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Microdomains with High Ca2+ Close to 
IP,-Sensitive Channels That Are Sensed by 

Neighboring Mitochondria 

Rosario Rizzuto,* Marisa Brini, Marta Murgia, Tullio Pozzan 
Microdomains of high intracellular calcium ion concentration, [Ca2+],, have been hy- 
pothesized to occur in living cells exposed to stimuli that generate inositol 1,4,5-trisphos- 
phate (IP,). Mitochondrially targeted recombinant aequorin was used to show that 
IPS-induced Ca2+ mobilization from intracellular stores caused increases of mitochon- 
drial Ca2+ concentration, [Ca2+],, the speed and amplitude of which are not accounted 
for by the relatively small increases in-mean [Ca2+],. A similar response was obtained 
by the addition of IP, to permeabilized cells but not by perfusion of cells with Ca2+ at 
concentrations similar to those measured in intact cells. It is concluded that in vivo, 
domains of high [Ca2+], are transiently generated close to IPS-gated channels and 
sensed by nearby mitochondria; this may provide an efficient mechanism for optimizing 
mitochondria1 activity upon cell stimulation. 

Changes in [Ca2+], modulate a variety of 
cellular functions, from secretion to con- 
traction, enzyme activation, and cell cycle 
regulation (1). Imaging of [Ca2+], in living 
cells (2, 3) has revealed not only the 
heterogeneity of responses within the same 
cell population but also complex spatiotem- 
poral patterns in the changes of [Ca2+], 
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evoked by receptor stimulation (1). Even in 
nonexcitable cells, increases in [Ca2+], are 
often composed of series of asynchronous 
rapid oscillations or waves (4) or of large 
local increases, often far away from the site 
of receptor activation (5). However, with 
few exceptions (Ca2+-activated ion chan- 
nels) ( 6 ) ,  it is still unknown whether cells 
have svstems ca~able of sensine and trans- " 

lating large but localized increases in 
[Ca2+], into metabolic responses. Obvious 
candidates for detecting regional changes of 
[Ca2+], would be enzymes or organelles that 

SCIENCE VOL. 262 29 OCTOBER 1993 



are sensitive to Ca2+ concentrations higher 
than those normally occurring in the cyto- 
sol. Mitochondria have a low-affinity, high- 
capacity Ca2+ uptake mechanism, which is 
of paramount importance for the modula- 
tion of mitochondrial metabolism (7). We 
have developed a technique to monitor the 
changes in [Ca2+] that occur within the 
mitochondrial matrix of intact cells. This is 
accomplished by transfection of cells with a 
chimeric complementary DNA (cDNA) 
encoding the presequence of a mitochon- 
drial enzyme (subunit VIII of cytochrome c 
oxidase) fused to the Ca2+-sensitive photo- 
protein aequorin (8). 

We used a HeLa cell clone that stablv 
expressed mitochondrial aequorin (9). Ad- 
dition of histamine. an aeonist couoled to - 
IP3 generation, induced a large increase in 
[Ca2+], (Fig. 1) (10): changes in [Ca2+], 
were measured with fura-2 in three repre- 
sentative cells (Fig. IA) or in a population 
of the same clone (Fig. 1B) (1 I). At the 
same time that [Ca2+], changed, a large and 
rapid increase in [Ca2+], was observed 

A Histamine 100 pM 

600 - h 

1 rnin - 

(Fig. 1C). The average peak of [Ca2+],, in 
both the population and the single cells, 
was 00.6 pM, whereas [Ca2+], increased 
to approximately 3 pM. After the peak, 
[Ca2+], decreased to a steady state two to 
three times the basal level, whereas 
[Ca2+], returned to a value indistinguish- 
able from the resting level. Because of the 
low accuracy of aequorin at values below 
300 to 400 nM, we cannot exclude the 
possibility that a small increase in [Ca2+], 
is indeed maintained during the plateau 
phase. The quick dissipation of the mito- 
chondrial transient probably results from 
the activation of the mitochondrial H+/ 
Ca2+ antiporter (12). The high rate of 
mitochondrial Ca2+ accumulation was un- 
exoected because mitochondrial Ca2+ uo- 
take (investigated in isolated mitochondrial 
fractions) is slow when the surrounding 
[Ca2+] is set to submicromolar values (7), 
similar to those measured in the cytosol of 
histamine-stimulated HeLa cells. This dis- 
crepancy was confirmed in aequorin-trans- 
fected HeLa cells permeabilized with digi- 

