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Introduction

The majority of extracellular signals, such as hormones, 
neurotransmitters and growth factors, cannot enter the 
cell freely and act by binding to plasma membrane recep-
tors that in turn propagate such signals intracellularly. 
The intracellular signalling depends either on the activa-
tion of a cascade of events initiated by the intrinsic enzy-
matic activity of the receptors (e.g., the tyrosine kinase 
activity of growth factor receptors) or through the genera-
tion of second messengers. In turn, the latter (e.g., cAMP, 
InsP3) can be synthesized by specific enzymes coupled to 
the receptors via G-proteins, or, in the case of Ca2+, they 
diffuse into the cytoplasm through selective ion chan-
nels. Second messengers are able to trigger and modulate 
a wide range of cellular functions such as proliferation, 
differentiation, contraction, migration, survival, apopto-
sis and gene transcription. As far as Ca2+ is concerned, 
such a broad spectrum of functions is ensured by a fine 
spatial and temporal regulation of its concentration. 
Indeed, cells are able to store Ca2+ in specific subcellular 
compartments, releasing it into the cytosol upon specific 
stimuli. The complex toolkit that ensures the tight con-
trol of Ca2+ concentration comprises a variety of chan-
nels, antiporters, pumps and Ca2+-binding proteins that 
are expressed differentially in the different cell compart-
ments and are subjected to specific regulation of activity 
and expression level. Because of the importance of Ca2+ 
in cell biology and pathology, many efforts have been 
made to develop tools to study the mechanisms of Ca2+ 
homeostasis and the dynamic changes in its intracellu-
lar concentration. Moreover, given the complex spatial 
nature of Ca2+ signals, the interest of many researchers 
in the field moved from [Ca2+] analysis in the cytoplasm 
as a whole to the subcellular level, i.e., inside organelles 
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or specific cytoplasmic subcompartments. In this contri-
bution, we briefly discuss the basic principles that led 
to the development of the intracellular Ca2+ indicators, 
focusing in particular on the tools that have allowed the 
measurement and the characterization of the role of Ca2+ 
in the mitochondrial matrix.

Ca2+ measurement in living cells

An adequate measurement of Ca2+ dynamics in living cells 
requires tools with sufficient sensitivity and spatio-tem-
poral accuracy. Indeed, [Ca2+] inside the cell can change 
quickly, depending from the cell’s state (at rest or stimu-
lated) and the specific subcellular compartment analysed. 
For example, cytoplasmic Ca2+ concentration, [Ca2+]c, 
can increase from ~100 nM (in basal conditions) to peaks 
of 1–3 μM, reached in just a few tens or hundreds of ms 
upon cell stimulation. Over the past decades, many classes 
of indicators, both chemical or protein based, have been 
developed and can be classified according to their phys-
icochemical characteristics and spectral changes occurring 
upon Ca2+ binding: single wavelength indicators change 
fluorescence intensity without shifting their excitation or 
emission wavelengths, while ratiometric indicators change 
their excitation and/or emission spectra. Single wavelength 
indicators are generally brighter and facilitate Ca2+ detec-
tion when more than one fluorophore is used. Ratiometric 
dyes can be calibrated very precisely and minimize the 
most common problems associated with synthetic indica-
tors, including heterogeneous dye loading, photobleaching, 
dye leakage and changes in focal plane [1].

Optical measurements of [Ca2+]c were performed ini-
tially using synthetic molecules that change their fluores-
cence or absorbance properties upon Ca2+ binding. Prob-
lems with these indicators included their modest Ca2+/
Mg2+ selectivity and the variable stoichiometry of cation/
dye complexes. The field of Ca2+ imaging moved a signifi-
cant step forward in the 1980s when R.Y. Tsien developed 
a new class of synthetic fluorescent Ca2+ indicators (among 
them quin2, Fura-2 and Indo-1), combining a fluorophore 
with the Ca2+ chelator EGTA [2]. Key to the success of 
these indicators was also the discovery of a simple method 
to load these indicators into living cells, thus avoiding the 
complex procedure of microinjection. The acetoxymethyl 
ester (AM) form of these chemical dyes is in fact hydro-
phobic and easily diffuses into living cells; once in the 
cytoplasm, the AM groups are rapidly hydrolysed by cel-
lular esterases, regenerating the water-soluble indicator 
within the cell and at the same time preventing its release 
back into the medium. The structural changes induced by 
Ca2+-binding lead to modifications in the spectral emission 
and/or excitation properties of the probes, thus allowing a 
rapid and reliable estimation of [Ca2+] variations. Over the 

years, many Ca2+ indicators were developed based on the 
same rationale, with different Ca2+ affinities and spectral 
properties, allowing intracellular Ca2+ detection in practi-
cally any cell type over a large range of concentrations 
(from <50 nM to >50 μM). High-affinity indicators are 
useful to quantify [Ca2+]c while lower affinity indicators 
can be in principle optimized for measuring Ca2+ within 
subcellular compartments with higher concentrations [1].

