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Summary 

 
We analysed the role of inositol 1,4,5 trisphosphate (IP3) induced Ca2+ release from the 

endoplasmic reticulum (ER) i) in powering mitochondrial Ca2+ uptake and ii) in maintaining a 

sustained elevation of cytosolic Ca2+ concentration ([Ca2+]c). For this purpose, we expressed in 

HeLa cells aequorin-based Ca2+ sensitive probes targeted to different intracellular compartments, 

and studied the effect of two agonists: histamine, acting on endogenous H1 receptors, and 

glutamate, acting on co-transfected metabotropic glutamate receptor (mGluR1a), which rapidly 

inactivates through protein kinase C (PKC) dependent phosphorylation and thus causes transient 

IP3 production. Glutamate induced a transient [Ca2+]c rise and drop in ER lumenal [Ca2+] 

([Ca2+]er),  then the ER refilled with [Ca2+]c at resting values. With histamine, [Ca2+]c after the 

initial peak stabilized at a sustained plateau and [Ca2+]er decreased to a low steady-state value. In 

mitochondria, histamine evoked a much larger mitochondrial Ca2+ response than glutamate (~15 

µM vs ~65 µM). PKC inhibition, partly relieving mGluR1a desensitisation, re-established both 

the [Ca2+]c plateau and the sustained ER Ca2+ release, and markedly increased the mitochondrial 

Ca2+ response. Conversely, mitochondrial Ca2+ uptake evoked by histamine was drastically 

reduced by very transient (~2s) agonist applications. These data indicate that efficient 

mitochondrial Ca2+ uptake depends on the preservation of high Ca2+ microdomains at the mouth 

of ER Ca2+ release sites close to mitochondria. This in turn depends on continuous Ca2+ release 

balanced by Ca2+ reuptake into the ER and maintained by Ca2+ influx from the extracellular 

space. 
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Introduction 

 

Calcium mobilizing agonists induce a rise in cytosolic Ca2+ concentration ([Ca2+]c)1 with 

a defined spatio-temporal pattern. In most cases, the [Ca2+]c rise is composed of an initial peak, 

followed by repetitive [Ca2+]c spiking or a sustained [Ca2+]c elevation (for review see (1)). While 

the former is mostly contributed by the release of Ca2+ from intracellular stores (the ER and 

Golgi apparatus), the latter is sustained by Ca2+ entry from the extracellular space, which may be 

directly receptor activated or controlled by the filling state of the intracellular stores (store 

operated Ca2+ influx (SOC) for review see (2,3)). Indeed, removal of Ca2+ from the extracellular 

medium abolishes the sustained plateau phase, but not the initial Ca2+ release. However, the 

necessity of a continuous influx from the extracellular medium for maintaining a prolonged Ca2+ 

rise does not imply that Ca2+ directly diffuses through the cytosol to the intracellular targets. 

Rather, Ca2+ entry could serve the purpose of filling ER cisternae in proximity of the plasma 

membrane, Ca2+ diffusion through the ER would then provide the driving force for continuous 

Ca2+ release in different cytosolic domains, including ER/mitochondria contact sites. Two recent 

observations support this scenario. First, examples of intracellular Ca2+ handling in different cell 

types show that influx-dependent ER refilling from the sub-plasmamembrane space, followed by 

rapid diffusion of Ca2+ in the ER lumen, and IP3-dependent Ca2+ release at distant sites may 

represent a general paradigm that allows the maintenance of sustained [Ca2+] rises in the cell 

body (4,5)(for review see (6,7)). Second, some cytosolic effectors appear to ‘sense’ very 

efficiently the release of stored Ca2+, of which an excellent example is provided by mitochondria. 

Work from numerous laboratories has demonstrated that when a Ca2+ signal is elicited in the 

cytosol by the stimulation with IP3-generating agonists, the cytosolic rise is always paralled by 

Ca2+ uptake into the mitochondrial matrix (for reviews see (8,9)). A major increase in the 

mitochondrial matrix Ca2+ concentration ([Ca2+]m) is thus observed (ranging from 5 µM in 
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neuronal cells to 500 µM in chromaffin cells), that appears in contrast with the low affinity of the 

mitochondrial uptake mechanisms (the electrogenic uniporter of the inner membrane). The steep 

dependence of the mitochondrial Ca2+ uptake machinery on the extramitochondrial [Ca2+] has 

been well studied in isolated mitochondria (for reviews see (10,11)) and intact or digitonin 

permeabilized cells (12-14). According to these studies, in order to obtain the [Ca2+]m values 

observed in intact cells (e.g. 10-100 µM in HeLa cells (15,16)) supramicromolar [Ca2+] should be 

generated at the mitochondrial Ca2+ uptake sites. The apparent discrepancy was reconciled by the 

concept that high [Ca2+] microdomains generated at mouth of IP3Rs during its activation are 

sensed by neighbouring mitochondria (17), that are thus exposed to [Ca2+] that allow efficient 

Ca2+ uptake. Finally,  the diffusion of Ca2+ through the outer mitochondrial membrane creates a 

lag time between the initial [Ca2+]c and [Ca2+]m rises  into mitochondria (14,18,19). Thus, the 

properties of mitochondrial Ca2+ accumulation suggest that these organelles may represent the 

prototype of a cytosolic effector, that requires sustained release of Ca2+ from the ER (and thus 

maintanance of a high [Ca2+] microdomain at ER/mitochondria contacts) to be actively recruited 

in the calcium signalling pathway.  

To investigate the relationship between the kinetics of ER Ca2+ release and mitochondrial 

Ca2+ accumulation, we carried out a study in the epithelial cell line HeLa, utilizing organelle-

specific probes and agonists that induce different ER Ca2+ release patterns. These cells 

endogenously express the H1 G-protein coupled receptor (GPCR) coupled to phospholipase C  

activation and consequent continuous IP3 production without detectable desensitisation (20). 

Thus, histamine generates a typical biphasic cytosolic Ca2+ signal with sustained [Ca2+]c elevation 

and parallel emptying of the ER until the agonist is present (21). Activation of SOC following ER 

emptying has been also shown after histamine stimulation (22,23). In contrast to the H1 receptor, 

the group I (Ca2+ mobilizing) metabotropic glutamate receptors, such as mGluR1 or mGluR5, 
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undergo receptor desensitisation in the continuous presence of glutamate (for review see (24)). In 

several cell types expressing either endogenous or recombinant mGluRs, the desensitisation of 

these receptors was shown to be mediated by PKC (25). Feedback inhibition of the receptor by 

PKC phosphorylation results in inhibition of phosphoinositide hydrolysis, thus application of 

glutamate induces only a transient IP3 production (26). In the present study, we have taken 

advantage of the different properties of H1 and mGluR1a receptors regarding the kinetics of IP3 

production for analyzing the role of IP3 induced Ca2+ release in generating a sustained cytosolic 

Ca2+ response and its efficacy in inducing mitochondrial Ca2+ uptake. 
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EXPERIMENTAL PROCEDURES  

 

Cell culture and transfection– HeLa cells were cultured in DMEM supplemented with 

10% FCS, in 75 cm2 Falcon flasks. For aequorin measurements, cells were seeded onto 13 mm 

glass coverslips and were cotransfected with 3 µg mGluR1a/pcDM8 (27) and 2 µg 

cytAEQ/VR102 or erAEQmut/VR102 or mtAEQmut/VR1012, as previously described (28). 