Fig. 1. Changes of [Ca2+], and [Ca2+], in intact 
and permeabilized cells. The cells were 
trypsinized, plated on glass cover slips, left in 
culture for 2 days, and loaded with fura-2 and 
coelenterazine (9, 1 1 ) .  (A) Measurement of 
[Ca2+], in single cells. Medium was modified 
Krebs-Ringer buffer (KRB):  125 mM NaCI, 5 mM 
KCI, 1 mM Na3P04, 1 mM MgSO,, 1 mM CaCI,, 
5.5 mM glucose, 20 mM Hepes (pH 7.4 at 37°C). 
The three traces refer to [Ca2+], measured with 
fura-2 in representative single cells. Where indi- 
cated, histamine (100 pM) was added to the 
medium. Individual cells (80) were analyzed in 
three separate experiments. In 90% of them the 
peak [Ca2+], increases were within the range of 
the three cells presented here, and 10% showed 
lower [Ca2+], increases. This and the following 
experiments are representative of at least three 
different trials. (B) Measurement of [Ca2+], in a 
monolayer of cells. Other conditions as in (A): 
(C) Measurement of [Ca2+], in a monolayer of 
cells. Where indicated, the cells were perfused 
with K R B  containing histamine (100 pM). (D) 
Measurement of [Ca2+], in permeabilized cells. 
Medium (buffer a) contained the following: 140 
mM KCI, 10 mM NaCI, 1 mM K3P0,, 5.5 mM 
glucose, 2 mM MgSO,, 1 mM ATP, 2 mM sodium 
succinate, 20 mM Hepes (pH 7.05 at 37"C), 
supplemented with 50 pM EGTA (free [Ca2+] < 

M ) .  After permeabilization with digitonin 
(100 FM) ,  the monolayer of cells was perfused 
with the same medium, but with Ca2+ buffered at 
different concentrations with EGTA. The data 
points of the curve (B) refer to the initial values of 
[Ca2+], increase at the different [Ca2+],. The 
data of the initial rates of [Ca2+], increase in 
intact cells stimulated with histamine are fitted 
into the curve. The values are the means of five 
independent experiments: (A) histamine in KRB;  
(0) histamine in Ca2+-free, EGTA-containing 
KRB;  and (0) Ca2+ readdition in the presence of 
histamine. Other conditions as in (C). 

tonin, a detergent that makes large holes in 
the plasma membrane but leaves organelles 
largely intact (13). The rate of increase in 
[Ca2+], was very slow when the Ca2+ 
concentration in the incubation medium 
([Ca2+],) was below 2 pM and increased to 
values similar to those observed in intact 
histamine-stimulated cells only if [Ca2+], 
was at least 5 uM. Three oossible exolana- 
tions of this result were considered: (i) 
fura-2 ereatlv underestimates the real in- 

u ,  

creases in [Ca2+], caused by receptor stim- 
ulation; (ii) permeabilization with digitonin 
results in the loss of a cytosolic factor that 
increases the affinity of the mitochondrial 
uotake svstem for Ca2+: or (iii) mitochon- , \ ,  

dria are exposed to local Ca2+ concentra- 
tions much higher than those averaged over 
the entire cytoplasm (14). 

To discriminate among these possibili- 
ties, we dissociated the IP,-induced Ca2+ 
release from intracellular stores from the 
concomitant Ca2+ influx across the plasma- 
lemma. For this purpose, the cells were 

Histamine 100 pM 
EGTA 200 pM CaC12 mM 

A 
1000 - 
f 800 - 
2 6 0 0  - 

400 - 
o_ 200 - 

0 -  

1 min - 
Fig. 2. Effects on [Ca2+], of histamine-induced 
Ca2+ mobilization and influx. (A) Measurement 
of [Ca2+], In three representative single cells. 
(B) Measurement of [Ca2+], in a monolayer of 
cells. (C) Measurement of [Ca2+], in a mono- 
layer of cells. In the inset, the [Ca2+], peaks (1,  
mobilizat~on; 2, influx) are compared on an 
expanded time scale. Conditions as in Fig. 1, 
except that the initial medium did not contain 
CaCI,. Where indicated, the medium was sup- 
plemented with EGTA (200 F M ) ,  histamine (100 
F M ) ,  and CaCI, (1 mM).  
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stimulated with histamine in the absence of 
external Ca2+, thereby inducing only the 
release of stored Ca2+. Once the stores were 
emptied, we initiated Ca2+ influx by adding 
external Ca2+ in the continuous presence 
of the agonist. If hypotheses (i), (ii), or 
both were correct, mitochondrial Ca2+ ac- 
cumulation should depend on [Ca2+],, re- 
gardless of the origin of the increase. On 
the contrary, if mitochondria sense local 
changes of [Ca2+],, close to the organelle, 
[Ca2+], increases of similar amplitude, but 
originating from a different source, could 
induce different rates of mitochondrial 
Ca2+ uptake. When analyzed in single cells 
(Fig. 2A) or in populations of cells (Fig. 
2B), the increase in [Ca2+], induced by 
histamine in Ca2+-free medium (due to 
release from intracellular stores) was some- 
what smaller and faster (400 nM; 2 to 3 s to 
peak) than the subsequent increase in 
[Ca2+],, which resulted from Ca2+ influx 
( ~ 8 0 0  nM, 10 to 12 s to peak). 

