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Abstract 
We report reversible Ca”-induced Ca2+ release from mitochondria, which takes the form of Ca’+ spikes. Mitochondrial Ca” spiking is an 

all-or-none process with a threshold dependence on both the frequency and the amplitude of the Ca” pulses used as stimuli. This spiking relies on 
the transient operation of the mitochondrial permeability transition pore, and is initiated - in a threshold-dependent manner - with inositol- 
triphosphate-rn~iat~ Ca2’ responses in permeabiliied cells. Evidence that mit~hond~al Ca “-induced Ca” release contributes to inositol-tri- 
phosphate-mediated Ca”’ responses in intact cells is also reported. 
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1. Introduction 

Intracellular Ca*+ release is a convergence point for 
many receptor-mediated cell signals [l]. Ca2’ oscillations 

and waves are considered important events in cell sig- 

nailing and may encode info~ation relevant to the cell 

[2]. In these processes Ca2’-induced Ca2’ release (CICR) 
appears to play a fundamental role [3]. Mitochondria are 
capable of CICR; however, ~tochondrial Ca2’ release 
upon Ca2’ loading in vitro has historically been charac- 
terized as a non-specific and irreversible harmful proc- 
ess. Moreover, the free Ca2’ concentrations required to 
load mitochondria were thought to be unreachable in 
cells, except in lethal situations [4]. Contrary to this view, 
Rizzuto and co-workers have shown that mitochondria 
accumulate Ca2’ in cells during activation of the Ca2’- 
linked transduction pathways [5]. In addition, studies 
concerning the divalent cation excitability of mitochon- 
dria have shown a possible self-reversal of the mitochon- 
drial permeability induced by strontium [6] and oscil- 
lating operation of the mitochond~al permeability 
transition pore (mPTP) after Ca2’ stimulation [7]. These 
results address the question of whether mitochondria can 
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act as a CICR pool during cell calcium signalling. Thus, 
we have examined isolated mitochondria for a self-re- 
versible CICR behaviour, and determined whether this 
behaviour could be observed in cells during agonist-in- 
duced Ca” responses. 

2. Materials and methods 

2. I. Mitochondria 
Rat liver ~tochond~a were isolated according to a standard method 

[S]. For each experiment, mitochondria were suspended (2 mg/ml pro- 
tein) in a m~ium ~ntaining 30 mM sucrose, 10 mM T&ma base @H 
7.5), 5 mM succinate, 0.1 mM ATP and 25 PM CaC12. Low osmolarity 
medium and ATP were found to promote steady ~tochond~al Ca2’ 
spiking. However, a comparable behaviour can be observed in media 
without ATP or of higher osmolarity (up to 150 mOsM) (unpub~sh~ 
data). Measurements were made at 30°C under stirring on 2 ml aliquots 
in the multi-chapel chamber of an ESON-&h ~rnpu~~ analyzer 
(Mutual Data Inc., Moscow). Free Ca” and K’ were measured with 
calibrated ~ni~l~tr~es (NICO, Moscow) and the ~t~hond~al 
membrane electric potential either with a tetraphenylphosphonium 
(TPP’)-sensitive electrode (NICO) in the presence of 2 PM TPP+ (data 
not shown) or with the fluorimetric channel of the analyzer using 
rhodamine 123 (5 &ml) fluorescence at the 49&535 nm excitation- 
emission (x-m) pair. These 3 parameters were monitored simultane- 
ously. Specific wnditions are described in the co~esponding figure 
legends (Figs. 1 and 2). 

2.2. Permeabilized cells 
Erhlich ascites tumor cells were cultured, harvested and digitonin- 

permeabilized according to [9]. Cells were resuspended at high concen- 
tration (20.106/ml) in a medium containing 100 mM KCI, 30 mM NaCl, 
5 mM PPi, 1 mM NaH2P04, 10 mM succinate, 30 mM HEPES @H 7.3), 
1 mM ATP, 25 mM phosph~reatine and 25 LJm-’ creatine phosphok- 
inase. Measurement of free Ca*’ was performed at 37’C on 2 ml 
aliquots under stirring using Fluo 3 (2 PM) fluorescence (490-535 nm 
x-m pair) with the ESON-6ch. Calibration was performed by calcula- 
tion from F_ and Fmi,, values. Specific conditions are described in the 
corresponding figure legend (Fig. 3). 
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2.3. Intact cells 
Intact Fura-ZAM-loaded Erhch cells were prepared as in [9]. Fura- 

2AM was prefered to FIuo-3AM due to a better cell retention of the 
dye. Cells were suspended (7.106/ml) in Dulbecco’s PBS (Gibco) supple- 
mented with 5 mM Na-pyruvate (PH 7.4) and fluorescence was meas- 
ured at the 340-510 nm x-m pair (according to [lOB at 37*C under 
stirring in a SFM25 (Kontron) fluorimeter on 1 ml aliquots. Calibration 
was performed by calculation from F,,,, and Fmin values. Specific condi- 
tions are described in the corresponding figure legends (Figs. 3 and 4). 