Transient transfection was carried out using the Ca2+-phosphate precipitation technique. 

Luminescence analyses were carried out 36-48 hours after transfection. 

Aequorin measurements– In the case of cytAEQ or mtAEQmut expressing cells the 

coverslips with the cells were incubated with 5 µM wild type coelenterazine for 2 h in KRB 

(Krebs-Ringer modified Buffer: 135 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0.4 mM K2HPO4, 1 

mM CaCl2, 5.5 mM glucose, 20 mM HEPES, pH=7.4) at 37°C, and then transferred to the 

perfusion chamber. In erAEQmut expressing cells the luminal [Ca2+] of the ER was reduced 

during aequorin reconstitution by incubating the cells for 1 h at 4οC in KRB supplemented with 5 

µM coelenterazine n, the Ca2+ ionophore ionomycin (5 µM) and 600 µM EGTA. After this 

incubation, cells were extensively washed with KRB w/o CaCl2, supplemented with 2% bovine 

serum albumin and 1 mM EGTA. The ER Ca2+ store was refilled at the beginning of the 

experiments by perfusing the cells with KRB supplemented with 1 mM CaCl2. 

All aequorin measurements were carried out in KRB containing either 1 mM CaCl2 

(KRB/Ca2+) or 100 µM EGTA (KRB/EGTA). Histamine (100 µM) or glutamate (100 µM) were 

added to the same medium. The aequorin experiments were terminated by lysing the cells with 

100 µM digitonine in a hypotonic Ca2+-rich solution (10 mM CaCl2 in H2O), thus discharging the 

remaining aequorin pool. The light signal was collected in a purpose-built luminometer and 

calibrated into [Ca2+] values as previously described (28).  Chemicals and reagents were from 
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Sigma-Aldrich (Milan, Italy) or from Merck (Darmstadt, Germany) except for coelenterazine and 

coelenterazine n, which was from Molecular Probes (Eugene, Oregon, USA). Statistical data are 

presented as mean ± S.E.M. 

Imaging measurement of cytosolic [Ca2+] – To monitor [Ca2+] in the cytosol,  mGluR1a 

transfected HeLa cells were placed on 24 mm coverslips, and loaded with 2 µM fura-2/AM in 

KRB/Ca2+ for 30 min at 37°C. Cells were then washed in the same solution and [Ca2+]c changes 

were determined using a high-speed, wide-field digital imaging microscope. A Zeiss Axiovert 

200 inverted microscope was used with a 40x objective. Fura-2 was excited at 340 and 380 nm 

using a random access monochromator (Photon Technology International, NJ, USA). Images 

were acquired by a Micromax 1300YHS camera (Princeton Instruments, AZ, USA) using 4X 

binning in both the horizontal and vertical direction. Measurements were carried out at room 

temperature. Images were analyzed using the MetaFluor software (Universal Imaging 

Corporation, PA, USA). 
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RESULTS 

 

Mitochondrial Ca2+ uptake depends on the duration of ER Ca2+ release – The startpoint 

of this work was to determine the correlation between the kinetics of the changes in cytosolic and 

mitochondrial Ca2+ concentration ([Ca2+]c and [Ca2+]m, respectively) evoked in HeLa cells by the 

stimulation with a Ca2+ mobilizing, IP3-coupled agonist. For this purpose, HeLa cells were 

transfected with the appropriate targeted aequorin chimera (cytAEQ and mtAEQmut, respectively 

(28)). 36-48 hours after transfection, functional aequorin was reconstituted by adding the 

prosthetic group. The coverslip with the cells was then transferred to the luminometer chamber, 

and challenged with the agonist histamine. Light emission was collected and calibrated into 

[Ca2+] values, as described in the ‘Experimental procedures’ section and references therein.  

HeLa cells endogenously express the H1 GPCR, the stimulation of which leads to sustained IP3 

production. The results (Fig. 1) showed that agonist stimulation (100 µM histamine) evoked a 

cytosolic Ca2+ peak (2.5 µM), followed by a plateau phase (Fig. 1A). The cytosolic response was 

followed by an efficient mitochondrial Ca2+ uptake, reaching a peak level of ∼70 µM (Fig 1B). 

When the kinetics were compared, it was apparent that [Ca2+]c peaked approx. 4s after histamine 

addition, i.e. when the [Ca2+]m rise was at <50% of the peak, and then rapidly declined toward a 

sustained plateau that was maintained throughout agonist stimulation. The [Ca2+]m peak was 

reached when, through the activity of the SERCA and PMCA pumps, [Ca2+]c was rapidly 

declining. As shown on Fig. 1C and 1D, mitochondrial Ca2+ uptake depended almost entirely on 

Ca2+ release from internal stores, since stimulation of cells in Ca2+ free extracellular medium led 

to the same mitochondrial Ca2+ uptake (64 ± 2.7 µM, n=5 vs. 66 ± 4.8 µM, n=35 in control).  We 

thus concluded that  mitochondrial Ca2+ uptake depends on sustained release of Ca2+ from the 

ER. 
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To test this possibility, we stimulated HeLa cells through a GPCR that rapidly undergoes 

PKC-dependent inactivation, and thus causes a transient production of IP3 and Ca2+ release from 

the ER. The receptor employed was mGluR1a (27), that was co-transfected with the targeted 

aequorin probes. Fig. 2 shows the functional properties of the transfected mGluR1a receptor. 

First we analyzed the kinetics of Ca2+ release from the ER evoked by histamine and glutamate in 

parallel batches of mGluR1a-expressing cells, cotransfected with erAEQmut (28) (Fig. 2A). The 

data obtained highlight the fundamental difference between the two agonist responses:  (i) 

stimulation of the endogenous histamine receptor caused a rapid initial [Ca2+]er drop  followed by 

a continuous and slower decrease reaching, approx. 2 minutes after the start of agonist 

stimulation, a low [Ca2+]er steady-state value of ∼50 µM,  (ii) in the case of glutamate the initial 

rapid [Ca2+]er decrease was followed by the refilling of the Ca2+ store, that was almost complete 

in about 2 minutes even in the continuous presence of glutamate.  