Genetically encoded Ca2+ indicators

The esterases that cleave the AM groups in the fluorescent 
probes mentioned above are primarily located in the cyto-
sol; accordingly, these indicators, with the only exception 
of Rhod-2, cannot be targeted to organelles with adequate 
selectivity. One way that has been proposed to overcome 
this limitation is to overexpress esterases in specific sub-
compartments of the cell [3]. This approach, although 
interesting, is still poorly exploited.

The most important breakthrough in the field of Ca2+ 
imaging at the subcellular level stemmed from the use of 
two proteins, aequorin (Aeq) and green fluorescent protein 
(GFP), opening the field of genetically encoded calcium 
indicators (GECIs). Specific targeting signals can be fused 
to the GECI sequence, achieving selective targeting of the 
transfected proteins to organelles or cytoplasmic domains. 
Moreover, GECIs can be placed under the control of tis-
sue-specific or inducible promoters, allowing spatial and 
temporal control of their expression. They are also suitable 
for in vivo measurement of Ca2+ dynamics in intact tissues 
as well as in whole organisms, since they can be delivered 
via transgenesis, viral injection or in utero electropora-
tion [4]. Different classes of GECIs have been created and 
specific parameters are usually evaluated to characterize 
each probe, in particular affinity and selectivity for Ca2+, 
dynamic range and kinetics for Ca2+ binding. Usually, the 
evaluation of these parameters is performed in vitro but, 
since these probes behave differently in subcellular com-
partments, it is now clear that an in vivo evaluation is also 
necessary to obtain reliable measurements of absolute Ca2+ 
concentrations. Moreover, the cited parameters must be 
carefully assessed to choose the appropriate probe for the 
designed experiment.

Below, we describe briefly the main characteristics of 
the two classes of GECIs now available, i.e., biolumines-
cent probes (based on Aeq) and fluorescent probes (based 
on GFP), focusing primarily on the GECIs targeted to 
mitochondria. Needless to say, GECIs targeted to practi-
cally all subcellular compartments are now available; sen-
sors of other dynamic parameters (pH, cyclic nucleotides, 
ATP, O2 radicals, etc.) have also been targeted to organelles 
using the principles originally invented for the mitochon-
drial Ca2+ sensors.
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Bioluminescence-based GECIs: aequorin

Aequorin (Aeq) was the first protein-based Ca2+ indicator 
used in biology. Aeq is a Ca2+-sensitive photoprotein pro-
duced by the jellyfish Aequorea victoria, with a hydropho-
bic core that binds the prosthetic group coelenterazine and 
three EF-hand motifs for Ca2+ binding. Upon Ca2+ bind-
ing, the covalent bond between the prosthetic group and the 
apoprotein is broken, coelenterazine is oxidized to celen-
teramide and released with the emission of one photon; 
this reaction is irreversible. Importantly, the rate of photon 
emission depends on the [Ca2+], thus allowing the conver-
sion of the speed of emitted light into [Ca2+] through a spe-
cific algorithm [5, 6].

The first organelle–targeted GECI was developed in 
1992, when the mitochondrial pre-sequence of subunit 
VIII of cytochrome c oxidase (COX) was fused to an HA1-
tagged native Aeq (mtAEQ) [7]. The paper demonstrated 
that agonist-stimulated elevations of cytosolic free Ca2+ 
evoke rapid and transient increases of intra mitochondrial 
[Ca2+], [Ca2+]m, which can be prevented by pretreatment 
with a mitochondrial uncoupler. MtAEQ was particularly 
important because it was the prototype of the now large 
family of selectively targeted probes and at the same time 
because it provided the first direct evidence of fast mito-
chondrial Ca2+ accumulation in living cells in response 
to a physiological stimulus (see below). Other mitochon-
drial Aeq-based GECIs were then produced: of particular 
relevance is the Aeq fused to glycerol phosphate dehydro-
genase, a protein of the inner mitochondrial membrane 
(IMM) with a large C-terminal tail protruding in the mito-
chondrial intermembrane space (IMS) [8]. This recombi-
nant aequorin (mimsAEQ), provided the first direct evi-
dence of the existence of high [Ca2+] microdomains near 
the regions of close contact between mitochondria and ER 
[8].

