65] M.P. Muriel, N. Lambeng, F. Darios, P.P. Michel, E.C. Hirsch, Y. Agid, M. Ruberg, ]J.
Comp. Neurol. 426 (2000) 297-315.

[66] S.L. Sensi, H.Z. Yin, J.H. Weiss, Eur. J. Neurosci. 12 (2000) 3813-3818.

[67] M.V. Frantseva, P.L. Carlen, J.L. Perez Velazquez, Free Radic. Biol. Med. 31 (2001)
1216-1227.

[68] S.L. Mironov, D.W. Richter, ]. Physiol. 533 (2001) 227-236.

[69] M. Urushitani, T. Nakamizo, R. Inoue, H. Sawada, T. Kihara, K. Honda, A. Akaike, S.
Shimohama, J. Neurosci. Res. 63 (2001) 377-387.

[70] C.C.Alano, G. Beutner, R.T. Dirksen, R.A. Gross, S.S. Sheu, J. Neurochem. 80 (2002)
531-538.

[71] G. David, J. Talbot, E.F. Barrett, Cell Calcium 33 (2003) 197-206.

[72] 0. Kann, R. Kovacs, U. Heinemann, J. Neurophysiol. 90 (2003) 613-621.

[73] O.Kann, S. Schuchmann, K. Buchheim, U. Heinemann, Neuroscience 119 (2003)
87-100.

[74] TL. Limke, J.K. Otero-Montanez, W.D. Atchison, J. Pharmacol. Exp. Ther. 304
(2003) 949-958.

[75] L.Vila, E.E. Barrett, ].N. Barrett, . Physiol. 549 (2003) 719-728.

[76] R. Kovacs, ]J. Kardos, U. Heinemann, O. Kann, J. Neurosci. 25 (2005)
4260-42609.

[77] S.L. Mironov, M.V. Ivannikov, M. Johansson, J. Biol. Chem. 280 (2005) 715-721.

[78] A. Gonzalez, I. Schulz, A. Schmid, J. Biol. Chem. 275 (2000) 38680-38686.

[79] C. Camello-Almaraz, G.M. Salido, J.A. Pariente, PJ. Camello, Biochem. Pharmacol.
63 (2002) 283-292.

[80] PR.Johnson, A.V. Tepikin, G. Erdemli, Cell Calcium 32 (2002) 59-69.

[81] J.E. Kidd, M.F. Pilkington, M. Schell, K.E. Fogarty, ].N. Skepper, C.W. Taylor, P.
Thorn, J. Biol. Chem. 277 (2002) 6504-6510.

[82] S. Voronina, T. Sukhomlin, P.R. Johnson, G. Erdemli, O.H. Petersen, A. Tepikin,
J. Physiol. 539 (2002) 41-52.

[83] A. Gonzalez, M.P. Granados, G.M. Salido, J.A. Pariente, Cell Signal 15 (2003)
1039-1048.

[84] ].I Bruce, D.R. Giovannucci, G. Blinder, T.J. Shuttleworth, D.I. Yule, ]. Biol. Chem.
279 (2004) 12909-12917.



(85]
(86]
(87]
(88]
(89]
[90]
[91]
[92]
(93]
[94]

[95]

T. Pozzan, R. Rudolf / Biochimica et Biophysica Acta 1787 (2009) 1317-1323

G.A. Rutter, P. Burnett, R. Rizzuto, M. Brini, M. Murgia, T. Pozzan, ].M. Tavare, R.M.
Denton, Proc. Natl. Acad. Sci. U. S. A. 93 (1996) 5489-5494.

PJ. Del Nido, P. Glynn, P. Buenaventura, G. Salama, A.P. Koretsky, Am. J. Physiol.
274 (1998) H728-H741.

G.A. MacGowan, C. Du, V. Glonty, J.P. Suhan, A.P. Koretsky, D.L. Farkas, J. Biomed.
Opt. 6 (2001) 23-30.

C. Dy, Y. Pan, G.A. MacGowan, A.P. Koretsky, Cell Calcium. 35 (2004) 141-153.
D.R. Trollinger, W.E. Cascio, ].J. Lemasters, Biophys. ]. 79 (2000) 39-50.

0. Garaschuk, R.I. Milos, A. Konnerth, Nat. Protoc. 1 (2006) 380-386.

0. Garaschuk, R.I. Milos, C. Grienberger, N. Marandi, H. Adelsberger, A. Konnerth,
Pflugers Arch. 453 (2006) 385-396.

G. Blobel, B. Dobberstein, J. Cell Biol. 67 (1975) 852-862.

G. Blobel, B. Dobberstein, J. Cell Biol. 67 (1975) 835-851.

L. Filippin, M.C. Abad, S. Gastaldello, PJ. Magalhaes, D. Sandona, T. Pozzan, Cell
Calcium 37 (2005) 129-136.

0. Shimomura, EH. Johnson, Y. Saiga, J. Cell Comp. Physiol. 59 (1962) 223-239.

[96] J.G. Morin, J.W. Hastings, ]. Cell. Physiol. 77 (1971) 313-318.