Next, we applied another approach to explore the relationship between the stores 

controlled by the two agonists. We perfused cells co-transfected with cytAEQ and mGluR1a with 

a Ca2+-free solution (KRB/EGTA, i.e. KRB supplemented with 100 µM EGTA instead of 1 mM 

CaCl2), in order to prevent refilling of the stores, and we applied repetitive histamine pulses, in 

order to deplete its intracellular Ca2+ store, and then glutamate. It is apperent, as shown on Fig. 

2C, that glutamate evoked substantially lower further release of Ca2+, compared to that observed 

when glutamate was applied as first stimulus (see Fig. 2B). The reverse protocol, i.e. applying 

histamine after depleting the glutamate releasable pool, showed similar results (Fig. 2B). These 

experiments demonstrated that most of the glutamate and histamine releasable pools are 

overlapping, thus the different kinetic behaviour of the Ca2+ signal evoked by the two agonists 

cannot be ascribed to the use of separate intracellular stores. 
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We thus analyzed the amplitude and kinetics of [Ca2+]m and [Ca2+]c rises evoked by 

glutamate stimulation. Two major differences with the histamine responses are apparent. The first 

relates to the [Ca2+]c rise. After the initial peak, which depends on the transient [Ca2+]er decrease, 

and is comparable in the two cases (2.1 ± 0.1 µM for histamine vs 1.75 ± 0.1 µM for glutamate 

n=18), there is no sustained plateau in case of glutamate stimulation, i.e. [Ca2+]c returns to the 

basal values in ~ 30s in the continuous presence of the agonist (Fig. 3A). The difference in 

[Ca2+]m response was even more dramatic, the peak rise evoked by glutamate stimulation was 

drastically reduced (16.5 ± 1.8 µM, n=28 vs. 66 ± 4.8 µM, n=35 of the histamine challenge) (Fig. 

3B). Moreover the difference of the time to peak of [Ca2+]c and [Ca2+]m responses in this case was 

reduced (4.1 s for histamine vs 2.4 s for glutamate). In order to show that the same Ca2+ pools 

were used by both agonist to feed mitochondrial Ca2+ uptake, we applied histamine after 30 s of 

glutamate induced Ca2+ release, before refilling of the ER (see Fig. 2A). In this case the histamine 

induced mitochondrial Ca2+ uptake was markedly reduced (23 ± 4.5 µM, n=5, Fig. 4A). 

Apparently, further depletion of the ER Ca2+ pool by histamine is responsible  the remaining 

[Ca2+]m increase after glutamate stimulation as measured by erAEQmut (Fig. 4B). 

The kinetics of initial Ca2+ release induced by glutamate and histamine are identical – 

We thus investigated the various possible reasons for the drastic reduction of the [Ca2+]m rise in 

the glutamate response. The first possibility is that the kinetics of Ca2+ release from the ER is 

faster in histamine stimulated cells, an effect that could be overlooked by the aequorin 

measurements. Indeed, given that the high rate of mitochondrial Ca2+ uptake depends on the 

exposure of Ca2+ microdomains generated at the mouth of IP3Rs one would envision that a faster 

release through the IP3Rs would have a direct impact on mitochondrial Ca2+ accumulation. We 

thus evaluated the kinetics of the upstroke of [Ca2+]c by fast digital imaging in fura-2 loaded 

HeLa cells expressing mGluR1a. As shown on Fig. 5, the kinetics of [Ca2+]c elevation evoked by 
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the two agonist appeared to be identical as analyzed by a time resolution of 200 ms (T½ = 753 ± 

47 ms for histamine, T½ = 712 ± 86 ms for glutamate, n=12). Thus, the differences in 

mitochondrial Ca2+ uptake does not originate from differences in the velocity of the initial Ca2+ 

release. This conclusion is compatible with the preceding observations in cell populations 

transfected with the cytosolic and mitochondrial targeted aequorin probes (see above), where the 

mitochondrial Ca2+ uptake rate was slower than the cytosolic rise, and the mitochondrial uptake 

continued even after the cytosolic peak (see Fig. 1). 

Alteration of the duration of ER Ca2+ release modifies mitochondrial Ca2+ uptake – To 

further test the hypothesis that the [Ca2+]m rise depends on a sustained release of Ca2+ from the 

ER, we decided to modify the kinetics of the cytosolic responses induced by the two agonists. As 

to glutamate, we applied the PKC inhibitor staurosporine, which was shown to prevent mGluR1a 

phosphorylation and to reduce the consequent receptor desensitisation, ensuring sustained IP3 

production during glutamate stimulation. Preincubation of the cells with 400 nM staurosporine 

reversed the kinetics of both the ER and cytosolic Ca2+ signal: glutamate stimulation caused 

continuous Ca2+ release from the ER (Fig. 6B), similarly to the Ca2+ signal observed during 

histamine stimulation. As to [Ca2+]c, no difference was observed in the peak, but the [Ca2+]c 

decrease after the peak was significantly slower, and a sustained plateau (maintained throughout 

agonist stimulation) was reached (Fig. 6A). We have to note that staurosporine addition does not 

prevent mGluR1a desensitization completely (24), as indicated by the slower kinetics of 

continuous ER Ca2+ release and the lower sustained [Ca2+]c (see for comparison the sustained 

plateau following histamine stimulation, Fig. 1A). But still, importantly, converting the glutamate 

induced transient Ca2+ release into a more continuous response by staurosporine application, the 

[Ca2+]m peak was markedly increased (25.6 ± 2.9 µM, compared to 16.5 ± 1.8 µM of cells not 

treated with staurosporin, n=28) (Fig. 6C). 
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The opposite experiment was also performed, i.e. the histamine -evoked release was made 

more transient, by reducing the duration of the agonist challenge to 2 seconds (Fig. 7). Under 

those conditions, the peak [Ca2+]c response was marginally reduced (2.27 ± 0.1 µM vs. 2.45 ± 0.1 

µM, of cells receiving a 2 min histamine challenge, n=16 for both groups, Fig. 7A), but [Ca2+]c 

rapidly returned to basal values, with disappearance of the sustained [Ca2+]c plateau. Importantly, 

using the same protocol for [Ca2+]m measurements, matching with the reduction of Ca2+ release 

time, the [Ca2+]m peak was substantially reduced (Fig. 7B, from 66 ± 4.8 µM, n=35 for 2 min 

stimulation to 29.1±2.9 µM, n=16 for 2 second stimulation) and [Ca2+]m reached its peak earlier 

(9.6 ± 0.29 s control vs 4.5 ± 0.35 s for 2 s stimulation, Fig. 7B). 