Other Aeq variants have been targeted to the nucleus, 
endoplasmic reticulum, sarcoplasmic reticulum, subplas-
malemmal space, Golgi apparatus, peroxisomes and secre-
tory vesicles (for a recent review, see [9]).

Among the advantages of using recombinant Aeqs, 
the following four aspects are noteworthy: first, their 
wide dynamic range (from 0.1 μM to the low millimolar 
level), obtained both by modification of the native Aeq and 
through the use of different coelenterazine derivatives. Sec-
ond, these probes have only a marginal interference with 
endogenous Ca2+ buffering proteins. Third, they show 
low sensitivity to pH. Finally, they exhibit a high signal-
to-noise ratio. The use of Aeqs also entails some disadvan-
tages, however, and among these we note the need to recon-
stitute the protein with coelentarazine, the low amount of 
light emitted by the photoprotein (making it difficult to use 

in single cells) and the irreversibility of the Ca2+ triggered 
reaction. Moreover, the photoluminescence measurements 
are difficult to calibrate in compartments (or in cell popula-
tions) with heterogeneous Ca2+ levels [6].

In the past years, other constructs containing Aeq have 
been generated, such as a dual reporter system compris-
ing of a GFP mutant fused to Aeq [10] and another (named 
GAP, GFP-aequorin protein) [11] resulting from the fusion 
of a GFP mutant with apoaequorin that exploits the Ca2+ 
binding to Aeq to induce changes in the excitation/emission 
properties of GFP.

GFP-based fluorescent GECIs

Fluorescent GECIs consist of a fluorescent protein (FP) 
fused to a Ca2+-binding domain in such a way that Ca2+ 
binding modifies the fluorescence properties of the FP. Two 
strategies have been developed to obtain these indicators: 
the first employs GECIs containing one fluorescent pro-
tein, where Ca2+ binding alters the chromophore environ-
ment, inducing a change in the intensity or the wavelength 
of the emitted fluorescence. The other takes advantage of 
Förster (or fluorescence) resonance energy transfer (FRET) 
changes that occur between two FPs in molecular con-
structs where the two proteins are linked through a Ca2+–
sensitive peptide.

Single fluorophore GECIs

The development of single fluorophore GECIs started with 
the discovery that GFP and its variants tolerate the inser-
tion of relatively long peptides at position 145 in their ami-
noacid sequence. When a Ca2+-binding peptide is inserted, 
the change in protein structure induced by the binding of 
the ion affects the protonation of the chromophore, chang-
ing its dissociation constant pKa, resulting in an increase 
or decrease of the chromophore fluorescence when exited 
at a given wavelength [12]. The most widely used Ca2+-
binding protein in these types of constructs is Calmodulin 
(CaM). In probes of the “Camgaroo” family, Ca2+ binding 
causes a shift of the absorbance peak of the FP. Mitochon-
drially targeted Camgaroos are available [13]. Other Ca2+ 
sensors targeted to the cytosol or the mitochondrial matrix 
have been obtained with analogous strategies, for example 
the “Pericam” family [14]. Of interest, one of these sensors 
was expressed in adult rabbit ventricular cardiomyocytes, 
using adenoviral infection, allowing Ca2+ measurements in 
intact perfused hearts [15].

A class of sensors that has become considerably popular 
in the past years was developed starting from the so-called 
“GCamP” [16]. Extensive structure-guided optimiza-
tion has been performed to improve the properties of this 
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sensor, giving birth to a class of probes with different spec-
tral properties and Ca2+ affinity, strong brightness, wide 
dynamic range and fast kinetics [17].

Finally, attempts have been made to increase the colour 
palette of single wavelength GECIs. Of particular interest 
are the red GECIs that employ a red isoform of GFP called 
RCamPs. One of these sensors, RCaMP1e has been tar-
geted to the mitochondrial matrix and expressed in cultures 
by infection with an AAV [18].