[99]
[100]

[101]
[102]
[103]
[104]
[105]
[106]

[107]
[108]

[109]
[110]

[111]
[112]

[113]

[114]
[115]

[116]
[117]
[118]
[119]

[120]
[121]

[122]

0. Shimomura, J. Microsc. 217 (2005) 1-15.

E.B. Ridgway, C.C. Ashley, Biochem. Biophys. Res. Commun. 29 (1967) 229-234.
J.R. Blinks, F.G. Prendergast, D.G. Allen, Pharmacol. Rev. 28 (1976) 1-93.

D. Prasher, RO. McCann, M,J. Cormier, Biochem. Biophys. Res. Commun. 126
(1985) 1259-1268.

R. Rizzuto, A.W. Simpson, M. Brini, T. Pozzan, Nature 358 (1992) 325-327.

J.R. Martin, K.L. Rogers, C. Chagneau, P. Brulet, PLoS ONE 2 (2007) e275.

K.L. Rogers, S. Picaud, E. Roncali, R. Boisgard, C. Colasante, ]. Stinnakre, B. Tavitian,
P. Brulet, PLoS ONE 2 (2007) e974.

M. Brini, P. Pinton, T. Pozzan, R. Rizzuto, Microsc. Res. Tech. 46 (1999) 380-389.
0. Shimomura, F.H. Johnson, Nature 256 (1975) 236-238.

V. Baubet, H. Le Mouellic, A.K. Campbell, E. Lucas-Meunier, P. Fossier, P. Brulet,
Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 7260-7265.

T. Curie, K.L. Rogers, C. Colasante, P. Brulet, Mol. Imaging 6 (2007) 30-42.

CJ. Bell, N.A. Bright, G.A. Rutter, EJ. Griffiths, J. Biol. Chem. 281 (2006)
28058-28067.

D.C. Prasher, V.K. Eckenrode, W.W. Ward, F.G. Prendergast, M.J. Cormier, Gene 111
(1992) 229-233.

M. Chalfie, Y. Tu, G. Euskirchen, W.W. Ward, D.C. Prasher, Science 263 (1994)
802-805.

R. Rizzuto, M. Brini, P. Pizzo, M. Murgia, T. Pozzan, Curr. Biol. 5 (1995) 635-642.
J. Zhang, R.E. Campbell, A.Y. Ting, R.Y. Tsien, Nat. Rev. Mol. Cell Biol. 3 (2002)
906-918.

G.S. Baird, D.A. Zacharias, R.Y. Tsien, Proc. Natl. Acad. Sci. U. S. A. 96 (1999)
11241-11246.

G. Miesenbock, D.A. De Angelis, ].E. Rothman, Nature 394 (1998) 192-195.

M.E. Abad, G. Di Benedetto, PJ. Magalhaes, L. Filippin, T. Pozzan, J. Biol. Chem. 279
(2004) 11521-11529.

A. Miyawaki, J. Llopis, R. Heim, .M. McCaffery, J.A. Adams, M. Ikura, R.Y. Tsien,
Nature 388 (1997) 882-887.

A.E. Palmer, C. Jin, J.C. Reed, R.Y. Tsien, Proc. Natl. Acad. Sci. U. S. A. 101 (2004)
17404-17409.

M. Zaccolo, F. De Giorgi, C.Y. Cho, L. Feng, T. Knapp, P.A. Negulescu, S.S. Taylor, R.Y.
Tsien, T. Pozzan, Nat. Cell Biol. 2 (2000) 25-29.

V.0. Nikolaev, M. Bunemann, L. Hein, A. Hannawacker, MJ. Lohse, ]. Biol. Chem.
279 (2004) 37215-37218.

M. Sato, N. Hida, T. Ozawa, Y. Umezawa, Anal. Chem. 72 (2000) 5918-5924.

A. Honda, S.R. Adams, C.L. Sawyer, V. Lev-Ram, R.Y. Tsien, W.R. Dostmann, Proc.
Natl. Acad. Sci. U. S. A. 98 (2001) 2437-2442.

A.Y.Ting, KH. Kain, R.L. Klemke, R.Y. Tsien, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)
15003-15008.