The changes in [Ca2+], induced by 
histamine under the same conditions were 
different. The increase in [Ca2+], due to 
release from stores (histamine in Ca2+-free 
medium) was hardly distinguishable from 
that in control cells (that is, from both 
stores and influx), both in kinetics and 
amplitude (compare Figs. 1C and 2C), 
whereas that induced by Ca2+ influx was 
smaller and slower (Fig. 2C, inset). The 
rates of increase in [Ca2+], were compared 
with those obtained in permeabilized cells 
exposed to different [Ca2+lo (Fig. ID) (1 5). 
An apparent extramitochondrial concen- 
tration of Ca2+ was extrapolated, which 
corresponded to 1.5 to 2 pM in the case of 
Ca2+ influx and 5 to 6 FM in the case of 
Ca2+ mobilization. Taken together, these 
data demonstrate that the same average 
increases in [Ca2+], caused by intracellular 
Ca2+ mobilization or influx across the olas- 
ma membrane have different effects on the 
uptake of Ca2+ into mitochondria in situ. 
Mobilization of Ca2+ caused an increase in 
[Ca2+], more than one order of magnitude 
faster than that predicted on the basis of the 
amplitude of the mean rise in [Ca2+], (1 6). 
Similar results were also obtained with oth- 
er agonists coupled to IP, generation, such 
as carbachol and adenosine triphosphate 
(ATP) (1 7). 

The simplest interpretation of these re- 
sults is that mitochondria close to the Ca2+ 
release sites are exposed to local concentra- 
tions of Ca2+ much higher than those 
measured in the bulk of the cvto~lasm. This 

1 .  

hypothesis correlates with electron micros- 
copy data from various cell types, which 
commonly show a close proximity between 
mitochondria and the endoplasmic reticu- 
lum (ER). In particular, in Purkinje neu- 
rons, which express stacked ER cisternae 
highly enriched in IP, receptors, mitochon- 

dria often appear adjacent to, or even in 
physical contact with, such structures (18). 
In various cell types (for example, hepato- 
cytes and pancreatic p cells) the [Ca2+], 
increases caused bv receDtor stimulation 
consist of numerous bkef oscillations, 
whose amplitude hardly exceeds micromo- 
lar concentrations (4). Given the low affin- 
ity of their Ca2+ uptake system, if mito- 
chondria were exposed to the mean [Ca2+],, 
the Ca2+ concentration in the matrix 
would not change appreciably even during 
the [Ca2+], spikes. On the contrary, it 
appears that the position of mitochondria 
may allow them to respond to localized 
[Ca2+], increases with a fast rise in [Ca2+],. 
The rapid dissipation of the local gradients 
by simple diffusion ensures a decrease in the 
rate of mitochondrial Ca2+ uptake and thus 
prevents excessive Ca2+ accumulation and 
mitochondrial damage. The increase in 
[Ca2+], might result in a transient activa- 
tion of the matrix dehydrogenases (7). 

A final point needs to be stressed, rela- 
tive to the values of [Ca2+], and of the 
surrounding [Ca2+],. The observed proxim- 
itv to Ca2+ release sites is most likelv not 
shared by all mitochondria or could even be 
merely stochastic. If this is the case, the 
[Ca2+], transients and the [Ca2+], increases 
of the microdomains sensed by the respond- 
ing mitochondria are even larger than our 
estimates. 