FRET‑based GECIs sensing Ca2+

In 1997, Tsien and co-workers [19] (and independently 
Persechini et al. [20]) generated the first class of ratiomet-
ric GFP-based Ca2+ sensors, named by Tsien “Cameleons”. 
The Cameleon structure consists of the two Ca2+-responsive 
elements CaM and CaM-binding domain of myosin light 
chain kinase M13 connecting two FPs. The working prin-
ciple of Cameleons is based on FRET changes: the direct 
transfer of energy from an excited donor FP (generally, a 
blue FP) to an acceptor FP (generally, a yellow FP). Ca2+ 
binding to CaM triggers a conformational change in the 
molecule, forcing the two FPs closer together: this results in 
an increased FRET efficiency that in turn leads to a decrease 
in the donor fluorescence intensity and an increase in the 
acceptor fluorescence intensity. It is thus possible to moni-
tor changes in [Ca2+] as changes in the ratio (R) between 
acceptor and donor fluorescence intensity.

In the past years, many improvements have been made 
to the original Cameleons: fluorophores have been replaced 
or modified to obtain decreased sensitivity to pH and Cl−, 
decreased photobleaching, variable Ca2+ affinity, improved 
dynamic range of FRET changes upon Ca2+ binding and 
reduced interference of the probe with endogenous calmod-
ulin targets [21–25]. Moreover, different organelle-targeted 
Cameleons have been generated, directing the probe to the 
nucleus, plasma membrane, peroxisomes and mitochondria 
[26], endoplasmic reticulum [27], as well as the cis-medial 
[28] and trans Golgi apparatus [29] compartments.

As far as mitochondria are concerned, the Cameleons 
mentioned above were selectively targeted to the mito-
chondrial matrix and thus revealed the Ca2+ level within 
the lumen of the organelles. A unique sensor targeted to the 
outer membrane of mitochondria (OMM) is also presently 
available [30], allowing the evaluation of the amplitude and 
dynamics of Ca2+ hotspots at the OMM generated by the 
release of Ca2+ from the ER or entering the cell through 
plasma membrane channels.

To overcome problems related to the use of CaM as a 
Ca2+ sensor in FRET-based GECIs (in particular to avoid 
the interaction with CaM-binding proteins) one strategy 
that has been attempted is the complete substitution of this 

Ca2+-binding domain. To this end, sensors structurally sim-
ilar to the Cameleons have been generated where the Ca2+-
sensitive peptide is chicken skeletal muscle troponin C, 
TnC (TN-L15) or human cardiac TnC (TN-humTnC) [26].

Beyond the reported advantages, the use of GECIs for 
Ca2+ imaging presents some drawbacks. The first and most 
obvious is the need of recombinant expression (by trans-
fection, viral infection or use of transgenic animals). For 
many cellular models these techniques are difficult to use 
and chemical indicators remain the first choice. In addi-
tion, GECIs, in general, have lower dynamic range and 
lower fluorescence intensity compared to chemical indica-
tors that are still preferred in experiments when signal-to-
noise is a critical aspect of the investigation. Moreover, giv-
ing the relatively low kinetics of most GECIs, rapid (ms) 
Ca2+ transients may be difficult to measure. Another flaw 
intrinsic in the structure of FPs is their pH sensitivity in the 
physiological range. In conclusion, in the near future we 
predict that the efforts of the specialists in the field will be 
focused on the increase of the dynamic range, the ameliora-
tion of the sensitivity and of the signal-to-noise ratio, the 
improvement of the kinetics and the reduction of the pH 
sensitivity of the FPs.

Role of mitochondria in Ca2+ homeostasis

In the previous paragraphs we have briefly described the 
main families of probes now available to monitor Ca2+ 
dynamics in living cells and the strategies to target them 
to different cellular compartments. We have focused our 
attention on probes targeted to mitochondria as these tools 
have led to some of the most important novel observations 
in the field of Ca2+ signalling. In the last section of this 
work, we will briefly summarize the state of the art in the 
field of mitochondria Ca2+ handling and future perspec-
tives, in particular applications in in vivo models.