[123] J. Zhang, Y. Ma, S.S. Taylor, R.Y. Tsien, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)

[124]
[125]

[126]
[127]

[128]
[129]

[130]
[131]

14997-15002.

K. Takemoto, T. Nagai, A. Miyawaki, M. Miura, J. Cell Biol. (2003).

A. Schleifenbaum, G. Stier, A. Gasch, M. Sattler, C. Schultz, J. Am. Chem. Soc. 126
(2004) 11786-11787.

V.A. Romoser, P.M. Hinkle, A. Persechini, ]. Biol. Chem. 272 (1997) 13270-13274.
T. Nagai, A. Sawano, E.S. Park, A. Miyawaki, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)
3197-3202.

J. Nakai, M. Ohkura, K. Imoto, Nat. Biotechnol. 19 (2001) 137-141.

R. Kerr, V. Lev-Ram, G. Baird, P. Vincent, R.Y. Tsien, W.R. Schafer, Neuron 26
(2000) 583-594.

S.I. Shyn, R. Kerr, W.R. Schafer, Curr. Biol. 13 (2003) 1910-1915.

H. Suzuki, R. Kerr, L. Bianchi, C. Frokjaer-Jensen, D. Slone, ]. Xue, B. Gerstbrein, M.
Driscoll, W.R. Schafer, Neuron 39 (2003) 1005-1017.

[132]
[133]

[134]
[135]

[136]
[137]
[138]
[139]
[140]
[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]

[149]
[150]

[151]
[152]
[153]
[154]
[155]
[156]
[157]

[158]
[159]
[160]

[161]

[162]
[163]

[164]
[165]
[166]
[167]
[168]
[169]
[170]
[171]
[172]

[173]

1323

L. Bianchi, B. Gerstbrein, C. Frokjaer-Jensen, D.C. Royal, G. Mukherjee, M.A. Royal,
J. Xue, W.R. Schafer, M. Driscoll, Nat. Neurosci. 7 (2004) 1337-1344.

M.A. Hilliard, AJ. Apicella, R. Kerr, H. Suzuki, P. Bazzicalupo, W.R. Schafer, EMBO ].
24 (2005) 63-72.

S. Faumont, S.R. Lockery, ]. Neurophysiol. 95 (2006) 1976-1981.

C. Frokjaer-Jensen, K.S. Kindt, RA. Kerr, H. Suzuki, K. Melnik-Martinez, B.
Gerstbreih, M. Driscol, W.R. Schafer, ]. Neurobiol. 66 (2006) 1125-1139.

R.A. Kerr, W.R. Schafer, Methods Mol. Biol. 351 (2006) 253-264.

D.A. Clark, C.V. Gabel, H. Gabel, A.D. Samuel, J. Neurosci. 27 (2007) 6083-6090.
R.S. Petralia, Y.X. Wang, N. Sans, PF. Worley, ].A. Hammer 3rd, R.J. Wenthold, Eur.
J. Neurosci. 13 (2001) 1722-1732.

A. Fiala, T. Spall, S. Diegelmann, B. Eisermann, S. Sachse, ].M. Devaud, E. Buchner,
C.G. Galizia, Curr. Biol. 12 (2002) 1877-1884.

D.F. Reiff, P.R. Thiel, C.M. Schuster, ]. Neurosci. 22 (2002) 9399-9409.

A. Fiala, T. Spall, Sci. STKE 2003 (2003) PL6.

T. Fukano, A. Miyawaki, Appl. Opt. 42 (2003) 4119-4124.

H. Kuromi, Y. Kidokoro, J. Neurocytol. 32 (2003) 551-565.

L. Liu, O. Yermolaieva, W.A. Johnson, EM. Abboud, M.J. Welsh, Nat. Neurosci. 6
(2003) 267-273.

D. Yu, G.S. Baird, R.Y. Tsien, R.L. Davis, J. Neurosci. 23 (2003) 64-72.

J. Burrone, Curr. Biol. 15 (2005) R876-878.

G. Guerrero, D.F. Reiff, G. Agarwal, RW. Ball, A. Borst, C.S. Goodman, E.Y. Isacoff,
Nat. Neurosci. 8 (2005) 1188-1196.

D.F. Reiff, A. Ihring, G. Guerrero, E.Y. Isacoff, M. Joesch, ]. Nakai, A. Borst, J.
Neurosci. 25 (2005) 4766-4778.

S. Gordon, M.H. Dickinson, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 4311-4315.
T. Hendel, M. Mank, B. Schnell, O. Griesbeck, A. Borst, D.F. Reiff, J. Neurosci. 28
(2008) 7399-7411.