2.4. General 
Traces presented are representative of at least 3 experiments per- 

formed on at least 2 different batches. All chemicals used were from 
Sigma, except TPP’ (Aldrich), cyclosporin A (Cys A) and SDZ PSC 833 
(PSC 833) (gifts from Sandoz, Basel, Switzerland). Cys A and PSC 833 
(bases) were dissolved in absolute ethanol. The Ehrlich cell line was 
generously provided by Dr. F. Lavelle (Rhine-Poulen~ Rorer). 

3. Resnlts and discussion 

Free Ca2’ concentration was monitored continuously 
in mito~hond~al suspensions, while Ca2’ stimulations 

were performed using Ca2’ bolus additions (pulses) at 
regular time intervals. Ca” added during each pulse is 
rapidly accumulated by mitochondria and [Ca”] steadily 
returns to the basal resting level (Fig. la-c) until a cer- 
tain degree of Ca2’ loading is reached; at this time (Fig. 
Id) a large release of Ca”’ occurs which is immediately 
followed by a reaccumulation. We refer to this large Ca2* 
transient as a mitochondrial Ca2+ spike. This spike ap- 
pears as an all-or-none and threshold-dependent re- 
sponse of mitochondria towards Ca2* stimuli. By varying 
the amount of Ca2’ added during each pulse and the time 
interval between pulses, we found that the threshold of 
the mitochondrial Ca*“-induced Ca2’ release (mCICR) 
depends on both the total amount of Ca2’ added during 
the stimulation sequence and the frequency of the pulses 
(Fig. le,f). At higher frequency, fewer pulses (Fig. le) 
and thus, a smaller Ca” loading (Fig. If), were needed 
to trigger mCICR. This suggests that mitochondria 
could respond differently depending on the speed and the 
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Fig. 1. Calcium spiking of isolated mitochondria is an all-or-none and threshold-dependent response towards Ca” Stimuli. (a-d) Mitochondrial 
suspensions were stimulated with exogenous Ca2’ pulses (arrows) of 24 nmol Ca” at 20 s time intervals, and extramitochondrial free Ca” 
concentration was monitored. One (a), two (b), or three (c) puises are quickly buffered by mit~ho~drial uptake as shown by a steady return to the 
basal Ca*’ concentration. In panel d, the 4th pulse triggers a massive calcium release, spontaneously followed by a reaccumulation phase leading 
to the restoration of the resting Ca*+ level. In panel e, the threshold number of pulses triggering a spike is plotted against the amplitude of the pnlses. 
Each curve corresponds to a defined frequency of stimulation (see key). Panel f shows that the threshold Ca2+ loading of mitochondria is not constant, 
but varies with the frequency and the amplitude of stimulation (see key). Data plotted in panels e and f, are means + SD. corresponding to at least 
5 measurements. 
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amplitude of cytosolic Ca2’ increases, either by buffering 
the cytosolic [Ca2’] rise without further variation (sub- 
threshold), or by generating a Ca2’ spike (supra-thresh- 
old). This feature is equivalent to a gate-controlling 
transducing process capable of transfo~ing continuous 
Ca” signals into discrete ones (mCICR units), or of 
transforming the frequency of periodical signals. 

Fig. 2 shows that the occurence of a mitochondrial 
Ca2’ spike is dependent on the transient operation of the 
mPTP [4,1 I]. The mPTP involvement is evidenced by: 
(i) a transient, non-specific permeability of the inner mi- 
tochond~al m~brane which occurs during the spike, 
i.e. permeability increases for Ca’+, K’ and protons (Fig. 
2a), and (ii) the mCICR inhibition by Cys A (4 PM), a 
specific inhibitor of the mPTP [ 121, concomitant with the 
inhibition of the K’ efflux and H+ influx (Fig. 2b). Fur- 
ther, PSC 833 (a Cys A structural analog: [(Y-keto- 
Bmt 1)-(Val2)-cyclosporin]) gives a similar inhibition at 
a lo-times smaller concentration (0.4 PM) (Fig. 2b). 

We also tested the involvement of mCICR in agonist- 
induced Ca2’ responses in Ehrlich ascites tumor cells 
using Cys A and PSC 833. These cells exhibit a Ca2’ 
homeostasis comparable with that of normal cells [13]. 
Data obtained using digitonin-permeabilized cells are 
shown in Fig. 3. Permeabilized cells were suspended in 
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a standard cytosol-like medium supplemented for opti- 
mal function of the mitochondria and endoplasmic retic- 
ulum (ER) (see section 2). Permeabilized cells were stim- 
ulated with an inositol-triphosphate (InsP,) bolus. 
Depending on the amount of InsP, used, the Ca2’ re- 
sponses elicited were qualitatively and quantitatively dif- 
ferent. Fig. 3a shows that under our conditions 10 yM 
InsP, induces a slow Ca” release of small amplitude 
(nanomolar range). A much faster and larger rise in 
[Ca*+] is observed after 20 j.~uM InsP, (micromolar range) 
(Fig, 3b). Thus, mechanisms must exist which signifi- 
cantly increase the Ca” release when InsP, stimulation 
is strong enough (in this case 20 PM InsP,). We hy- 
pothetized that this is due to the threshold-de~ndence 
of mCICR described above. Supporting this view, we 
show that the speed of the response elicited by 20 PM 
InsP, is diminished twofold by 4 FM Cys A and almost 
abolished by 4 L_IM PSC 833 (Fig. 3~). Increasing the 
concentration of PSC 833 to 30 PM did not cause further 
inhibition of the response to InsP, (Fig. 3~). The residual 
response that is insensitive to PSC 833 is similar to the 
trace observed in Fig. 3a and appears to correspond to 
InsP,-induced Ca2’ release from the ER. Since InsP, has 
no direct effect on mitochondria, we propose that, de- 
pending on the speed and/or on the amplitude of the 