The ability of mitochondria to take up Ca2+ from the 
medium was first documented more than 50 years ago 
[31–33]. These seminal studies revealed that isolated mito-
chondria can rapidly accumulate into their matrix massive 
amounts of Ca2+ in an energy-dependent process. A few 
years later, the chemiosmotic hypothesis [34] provided 
the thermodynamic basis for explaining this mechanism. 
Indeed, in respiring mitochondria supplemented with oxy-
gen and a carbon source, the proton pumping by the res-
piratory chain complexes from the matrix to the IMS gen-
erates an electrochemical H+ gradient across the IMM, 
comprising a concentration component (around 1 pH unit) 
and an electrical component, which is negative inside the 
matrix (about −180 mV). This electrical gradient is the 
driving force that permits the accumulation of Ca2+ into the 
matrix.
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Although the molecular identity of the mitochondrial 
Ca2+ uniporter (MCU) has been elucidated only very 
recently [35, 36], the idea that mitochondria exert an 
important role in the maintenance of cellular Ca2+ homeo-
stasis was a dominant, although debated, concept since the 
70s. The development of genetically encoded Ca2+ probes 
targeted to the mitochondrial matrix [7] helped to prove 
that, despite the apparent low affinity for Ca2+ of the uni-
porter, the location of mitochondria in very close proximity 
to the channels eliciting the release of Ca2+ from the endo-
plasmic reticulum (ER) [8, 37, 38] or the entry across the 
plasma membrane [30] allows the formation of transient 
microdomains of high [Ca2+] near the mouth of these chan-
nels, with a prompt Ca2+ accumulation into the matrix. In 
the past few years, other components of the channel have 
been discovered that are capable of modulating the chan-
nel activity, making MCU-complex one of the most sophis-
ticated ion channels described thus far (for an updated 
review, see [39].

The functional role of mitochondrial Ca2+ uptake is mul-
tifaceted. Three main functions have been reported: modu-
lation of ATP synthesis, cell death activation and buffering/
shaping of cytosolic Ca2+ rises. As far as ATP synthesis is 
concerned, a general consensus exists on the stimulatory 
role of mitochondrial Ca2+ uptake on the activity of three 
key dehydrogenases that feed electrons into the respiratory 
chain (i.e., pyruvate dehydrogenase, isocitrate dehydroge-
nase and α-ketoglutarate dehydrogenase), resulting ulti-
mately in increased ATP synthesis [40]. Recently, Foskett’s 
group reported that mitochondrial Ca2+ uptake, upon a con-
stitutive IP3-mediated Ca2+ release from the ER, inhibits 
pro-survival mitophagy, promotes efficient mitochondrial 
respiration and maintains cellular bioenergetics [41]. Along 
the same line, Di Benedetto et al. demonstrated that the rise 
in matrix Ca2+ results in an increase in intramitochondrial 
cAMP that results in activation of ATP synthesis [42]. On 
the other hand, mitochondrial Ca2+ overload can result in 
cell death (for a review, see [43]). Excessive Ca2+ uptake in 
fact collapses the proton gradient between the two sides of 
IMM, by activating a large conductance pore on the IMM 
named permeability transition pore, PTP, thus causing bio-
energetic impairment, release of proapoptotic factors, and 
eventually cell death. Physiological mitochondrial Ca2+ 
rises do not induce mitochondrial PTP opening per se, as 
demonstrated in a recent work by Pinton and colleagues 
using mitochondria targeted Aeq [44], but when concomi-
tant with pro-apoptotic stimuli, like ceramide, PTP open-
ing is facilitated by matrix Ca2+ increases (for a review, see 
[45]).

Finally, considering their buffering function, mitochon-
dria are able to actively buffer and shape both local and 
bulk cytosolic Ca2+ rises. In the first case, the sites are 
those in close contact with ER or plasma membrane [30], 

where Ca2+ microdomains are created near the mouth of 
Ca2+ channels. The second case is exemplified in pancre-
atic acinar cells, where active mitochondria surrounding 
the granule region prevent the spreading of IP3–evoked 
cytosolic Ca2+ signals from the apical region towards the 
basolateral part of the cell [46].

Mitochondrially targeted GECIs in vivo

As far as chemical dyes are concerned, Rhod-2 (the only 
example of a mitochondrially targeted dye) appears quite 
difficult for in vivo use. Indeed, Rhod-2 is a non-ratiomet-
ric indicator, thus offering no compensation for movement 
artefacts inherent to live tissues. Moreover, a general limi-
tation of chemical dyes is the difficulty to supply the dye to 
the tissue of interest.