An obvious orediction of our model is 
that, provided that the anatomical relation- 
shim between mitochondria and the Ca2+ 
release sites are maintained intact, Ca2+ 
release from stores induced by IP, should 
cause rapid mitochondrial Ca2+ accumula- 
tion even in permeabilized cells. We incu- 
bated HeLa cells in Ca2+-free medium con- 
taining EGTA, treated them with digito- 
nin, and then perfused them with medium 
buffered at 1.3 pM Ca2+ (Fig. 3). A slow 
increase of [Ca2+], was observed under 
these conditions. After 2 min, the perfusing 
medium was changed to medium contain- 
ing EGTA (free Ca2+ < lo-' M) and IP, 
was added. Addition of IP, caused a rapid 
increase of [Ca2+],, similar to that induced 
by a receptor agonist in intact cells. The 
effect of IP, was observed only if the intra- 

a Fig. 3. Effects of IP, on [Ca2+], in 
- permeabilized cells. The cells 

were first perfused with buffer a 
(Fig. 1). Where indicated, the per- 4 meabilized cells were perfused 
with buffer b (same as with a ,  but 
free Ca2+ buffered at 1.3 FM with 
EGTA), to allow refilling of the 
stores. Before IP, addition, the 
cells were returned to buffer a. 
Where indicated, 5 pM IP, was 
added to the perfusion buffer. 

1 min - 
cellular Ca2+ stores were full and was abol- 
ished by the collapse of mitochondrial 
membrane potential (1 9). 

The existence of microdomains of high 
[Ca2+], in subplasmalemmal regions, close 
to the mouth of Ca2+ channels has been 
postulated (20) and supported by experi- 
mental evidence (6, 2 1). Localized regions 
of high [Ca2+], due to Ca2+ release from 
stores have also been described (22), and 
we have observed them in histamine-stim- 
ulated HeLa cells; their functional signifi- 
cance, however, is still unclear. Our data 
confirm the existence of regions of high 
local [Ca2+], close to IP,-gated channels 
and suggest that this microheterogeneity of 
[Ca2+], may provide an efficient way for 
inducing the accumulation of Ca2+ within - 
the mitochondrial matrix [well above the 
concentrations necessary for the modula- 
tion of key enzymes (7)], even during rapid 
modest increases of mean [Ca2+],. 
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Alterations of a Zinc Finger-Encoding Gene, 
BCL-6, in Diffuse Large-Cell Lymphoma 

Bihui H. Ye, Florigio Lists,* Francesco Lo Coco,? 
Daniel M. Knowles, Kenneth Offit, R. S. K. Chaganti, 

Riccardo Dalla-Favera3: 
The molecular pathogenesis of diffuse large-cell lymphoma (DLCL), the most frequent and 
clinically relevant type of lymphoma, is unknown. A gene was cloned from chromosomal 
translocations affecting band 3q27, which are common in DLCL. This gene, BCL-6, codes 
for a 79-kilodalton protein that is homologous with zinc finger-transcription factors. In 33 
percent (1 3 of 39) of DLCL samples, but not in other types of lymphoid malignancies, the 
BCL-6gene is truncated within its 5' noncoding sequences, suggesting that its expression 
is deregulated. Thus, BCL-6 may be a proto-oncogene specifically involved in the patho- 
genesis of DLCL. 

T h e  molecular analysis of specific chromo- 
somal translocations has improved our un- 
derstanding of the pathogenesis of non- 
Hodgkin lymphoma (NHL), a heteroge- 
neous group of B cell and (less frequently) T 
cell malignancies (1, 2). The  (14; 18) chro- 
mosomal translocation, which causes the 
deregulated expression of the anti-apoptosis 
gene BCL-2, plays a critical role in  the 

development of follicular lymphoma (FL) 
( 3 ) ,  which accounts for 20 to 30% of all 
NHL diagnoses (4). Burkitt's lymphoma 
(BL) and mantle-cell lymphoma, two rela- 
tively rare NHL types, are characterized by 
chromosomal translocations that cause the 
deregulated expression of the cell-cycle pro- 
gression genes MYC and BCL-llcyclin D l ,  
respectively (5, 6). 

Relativelv little is known about the mo- 
B. H. Ye, F. Lists, F Lo Coca, D. M Knowles, R, lecular pathogenesis of DLCL, the most 
Dalla-Favera, Department of Pathology, College of 
Physicians and Surgeons, Columbla University, New frequent and most lethal human lymphoma 
York, NY 10032. (4). It accounts for -40% of initial NHL 
K. Offlt and R. S K. Chaganti, Cell Biology and diagnoses and is often the final stage of 
Genetlcs Program and the Department of Pathology, 
Memorial Sloan-Kettering Cancer Center, New York, progression of FL (4). A percentage of 
NY 10021 DLCLs display MYC rearrangements (7) 
*Also at the Centro Stud1 e Rlcerche della Sanita' dell' and 20 to 30%'disp1ay alterations of BCL-2, 
Esercito, Rome, Italy reflecting the tumor's derivation from FL 
?Also at the Sezlone dl Ematologia, Dipartlmento di (8). However, no consistent molecular al- 
Biopatologia Umana, Universlta' La Sapienza, Rome, 
Italy. teration has been identified that is specific 
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