Continuous Ca2+ release from the intracellular Ca2+ stores is balanced by SOC and Ca2+ 

recycling by SERCA – We thus concluded that prolonged release of Ca2+ from the ER is 

necessary to achieve maximal mitochondrial responses. But how can this release, and the ensuing 

microdomains at ER/mitochondria contacts, be maintained, given that PMCA efficiently reduces 

[Ca2+]c by extruding Ca2+ in the extracellular space? To this end, it is necessary that ER is 

continuously refilled by Ca2+ entry, and redistributes Ca2+ to the release sites, in keeping with the 

pathway of Ca2+ studied in depth in pancreatic acinar cells (29,30). In other words, the steady-

state phase of agonist stimulated Ca2+ release from the ER, which is necessary for transferring the 

Ca2+ signal to mitochondria and other cytosolic effectors, must be sustained by the process of 

Ca2+ entry through the plasma membrane. 

Thus, in the next set of experiments we analysed the contribution of SOC to the 

generation of the sustained Ca2+ signal. For this purpose we released Ca2+ from the intracellular 

pools by applying either histamine (Fig. 8A) or glutamate (Fig. 8B) in KRB/EGTA to cells 

transfected with cytAEQ and mGluR1a. Then we evoked Ca2+ influx by changing the perfusion 

medium from KRB/EGTA to KRB/Ca2+ (in the continuous presence of the agonist). Ca2+ release 
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from intracellular Ca2+ stores produced a transient peak upon stimulation with both agonists, 

which returned to the baseline, showing that the presence of extracellular Ca2+ is essential to 

achieve sustained Ca2+ signal. Furthermore, depletion of the stores by histamine activated SOC, 

as observed from the increase of [Ca2+]c after readdition of external Ca2+ (see Fig. 8A). In 

contrast, Ca2+ reintroduction into KRB caused only a slight elevation in the presence of 

glutamate, probably due to smaller depletion of the stores caused by the transient IP3 production. 

However, glutamate, after staurosporine preincubation, was able to activate SOC, since Ca2+ 

readdition caused a [Ca2+]c elevation comparable to that of caused by histamine (see Fig. 8B). 

Thus, according to these data, we confirmed that both Ca2+ influx and continuous IP3 production 

are necessary for maintaining the cytosolic Ca2+ signal. 

Then we tested the effect of Cd2+, a blocker of Ca2+ entry pathways of the plasma 

membrane, including store-operated channels, on [Ca2+]er at different stages of cell stimulation 

(Fig. 9). As expected, if Cd2+ is added after the stimulation with histamine, i.e. when no Ca2+ 

release occurs and the ER is actively reaccumulating Ca2+, the process of refilling is blocked and 

a [Ca2+]er steady state lower than in unstimulated cells is reached. Conversely, if Cd2+ is added in 

the presence of the agonist, i.e. when the ER is largely depleted and a steady state [Ca2+]er value 

of ∼50 µM is maintained, a rapid, further emptying of the ER is observed, leading to almost 

complete emptying of the ER. Thus, importantly, an equilibrium between refilling and Ca2+ 

release through IP3Rs is maintained throughout the process of agonist stimulation. 

If this is the case, one would expect that both blocking Ca2+ release through IP3Rs or the 

process of ER refilling though store-operated channels should be equally effective in reducing the 

sustained [Ca2+]c rise observed during agonist stimulation. Moreover, the termination of the 

[Ca2+]c signal in the former way should be more rapid, while the effect of Ca2+ entry blockade 

should occur only after the ER is depleted of the remaining Ca2+. This was directly investigated 
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in the experiment of Fig. 10, where we compared the kinetics of terminating the sustained 

cytosolic signal after histamine stimulation with two experimental protocols. In the first, we 

applied Cd2+ to block Ca2+ influx still in the presence of histamine and IP3 induced Ca2+  release. 

In the second, we washed out histamine rapidly in order to terminate IP3 production, i.e. to stop 

Ca2+ release. As shown on Fig. 9A, the half decay time of the cytosolic Ca2+ signal was about two 

times longer during blockade of influx by 1mM Cd2+ (T1/2 = 15.4 ± 0.98 s, n=12) than in the case 

of histamine washout (T1/2 = 8.5 ± 0.49 s, n=11, p<0.01). These results show that Ca2+ release 

from the internal stores has the major role in the generation of [Ca2+]c elevation, while the Ca2+ 

entry maintains the state of filling of the Ca2+ store, thus counteracting the forces of Ca2+ 

extrusion by PMCA.  

Finally, we compared [Ca2+]c changes during ER refilling in the presence and in the 

absence of IP3. As shown in Fig. 11A, after emptying the intracellular Ca2+ pools by 100 µM  

histamine in the absence of extracellular Ca2+, Ca2+ readdition to the medium exerted a 

significant [Ca2+]c increase only if histamine, i.e. IP3 was present. If histamine was washed out 

30s before Ca2+ readdition, refilling of the Ca2+ stores was accompanied by only a small [Ca2+]c 

elevation. The efficiency of refilling in this case was demonstrated by a second application of 

histamine, which elicited a Ca2+ release comparable to the one exerted by the first stimulation 

(Fig. 11A, filled circles). Furthermore, prolonged histamine stimulation and IP3 induced release 

caused further depletion of the Ca2+ stores still after Ca2+ readdition and following robust Ca2+ 

influx. This is illustrated by the small amount of releasable Ca2+ remaining in the pools even after 

20s washout of histamine before its reapplication (Fig. 11A, open circles). Similarly, readdition 

of 1 mM extracellular Ca2+ after depleting the Ca2+ stores by the reversible SERCA inhibitor 2,5-

di-(tert-butyl)-1,4-benzohydroquinone (tBHQ, 10 µM), led to efficient store refilling without 

significant [Ca2+]c elevation (Fig. 11B filled circles). In contrast, in the continuous presence of 
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tBHQ Ca2+ influx was conveyed to the cytosol, as shown by the vast [Ca2+]c elevation following 

Ca2+ readdition (Fig. 11B open circles).  

These data clearly indicate that Ca2+, after entering the cells is taken up robustly by the 

ER without significantly elevating [Ca2+]c, and then Ca2+ is distributed by the ER to the entire 

cytosolic space. In this way SOC is not directly responsible for the generation of the sustained 

cytosolic Ca2+ signal, nevertheless it is necessary for its maintenance, by ensuring the continuous 

refilling of the internal Ca2+ stores. Furthermore, Ca2+ cycling at the vicinity of Ca2+ release sites 

maintains an equilibrium on both sides of the ER membrane i.e. the steady state in the [Ca2+]er 

and the sustained phase of the [Ca2+]c elevation, thus ER plays an important role as a 

redistribution pathway between plasmamembrane Ca2+ entry and other intracellular organelles, 

such as the mitochondria. 
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DISCUSSION 

 

In the past years, much information has been acquired on how specific spatio-temporal 

patterns of Ca2+ signalling can control different cell functions (or deleterious effects in 

pathological conditions). In particular, attention has been drawn to the properties and functional 

significance of local gradients (microdomains) and thus to the importance of the source and 

intracellular route of the [Ca2+] rise. Subplasmalemmal high [Ca2+] microdomains appear to 

regulate the activity of plasma membrane (PM) ion channels (such as voltage dependent Ca2+ and 

Na+ channels, Ca2+ activated  K+ channels and SOC), polarity and excitability of the PM (neurons, 

smooth muscle), secretory responses and neurotransmitter release. Ca2+ entry, by means of 

voltage, ligand or store operated channels, in most of the cases is necessary and sufficient to 

generate such high [Ca2+] microdomain below the PM, also for longer periods of cell stimulation. 