On the contrary, GECIs can be delivered by standard 
approaches such as transgenesis, electroporation in situ 
and viral infection. Moreover, the use of ratiometric GECIs 
has the great advantage of avoiding movement artefacts. 
Despite these advantages, the examples of mitochondrially 
targeted GECIs in vivo are still scarce. Although mamma-
lian cells have ben the main focus of attention (see below), 
other eukaryotic cells have also been used. For example, 
in plants, mitochondria-targeted YFP-fused Aeq [47] and 
Cameleons have been reported [48, 49]. Mitochondrially 
targeted ratiometric pericam, camgaroo-2 and Cameleons 
[50, 51] have also been expressed in vivo in Drosophila 
motor nerve terminals. A transgenic zebrafish expressing 
the Cameleon 2mt8YC2.60 was created to Ca2+ waves in 
embryonic myocytes [52].

Transgenic mice were developed targeting GFP-apo-Aeq 
to the mitochondrial matrix, and coelenterazine was intro-
duced via injection into the tail vein [53]. Mitochondrial 
Ca2+ transients were then recorded in different conditions 
and whole body Ca2+ patterns recorded also in freely mov-
ing mice. Ca2+ uptake into mitochondria of mouse skeletal 
muscle during contraction was studied using Cameleon 
2mt-YC2, electroporated into hindlimb muscles [54]. Simi-
larly, mitochondrial Ca2+-handling in fast skeletal muscle 
fibres was evaluated employing 4mtD3cpv [55].

The few examples reported above, though scarce, show 
an ample variety of in vivo models, ranging from plants to 
invertebrates to mammals, and have contributed to a deeper 
understanding of Ca2+ dynamics in vivo. In the near future, 
taking advantage of newly developed in vivo delivery tech-
niques such as viral infection, it will be possible to expand 
the possibilities of in vivo GECIs applications, overcom-
ing the requirement of crossing multiple strains and other 
laborious tasks typical of the current protocols for in vivo 
expression. Most relevant, with these new probes it will be 
possible to investigate the role of mitochondrial Ca2+ han-
dling in vivo in animal models of human diseases.
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Conclusions

Many examples are available underlying how the develop-
ment of GECIs helped new advances in our understanding 
of cell pathophysiology in different fields, including endo-
crinology. For example, a milestone in our understanding 
of the role of mitochondria in cell physiology was obtained 
for the first time in chromaffin cells upon agonist stimula-
tion of catecholamine release [56]. Similarly, the role of 
Ca2+ microdomains in the spatial control of insulin secre-
tion in β-cells was dissected thanks to the development of a 
Ratiometric Pericam targeted to the plasma membrane [57]. 
In another work, Aequorin was targeted to OMM to unravel 
the role of high [Ca2+]c in the proximity of mitochondria 
in the stimulation of steroidogenesis of bovine adrenal glo-
merulosa cells [58]. Moreover, a transgenic mouse express-
ing Ratiometric Pericam selectively in gonadotropin-releas-
ing hormone (GnRH) neurons was generated, allowing 
real-time monitoring of [Ca2+] oscillations in brain slices 
[59]. These are only a few examples underlying the impor-
tance of studying intracellular Ca2+ dynamics and validat-
ing GECIs as useful probes, in particular for the evaluation 
of [Ca2+] in subcellular compartments. The ongoing efforts 
in developing new indicators and in ameliorating existing 
ones will further help increasing our knowledge in fields, 
like endocrinology, where Ca2+ fulfil a crucial role.

Furthermore, GECI-based approaches seem also to be the 
most promising for monitoring mitochondrial Ca2+ in live 
animals. Indeed, some examples are now available for in vivo 
Ca2+ measurements mainly with cytosolic probes, since they 
are better characterized and in general are easier to handle. 
On the contrary, organelle-targeted GECIs require a profound 
knowledge of both the sensor and the targeted organelle, 
since probes can be profoundly affected by the environmental 
conditions of each specific subcellular compartment.

A vast number of mitochondrial targeted GECI are now 
available with different Ca2+ affinities and require different 
microscope set-ups. Further improvements in instrumenta-
tion and the features of GECIs should be obtained to fully 
exploit these tools for in vivo. In the past years, a growing 
colour palette of FPs has been developed, and many efforts 
have been made to red-shift the excitation wavelength of 
the indicators, reducing phototoxicity, background fluo-
rescence and facilitating deep imaging into the tissues. 
Moreover, an interesting challenge is the combination of 
differently coloured GECIs targeted to distinct organelles, 
to unravel the interconnection of Ca2+ signalling across dif-
ferent organelles, both in physiological and pathological 
animal models.
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