S. Higashijima, M.A. Masino, G. Mandel, ].R. Fetcho, ]. Neurophysiol. 90 (2003)
3986-3997.

T. Nagai, S. Yamada, T. Tominaga, M. Ichikawa, A. Miyawaki, Proc. Natl. Acad. Sci.
U. S. A. 101 (2004) 10554-10559.

M.T. Hasan, R.W. Friedrich, T. Euler, M.E. Larkum, G. Giese, M. Both, J. Duebel, ].
Waters, H. Bujard, O. Griesbeck, R.Y. Tsien, T. Nagai, A. Miyawaki, W. Denk, PLoS
Biol. 2 (2004) e163.

R. Rudolf, M. Mongillo, PJ. Magalhaes, T. Pozzan, J. Cell Biol. 166 (2004) 527-536.
R. Rudolf, PJ. Magalhaes, T. Pozzan, ]. Cell Biol. 173 (2006) 187-193.

K. Truong, A. Sawano, H. Mizuno, H. Hama, K.I. Tong, T.K. Mal, A. Miyawaki, M.
Ikura, Nat. Struct. Biol. 8 (2001) 1069-1073.

A.E. Palmer, M. Giacomello, T. Kortemme, S.A. Hires, V. Lev-Ram, D. Baker, R.Y.
Tsien, Chem. Biol. 13 (2006) 521-530.

D.J. Wallace, S.M. Zum Alten Borgloh, S. Astori, Y. Yang, M. Bausen, S. Kugler, A.E.
Palmer, R.Y. Tsien, R. Sprengel, ]J.N. Kerr, W. Denk, M.T. Hasan, Nat. Methods. 5
(2008) 797-804.

M. Mank, A.F. Santos, S. Direnberger, T.D. Mrsic-Flogel, S.B. Hofer, V. Stein, T.
Hendel, D.F. Reiff, C. Levelt, A. Borst, T. Bonhoeffer, M. Hubener, O. Griesbeck, Nat.
Methods. 5 (2008) 508-811.

0. Garaschuk, O. Griesbeck, A. Konnerth, Cell Calcium 42 (2007) 351-361.

D.L. Qiu, W. Akemann, C.P. Chu, R. Araki, T. Knopfel, Neurosignals 16 (2008)
289-299.

F. Helmchen, M.S. Fee, D.W. Tank, W. Denk, Neuron 31 (2001) 903-912.

J. Huisken, J. Swoger, F. Del Bene, ]. Wittbrodt, E.H. Stelzer, Science 305 (2004)
1007-1009.

Y.A. Labas, N.G. Gurskaya, Y.G. Yanushevich, A.F. Fradkov, K.A. Lukyanov, S.A.
Lukyanov, M.V. Matz, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 4256-4261.

D.A. Shagin, E.V. Barsova, Y.G. Yanushevich, A.F. Fradkov, K.A. Lukyanov, Y.A.
Labas, T.N. Semenova, J.A. Ugalde, A. Meyers, ].M. Nunez, E.A. Widder, S.A.
Lukyanov, M.V. Matz, Mol. Biol. Evol. 21 (2004) 841-850.

J.A. Ugalde, B.S. Chang, M.V. Matz, Science 305 (2004) 1433.

M.V. Matz, A.F. Fradkov, Y.A. Labas, A.P. Savitsky, A.G. Zaraisky, M.L. Markelov, S.A.
Lukyanov, Nat. Biotechnol. 17 (1999) 969-973.

A'F. Fradkov, Y. Chen, L. Ding, E.V. Barsova, M.V. Matz, S.A. Lukyanov, FEBS Lett.
479 (2000) 127-130.

H. Mizuno, A. Sawano, P. Eli, H. Hama, A. Miyawaki, Biochemistry 40 (2001)
2502-2510.

R. Ando, H. Hama, M. Yamamoto-Hino, H. Mizuno, A. Miyawaki, Proc. Natl. Acad.
Sci. U. S. A. 99 (2002) 12651-12656.

S. Karasawa, T. Araki, T. Nagai, H. Mizuno, A. Miyawaki, Biochem. J. 381 (2004)
307-312.

T. Zimmermann, J. Rietdorf, A. Girod, V. Georget, R. Pepperkok, FEBS Lett. 531
(2002) 245-249.

A. Piljic, C. Schultz, ACS Chem. Biol. 3 (2008) 156-160.



	Measurements of mitochondrial calcium in vivo
	Functional roles of Ca2+ in mitochondria
	Limitations of in vitro approaches
	Mitochondrial membrane potential
	Space, time and amplitude
	Metabolic aspects and external cues

	In vivo measurements
	Chemical probes
	Genetically encoded probes
	Aequorin
	GFP-based Ca2+ sensors


	Future challenges
	Acknowledgements
	References