Fig. 2a : Control 

1 min 

1 min 

Fig. 2b : 4pM Cys A or 0.4pM PSC 

Fig. 2. Transient operation of the permeability transition pore underlies the Ca” release observed duringmitochondrial Ca*’ spiking. (a) Tire dynamics 
of the medium free Ca*’ and K+ concentrations as well as of the mitochondrial inner membrane potential were monitored simultaneously on a 
mitochon~al suspension, while a Ca*’ stimuIation sequence was performed. 50 nmol of Ca’+ were added every 30 s (dotted lines). After 3 pulses, 
a typical mitochondrial Ca*’ spike is triggered (upper panel). (b) The antagonist effect of 4 PM Cys A or 0.4 PM PSC 833. However, if the Cal’ 
stimulation sequence is extended an irreversible mPTP opening is observed. The potential traces presented were recorded using rhodamine 123, and 
calibration was estimated from identical experiments done in the presence of TPP’ and monitored with a TPP+-sensitive electrode. Calculations were 
performed assuming 1 @/mg protein as mitochondrial volume. 
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Fig. 3. Cyclosporin A and PSC 833 inhibit agonist-indu~d Ca’+ responses in cells. Panels a, b and c show Ca” releases obtained in sus~nsions of 
permeabilized Erhlich cells under InsP, stimulation (arrows). Panels a and b, show a threshold-dependent mechanism located between 10 PM (a) 
and 20 /LM (b) InsP,. The response observed in panel b is sensitive to Cys A and PSC 833 (c), a residual response similar to this observed in panel 
a is insensitive to PSC 833 (c). Panels d and e show intra~llular Ca” spikes observed in suspensions of intact Fura-2AM-Ioaded Ehrlich cells 
stimulated with 25 PM ATP. Panel d shows the inhibitory action of Cys A, and panel e that of PSC 833. 

primary InsP~-induced Ca2’ release, mCICR may be 
triggered, thus accounting for the near-micromolar 
response observed in our assay. 

We investigated the effect of Cys A and PSC 833 on 
the Ca2’ spikes generated by external ATP in intact cells. 
The ATP-induced Ca2’ responses in Ehrlich cells depend 
on the operation of the InsP, pathway [9]. Fig. 3d shows 
a normal Ca2’ spike induced by raising the external ATP 
concentration to 25 PM, and the inhibition of this re- 
sponse when cells were incubated with 8 PM Cys A. Fig. 
3e shows that at a lower concentration (2 PM), PSC 833 
has a more pronounced inhibitory action on the ATP- 
induced spike than Cys A. Taken together, the concor- 
dance of the respective inhibitor abilities of Cys A and 
PSC 833 observed on isolated mitochondria, on permea- 
bilized cells and on intact cells, seems to imply that 

mCICR plays an active role in cell Ca2’ signalling fol- 
lowing stimulation of the InsP, pathway. 

Action of antimycin A (Ant A) on the ATP-induced 
Ca2’ spikes in intact cells gives further support to this 
view. Ant A - which induces collapse of the mitochon- 
drial membrane potential, empties the mitochondrial 
Ca” pool, and prevents mCICR (not shown) - blocks 
the occurence of a normal ATP-induced Ca2’ response 
in intact cells (Fig. 4). 

We conclude that mitochondria are threshold-depend- 
ent Ca2’-excitable organelles involved in the transduc- 
tion of cell Ca” signals as part of the CICR pool. We 
propose that the role of mCICR is to perform a gate- 
control towards primary Ca2+ signals originating from 
InsP,-sensitive stores, thus participating to the encoding 
of signals relevant to the cell. 
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Fig. 4. Emptying the mitochondrial Ca” pool with antimycin a inhibits 
agonist-induced Ca*’ responses in intact cells. Panel a shows the control 
trace of an ATP-induced Ca’* spike in Fura-ZAM-loaded Ehrhch cells. 
Panel b shows that 3 PM antimycin A (Ant A) induces a Ca*’ release 
due to emptying of the mitochond~al Ca2’ pool (see text). After addi- 
tion of Ant A, Ca” response of the cells to ATP stimulation is decreased 
more than twofold (b). 
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