Conversely, other long-term processes regulated by sustained Ca2+ signals take place deeper in 

the cell interior. Among them, a well-known example is the regulation of mitochondrial enzymes 

involved in ATP production or steroid synthesis, where Ca2+ taken up from microdomains 

generated at the mouth of ER Ca2+ release channels plays a fundamental role (15,31). A transient 

[Ca2+]m peak was shown to exert long term effect at the level of ATP synthesis (32), and 

continuous mitochondrial [Ca2+] elevation, even at relatively lower extramitochondrial Ca2+ 

levels was shown to increase the activity of dehydrogenases of the Krebs cycle (13,33,34), thus 

elevating the NADH level and the activity of the electron transport chain. At the same time, Ca2+ 

uptake by mitochondria has been shown to be involved in a radically different process, i.e. the 

release of pro-apoptotic factors and thus the induction of cell death (35).  

Mitochondria have thus recently emerged as key decoders of calcium signals, and the 

mechanism and timing of their recruitment control key decisions in cell life and death.  In this 
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contribution, we have analyzed the correlation between the kinetics of [Ca2+]c increase, and its 

different components, and the [Ca2+]m rises occurring in agonist-stimulated cells. For this 

purpose, we utilized a low affinity probe for [Ca2+]m (that allows to fully appreciate the large 

[Ca2+]m swing) and two different agonist stimulations, through the endogenous histamine receptor 

and through a transfected metabotropic glutamate receptor, that undergoes rapid desensitization 

and thus causes transient IP3 production. The first observation is that, upon cell stimulation, 

[Ca2+]m  peaks well after [Ca2+]c. As previously observed by various groups, there is a short delay 

in the upstroke, possibly due to the time needed for the diffusion of Ca2+ released by IP3 receptors 

through the outer mitochondrial membrane, thus reaching the transport systems (uniporter) of the 

inner membrane (14,18,19). Then, [Ca2+]m rises and reaches its maximal value after approx. 10 s, 

i.e. when the [Ca2+]c increase, through the activity of the Ca2+ pumps, is rapidly declining.  

How can the slow kinetics of mitochondrial Ca2+ accumulation be reconciled with the 

notion that the low affinity of the mitochondrial uniporter requires, for rapid uptake, the high 

[Ca2+] gradient generated upon cell stimulation by the opening of IP3 receptors? The most logical 

explanation is that, for maximal mitochondrial Ca2+ uptake, prolonged Ca2+ release from the ER 

must occur. Different experiments support this notion. Indeed, not only in the case of glutamate 

stimulation (in which Ca2+ release from the ER is short-lived), the mitochondrial Ca2+ response is 

drastically reduced, but the effect of the two stimuli (glutamate and histamine) on mitochondria 

can be reversed by modifying the time course of the Ca2+ release process. If desensitization of the 

mGluR is prevented by PKC inhibitors, ER release becomes sustained (with ensuing large-

amplitude emptying of the ER, and activation of store-dependent Ca2+ influx) and mitochondrial 

responses are greatly enhanced. Conversely, a short (2 s) histamine pulse causes transient 

emptying of the Ca2+ store and drastically reduces the [Ca2+]m rise evoked by the agonist. These 

data imply that in the late phases of agonist stimulation, i.e. when the activity of the pumps 
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(SERCA and PMCA) counteracts the release of Ca2+ through the IP3Rs, an equilibrium is attained 

between the two processes, as demonstrated by the direct measurement of [Ca2+]er: blocking Ca2+ 

release (e.g. by terminating cell stimulation) causes the rapid refilling of the store, while 

conversely interrupting the reaccumulation of Ca2+ in the ER (e.g. by blocking Ca2+ entry through 

SOC, see below) allows IP3Rs to rapidly deplete the ER of Ca2+.  

Mitochondria, and possibily other cytosolic effectors, appear thus to be activated through 

the kinetic behaviour of the ER release process. Conversely, Ca2+ entry, which is invariably 

essential for sustained Ca2+ signals, might not provide a direct supply for these localized Ca2+ 

regulatory events. Two considerations support this view. First, these processes rely on specific 

patterns of IP3 dependent release of Ca2+ from the ER store, as discussed above. Second, Ca2+ 

entering the cytosol is strongly buffered by Ca2+ binding proteins, such as parvalbumin, calbindin 

D28K, and calretinin, rendering the diffusion rate of Ca2+ in the cytosol rather low (36). Thus Ca2+ 

coming from the extracellular medium would reach slowly if at all the deeper regions of the 

cytosol. An ingenious solution for this challenge has been recently shown in a polarized cell 

model, the pancreatic acinar cells (30). At the initial phase of the physiological activation of these 

cells focal Ca2+ release occurs exclusively at the secretory pole, serving as trigger for exocytosis, 

and leading to local emptying of the Ca2+ store (30). The presence of Ca2+ signalling components 

and particularly trp-like channels at the vicinity of the apical pole has been suggested to provide a 

straightforward route for local refilling of the depleted stores (37). On the other hand, given that 

the ER in these cells forms a continuous network (4), the resulting luminal [Ca2+] gradient has 

been shown to cause rapid diffusion of Ca2+ from the basolateral part of the cells, in a model 

where SOC is restricted to this area (38). The ground of this arrangement of Ca2+ signalling is the 

relatively high Ca2+ mobility in the ER tunnel compared to the cytosol, depending on the much 

lower binding capacity of the ER lumen (~20 versus ~2000 bound/free Ca2+ of the cytosol of 
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mouse pancreatic acinar cells (39)). Similarly, in neurons, which is still a highly polarized cell 

type, it was proposed that subplasmalemmal ER cisternae of the cell body may be responsible for 

Ca2+ refilling from the extracellular space, and a continuous ER network would transport Ca2+ to 

the site of release in dendritic spines (40). In accordance with this idea it has been shown that the 

cytosolic buffering capacity of Purkinje neurons is as high (~2000) as that of pancreatic acinar 

cells (41). On the other hand, in other cell types such as chromaffin cells (42), lower values of 

binding capacity has been found (~ 40), but we should emphasize, that even if Ca2+ diffusion may 

occur at similar velocity in the cytosol and the ER, another important advantage in the use of ER 

for distributing Ca2+ signals to the cell interior is that it may ensure localized Ca2+ release. Thus, 

in smooth muscle cells, even if  the cytosolic buffering capacity is comparable to that of the ER 

(~30-40) (43), a superficial layer of SR rapidly buffers Ca2+ entering from the extracellular space, 

which is then distributed into the cell interior, causing contraction after its directed release (44). 

Since our aim was to disclose the role of the ER in generating a sustained Ca2+ signal and 

in recruiting cytosolic effectors, in our work we did not characterize the exact nature of the Ca2+ 

entry pathway. However, some information on Ca2+ influx and store refilling can be obtained 

from the experimental data. Recently, a receptor activated, arachidonic acid-mediated, non-

capacitative mechanism for Ca2+ entry has been demonstrated, that appears to operate in a PM 

domain distinct from that in which SOC operates in HEK293 cells (45). Two arguments suggest 

that this pathway does not contribute to the Ca2+ signals observed in our experiments. (i) We used 

maximal agonist concentrations for prolonged periods, producing a substantial depletion of Ca2+ 

stores, thus we fully activated the SOC mechanism, which inhibits arachidonate regulated 

channels (46). (ii) Ca2+ entry activated by store depletion in our system was clearly necessary for 

store refilling, in contrast to Ca2+ entering the cells by arachidonate activated Ca2+ entry, which 
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rather plays a role in potentiating the Ca2+ release induced by IP3, thus increasing the frequency 

of oscillations (47).  

The other issue concerns the way of Ca2+ refilling of the Ca2+ stores. We demonstrated 

that in the case of transient IP3 production, i.e. during glutamate stimulation ER refilling occurs 

without detectable rise of [Ca2+]c (compare panels Fig. 2A and Fig. 3B). However, based on our 

data we cannot distinguish between refilling from the extracellular space through SOC channels 

and direct Ca2+ reuptake from the cytosol by SERCA. It appears that the buffering capacity of the 

cytosol determines the route by which Ca2+ released from the ER is eliminated, since increased 

buffering allows ER refilling by SERCA even in the absence of extracellular Ca2+ (48). Thus, in 

cells with inherent high cytosolic buffer capacity, such as the above mentioned pancreatic acinar 

cells or neurons, the SERCA pumps appear to dominate over PMCAs in rapidly reducing the 

[Ca2+]c peak (49,50). Thus, the oscillatory Ca2+ signals evoked by colecystokinin in these cells 

was shown to occur in the absence of Ca2+ entry, given that Ca2+ is taken back almost entirely 

from the cytosol after the Ca2+ spikes (see above). However, the situation differs with other types 

of stimulation: the Ca2+ oscillations evoked by carbachol strongly depend on Ca2+ influx in the 

proximity of the Ca2+ release sites of the apical pole (37). Up to now there are no data concerning 

the cytosolic buffering capacity of HeLa cells, but evidence from the similar CHO cell line shows 

that PMCA overexpression leads to larger reduction and faster termination of cytosolic Ca2+ 

signal compared to SERCA (51). Thus it seems likely that the glutamate induced Ca2+ transient is 

rapidly extruded from the cell, and the Ca2+ source of refilling in this case is the extracellular 

space. 

In conclusion, the data presented in this paper indicate that mitochondria, important 

transducers of the Ca2+ signal, depend on the process of ER Ca2+ release, that in turn is sustained 

by continuous release through IP3 receptors and refilling by SERCAs (with a primary role of Ca2+ 
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influx in counteracting the extrusion of Ca2+ by PMCAs). Altoghether, these data suggest that the 

ER provides a fast route for tunneling, and releasing Ca2+ in the deeper portions of the cytoplasm 

(where mitochondria are only one of the numerous Ca2+ effectors) not only in the polarized 

pancreatic acinar cell (as proposed by Petersen and coworkers (30)), to all cells. This provides an 

additional mechanism by which the selective placement, and differential activation, of Ca2+ 

channels in the ER and plasma membrane provides flexibility to the Ca2+ transduction system, 

allowing this second messenger to play a key role in the modulation of virtually all cellular 

processes. 
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Footnotes 

 
1 The abbreviations used are: [Ca2+]c, cytosolic Ca2+ concentration; [Ca2+]er, endoplasmic 

reticulum lumenal Ca2+ concentration; [Ca2+]m, mitochondrial matrix Ca2+ concentration; 

cytAEQ, cytosolic aequorin; ER, endoplasmic reticulum; erAEQmut, low affinity aequorin 

mutant targeted to the endoplasmic reticulum; GPCR, G-protein coupled receptor; IP3, inositol 

1,4,5 trisphosphate; IP3R, inositol 1,4,5 trisphosphate receptor; mGluR1a or mGluR5, 

metabotropic glutamate receptor type 1a or 5; mtAEQmut, low affinity aequorin mutant targeted 

to the mitochondria; PM, plasmamembrane; PKC, protein kinase C; SERCA, sarco-

endoplasmatic reticulum Ca2+ ATPase; SOC, store operated Ca2+ influx; PMCA, 

plasmamembrane Ca2+ ATPase; tBHQ, 2,5-di-(tert-butyl)-1,4-benzohydroquinone 

 



Mitochondrial Ca2+ uptake and sustained Ca2+ release 

 

 24

References 
 

 
1.  Berridge, M. J., Lipp, P., and Bootman, M. D. (2000) Nat.Rev.Mol.Cell Biol. 1, 11-21 

2.  Putney, J. W., Jr., Broad, L. M., Braun, F. J., Lievremont, J. P., and Bird, G. S. (2001) J.Cell 
Sci.  114, 2223-2229 

3.  Parekh, A. B. and Penner, R. (1997) Physiol Rev. 77, 901-930 

4.  Park, M. K., Petersen, O. H., and Tepikin, A. V. (2000) EMBO J. 19, 5729-5739 

5.  Moccia, F., Berra-Romani, R., Baruffi, S., Spaggiari, S., Signorelli, S., Castelli, L., 
Magistretti, J., Taglietti, V., and Tanzi, F. (2002) Biochem.J. 364,  235-244 

6.  Blaustein, M. P. and Golovina, V. A. (2001) Trends Neurosci. 24, 602-608 

7.  Verkhratsky, A. and Petersen, O. H. (2002) Eur.J.Pharmacol. 447, 141-154 

8.  Duchen, M. R. (2000) J.Physiol 529 Pt 1, 57-68 

9.  Vandecasteele, G., Szabadkai, G., and Rizzuto, R. (2001) IUBMB.Life 52, 213-219 

10. Gunter, T. E. and Pfeiffer, D. R. (1990) Am.J.Physiol 258, C755-C786 

11. Bernardi, P. (1999) Physiol Rev. 79, 1127-1155 

12. Collins, T. J., Lipp, P., Berridge, M. J., and Bootman, M. D. (2001) J.Biol.Chem. 276, 26411-
26420 

13. Szabadkai, G., Pitter, J. G., and Spat, A. (2001) Pflugers Arch. 441, 678-685 

14. Rapizzi, E., Pinton, P., Szabadkai, G., Wieckowski, M. R., Vandecasteele, G., Baird, G., Tuft, 
R. A., Fogarty, K. E., and Rizzuto, R. (2002) J.Cell Biol. 159, 613-624 

15. Rizzuto, R., Bastianutto, C., Brini, M., Murgia, M., and Pozzan, T. (1994) J.Cell Biol. 126, 
1183-1194 

16. Montero, M., Lobaton, C. D., Moreno, A., and Alvarez, J. (2002) FASEB J. 16, 1955-1957 

17. Rizzuto, R., Brini, M., Murgia, M., and Pozzan, T. (1993) Science 262,  744-747 

18. Drummond, R. M., Mix, T. C., Tuft, R. A., Walsh, J. V., Jr., and Fay, F. S. (2000) J.Physiol 
522 Pt 3, 375-390 

19. Gerencser AA, A. A. and Adam-Vizi, V. (2001) Cell Calcium 30, 311-321 

20. Tilly, B. C., Tertoolen, L. G., Lambrechts, A. C., Remorie, R., de Laat, S. W., and 
Moolenaar, W. H. (1990) Biochem.J. 266, 235-243 



Mitochondrial Ca2+ uptake and sustained Ca2+ release 

 

 25

21. Montero, M., Brini, M., Marsault, R., Alvarez, J., Sitia, R., Pozzan, T., and Rizzuto, R. (1995) 
EMBO J. 14, 5467-5475 

22. Missiaen, L., De Smedt, H., Pary, J. B., Oike, M., and Casteels, R. (1994) J.Biol.Chem. 269, 
5817-5823 

23. Bastianutto, C., Clementi, E., Codazzi, F., Podini, P., De Giorgi, F., Rizzuto, R., Meldolesi, 
J., and Pozzan, T. (1995) J.Cell Biol. 130, 847-855 

24. Hermans, E. and Challiss, R. A. (2001) Biochem.J. 359, 465-484 

25. Francesconi, A. and Duvoisin, R. M. (2000) Proc.Natl.Acad.Sci.U.S.A 97, 6185-6190 

26. Dale, L. B., Babwah, A. V., Bhattacharya, M., Kelvin, D. J., and Ferguson, S. S. (2001) 
J.Biol.Chem.  276, 35900-35908 

27. Gabellini, N., Manev, R. M., Candeo, P., Favaron, M., and Manev, H. (1993) Neuroreport 4,  
531-534 

28. Chiesa, A., Rapizzi, E., Tosello, V., Pinton, P., de Virgilio, M., Fogarty, K. E., and Rizzuto, 
R. (2001) Biochem.J. 355, 1-12 

29. Muallem, S., Schoeffield, M. S., Fimmel, C. J., and Pandol, S. J. (1988) Am.J.Physiol 255, 
G229-G235 

30. Petersen, O. H., Burdakov, D., and Tepikin, A. V. (1999) Bioessays 21, 851-860 

31. Rutter, G. A. and Rizzuto, R. (2000) Trends Biochem.Sci. 25, 215-221 

32. Jouaville, L. S., Pinton, P., Bastianutto, C., Rutter, G. A., and Rizzuto, R. (1999) 
Proc.Natl.Acad.Sci.U.S.A 96, 13807-13812 

33. Hajnoczky, G., Robb-Gaspers, L. D., Seitz, M. B., and Thomas, A. P. (1995) Cell 82, 415-
424 

34. Rohacs, T., Nagy, G., and Spat, A. (1997) Biochem.J. 322 ( Pt 3), 785-792 

35. Ferri, K. F. and Kroemer, G. (2001) Nat.Cell Biol. 3, E255-E263 

36. Allbritton, N. L., Meyer, T., and Stryer, L. (1992) Science 258, 1812-1815 

37. Kiselyov, K., Shin, D. M., and Muallem, S. (2003) Cell Signal. 15, 243-253 

38. Petersen, O. H., Burdakov, D., and Tepikin, A. V. (1999) Eur.J.Cell Biol. 78, 221-223 

39. Mogami, H., Gardner, J., Gerasimenko, O. V., Camello, P., Petersen, O. H., and Tepikin, A. 
V. (1999) J.Physiol 518 ( Pt 2), 463-467 

40. Petersen, O. H., Tepikin, A., and Park, M. K. (2001) Trends Neurosci. 24, 271-276 



Mitochondrial Ca2+ uptake and sustained Ca2+ release 

 

 26

41. Fierro, L. and Llano, I. (1996) J.Physiol 496 ( Pt 3), 617-625 

42. Zhou, Z. and Neher, E. (1993) J.Physiol 469, 245-273 

43. Daub, B. and Ganitkevich, V. Y. (2000) Cell Calcium 27, 3-13 

44. Janssen, L. J., Betti, P. A., Netherton, S. J., and Walters, D. K. (1999) Am.J.Physiol 276, 
L744-L753 

45. Shuttleworth, T. J. and Thompson, J. L. (1999)  J.Biol.Chem. 274, 31174-31178 

46. Mignen, O., Thompson, J. L., and Shuttleworth, T. J. (2001) J.Biol.Chem. 276, 35676-35683 

47. Shuttleworth, T. J. and Thompson, J. L. (1996)  Biochem.J. 313 ( Pt 3), 815-819 

48. Hofer, A. M., Landolfi, B., Debellis, L., Pozzan, T., and Curci, S. (1998) EMBO J. 17, 1986-
1995 

49. Camello, P., Gardner, J., Petersen, O. H., and Tepikin, A. V. (1996) J.Physiol 490 ( Pt 3), 
585-593 

50. Blaustein, M. P. (1988) Trends Neurosci. 11, 438-443 

51. Brini, M., Bano, D., Manni, S., Rizzuto, R., and Carafoli, E. (2000) EMBO J. 19, 4926-4935 

 



Mitochondrial Ca2+ uptake and sustained Ca2+ release 

 

 27

Legend to figures 

 

Fig. 1. Cytosolic (panel A, C) and mitochondrial (panel B, D) [Ca2+] responses of HeLa cells 

stimulated with 100 µM histamine. [Ca2+]c and [Ca2+]m was measured in cytAEQ or mtAEQmut 

expressing cells, respectively, 36 hours after transfection. Aequorin luminescence was collected 

and calibrated into [Ca2+] values as described in the ‘Experimental procedures’. Where indicated, 

HeLa cells were stimulated with the agonist, added to the perfusion medium (KRB in 

experiments shown on panel A and B; Ca2+ free KRB + 100 µM EGTA in panel C and D). 

Dotted lines indicate the start of stimulation, peak of cytosolic and mitochondrial Ca2+ signals, 

respectively. The traces are representative of >30 trials. 

 

Fig. 2. Transient Ca2+ release caused by glutamate in mGluR1a expressing HeLa cells. A: Effect 

of glutamate (100 µM, open circles) and histamine (100 µM, filled circles) on [Ca2+]er measured 

in HeLa cells co-transfected with erAEQmut. B and C: Cytosolic Ca2+ transients measured in 

HeLa cells cotransfected with cytAEQ in response to glutamate (100 µM, open circles) and 

histamine (100 µM, filled circles) in Ca2+ free medium (dotted line). The agonists were applied as 

shown by the open (histamine) and filled (glutamate) bars, respectively. The traces are 

representative of >10 trials. 

 

Fig. 3. Cytosolic (panel A) and mitochondrial (panel B) [Ca2+] responses of HeLa cells co-

transfected with mGluR1a stimulated with 100 µM glutamate. [Ca2+]c and [Ca2+]m were measured 

in cytAEQ or mtAEQmut expressing cells, respectively. Where indicated, HeLa cells were 

stimulated with the agonist, added to KRB. Dotted lines indicate the start of stimulation, peak of 

cytosolic and mitochondrial Ca2+ signals, respectively. The traces are representative of >10 trials. 
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Fig. 4. Ca2+ pools feeding mitochondrial Ca2+ uptake in case of glutamate and histamine 

stimulation. A: Mitochondrial Ca2+ transients measured in HeLa cells cotransfected with 

mtAEQmut and mGluR1a in response to 100 µM histamine alone (open circles) and after 

glutamate stimulation (filled circles). B: Effect of 100 µM histamine on [Ca2+]er added after 100 

µM glutamate, as measured in HeLa cells cotransfected with erAEQmut and mGluR1a. The 

agonists were applied as shown by the bars below the traces. The traces are representative of  > 5 

trials. 

 

Fig. 5. Cytosolic Ca2+ signal in a single HeLa cell expressing mGluR1a in response to glutamate 

(100 µM, panel A) and histamine (100 µM, panel B). Cells were loaded with fura-2, and ratio 

images were acquired every 200 ms, as described in ‘Experimental procedures’. Conventional 

pseudocolor ratio images are shown every 200 ms in the upper line of each panel, and in each 

second in the lower line. In case of histamine stimulation, elevated ratio levels were observed 

even after 1 min of stimulation (lower right image). Cells were stimulated by addition of the 

agonist into the bath, as indicated by arrows. The series of images are representative of > 10 

experiments. 

 

Fig. 6. Effect of staurosporine (400 nM, added 5 min before cell stimulation) on Ca2+ signals 

elicited by glutamate (100 µM) in mGluR1a expressing HeLa cells. Control traces are shown 

with open circles, traces of staurosporin pretreated cells are shown with filled circles. [Ca2+]c (A), 

[Ca2+]er (B) [Ca2+]m (C) were measured in cytAEQ, erAEQmut, mtAEQmut co-transfected cells, 

respectively. Glutamate was applied continuously in perfusion from the time point indicated by 

the arrows. The traces are representative of >10 trials. 
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Fig. 7. Cytosolic (panel A) and mitochondrial (panel B) [Ca2+] responses of HeLa cells to 

sustained (filled circles) and transient (2 seconds, open circles) histamine stimulations (100 µM). 

[Ca2+]c and [Ca2+]m were measured in cytAEQ or mtAEQmut expressing cells, respectively. 

Where indicated (filled bar for sustained, open bar for transient stimulation) HeLa cells were 

stimulated with the agonist, added to the perfusion medium. Dotted lines indicate the start of 

stimulation and the peak of cytosolic signals, respectively. The traces are representative of >20 

trials. 

 

Fig. 8. Dependence of Ca2+ signals evoked by histamine (100 µM, panel A, filled circles) and 

glutamate (100 µM, panel B, open circles) on the presence of extracellular Ca2+. The extracellular 

[Ca2+], either 0 (KRB + 100 µM EGTA) or 1 mM, is shown on the bars above the traces. B: 

Effect of staurosporin (400 nM, added 5 min before cell stimulation, filled circles) on glutamate 

induced cytosolic Ca2+ signals in the absence and presence of extracellular Ca2+. The starting 

points of the continuous stimulation by either agonist, added to the perfusion medium, are shown 

by arrows. The traces are representative of >10 trials. 

 

Fig. 9. Comparison of the effect on [Ca2+]er of Cd2+ added at different phases of the Ca2+ signal. 

[Ca2+]er was measured in cells transfected with erAEQmut as described in ‘Experimental 

procedures’. 100 µM histamine was added to the perfusion medium as indicated by the bars 

below the traces. The arrows mark the timing of Cd2+ addition. The trace with filled circles shows 

the effect of 1 mM Cd2+ added at steady state [Ca2+]er in the presence of histamine (see the filled 

bar). The trace with open circles demonstrates the immediate effect of 1 mM Cd2+ added during 
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store refilling after the removal of histamine from the perfusion medium (see white bar). The 

traces are representatives of >6 trials. 

 

Fig. 10. Comparison of the kinetics of cytosolic Ca2+ signal termination by washing out 

histamine (traces with filled circles) and by inhibiting Ca2+ entry with Cd2+ (traces with open 

circles). [Ca2+]c was measured in cells transfected with cytAEQ as described in ‘Experimental 

procedures’. 100 µM histamine was added to the perfusion medium as indicated by the bars 

below the traces (filled bar: in case of histamine washout, white bar: in case of addition of 1 mM 

Cd2+). The inset shows the magnification of the decay phases (trace labeling as on the main 

panel). The traces are representatives of >12 trials. 

 

Fig. 11. Analysis of Ca2+ reuptake by the ER during store operated Ca2+ influx after store 

depletion by histamine stimulation (panel A) or by reversible inhibition of SERCA by tBHQ 

(panel B). [Ca2+]c was measured in cytAEQ expressing HeLa cells. Store operated Ca2+ influx 

was evoked by emptying the stores by perfusing 0 extracellular [Ca2+] (KRB + 100 µM EGTA) 

and then re-adding 1 mM CaCl2, as shown on the bars above the traces. A: Histamine (100 µM) 

was added to Ca2+ free KRB and either removed before (filled bar, trace with filled circles) or 

maintained during (open bar, trace with open circles) re-addition of extracellular Ca2+. An 

additional histamine stimulus was added in both case in 0 extracellular [Ca2+] to show the filling 

state of the Ca2+ stores. B: tBHQ (10 µM) was added to the Ca2+ free KRB and either removed 

before (filled bar, trace with filled circles) or maintained during (open bar, trace with open 

circles) re-addition of extracellular Ca2+. The traces are representatives of >6 trials. 
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