THEJOURNAL
OF BIOLOOICAL
CHEMISTRY
0 1994 by The American Society for Biochemiatry and Molecular Biology, Inc.

Vol. 269, No. 4, Issue of January 28, pp. 2468-2476, 1994
Printed in U.S.A.

The Role of Pyruvate in Neuronal Calcium Homeostasis
EFFECTS ON INTRACELLULAR CALCIUM POOLS*
(Received for publication, April 28,

1993,
and in revised form, September 23,

1993)

Martin VillalbaS§,Albert0 Martinez-SerranoS§n,Paulino Gbmez-PuertasS§,Pablo Blancolll,
Cristina BornerS, Ana Villa$, Mariano CasadoSB, Cecilio GimBnezS, Rodolfo PereiraS,
Elena BogonezS, W l i o Pozzan**, and JorginaSatdsteguiSIISS
From the @Departmento de Biologia Molecular, Centro de Biologta Molecular “Seuero Ochoa,” Consejo Superior de
Znuestigaciones Cientificas y Universidad Autdnoma de Madrid, Cantoblanco, 28049 Madrid, Spain and **Znstitute of
General Pathology, Consiglio Nazionale delle Ricerce Center of Biomembranes, University of Padova, 35100 Padova, Italy

It has long been known that pyruvate is essential for
survival of prenatal neurons in culture. To understand
the role of exogenous pyruvate in neuronal calcium homeostasis, we have investigated the effects of pyruvate
(plus malate) addition to dissociated adult rat hippocampal and cerebral cortex cells and cultured CNS neurons having an unrestricted glucose supply, We found
that pyruvate (plus malate) increased the respiration
rate while ATP levels were unchanged.
At the same time,
cytosolic free calcium concentrations, [Ca2+Ii,decreased
while total 45Ca2+and %a2+ accumulation increased.
The extra Ca2+accumulated by the cells is attributable
to an increase in the size of the intracellular calcium
pools. Two such pools were identified on the basis of
their sensitivity to specific drugs. The first pool was mobilized by thapsigargin plus te&-butyl hydroquinone
and caffeine while the second pool was discharged by
the mitochondrial uncoupler carbonyl cyanidep-trifluoromethoxyphenylhydrazone (FCCP) (plus oligomycin).
The two pools represented about 15-2W’ and 153W0,
respectively, of the rapidly exchangeable 46Ca2+ pools
in
cerebral cortex cells. In cultured hippocampal neurons,
the collapse of the mitochondrial membrane potential
(as induced by uncouplers (FCCP) or respiratory chain
inhibitors (antimycin)caused a large increase in [Ca2+li
which varied in size and shape among cells and was
reduced by external Ca2+ chelation. The
latter condition
also resulted in a partial discharge of FCCP-releasable
*Wa2+. The effectsof FCCP did not result simply from
ATP depletion since incubation in glucose-free medium
and sequential additions of 2 IMI deoxyglucoseand 10 p~
oligomycin, conditions that led to a dramatic reduction
in cellular ATP levels, did not abolish the FCCP-induced
[Ca2+Ii rise. Taken together,
the results indicate that mitochondria harbor a significant proportion of cellular
Ca2+. Thesensitivity of the mitochondrial pool size to
pyruvate (plus malate) questions previous hypotheses

concerning a kinetic limitation for Ca2+ accumulation
in
mitochondria in resting neurons.

The trophic requirements
of tricarboxylic acidintermediates
in various cell types growing in glucose-containing medium
have been knownfor a number of years (Herzenberg and
Roosa,
1960). Lactic acid has been shown to be an autocrine stimulatory molecule essential for the proliferation of immortalized B
lymphocytes growing in serum-free conditions in the presence
of glucose and glutamine (Pike et al., 1991).Exogenous pyruit has
vate is essential
for the survivalof prenatal neurons, and
been suggested that theglial cell population is themost likely
candidate for external source of pyruvate and othercitric acid
cycle intermediates such as a-ketoglutarate, oxalacetate, or
amino acids that transaminate to them (Selak
et al., 1985;
Kaufman and Driscoll, 1992; Facci et al., 1985; Shank and
Campbell, 1984). In fact, high affinity transport systems for
L-malate and a-ketoglutarate have been reported in synaptosomes (Shank andCampbell, 1984).These metabolites serve to
acid
replace molecules that are utilized to replenish the amino
neurotransmitter pools (Hertz, 1989)but also may
be neededby
the neurons in order to meet energy requirements
which glucose alone cannot satisfy. One of these energy requirements
appears tobe oxidation in thetricarboxylic acid cycle since the
ability to decarboxylate these metabolites by neurons correpresence (Facci et al.,
lates with the ability to survive in their

1986).
It is known that various neuronal trophic factors have long
term effects on cell Ca2+ homeostasis. Ciliary ganglion cells
which suffer developmentaldeath in the
embryo will survive in
culture medium supplemented with
depolarizingconcentrations of potassium that promote a sustained increasein intracellular Ca2+(Collins et al., 1991).Sympathetic neuronswhich
die in vitro after acute nerve growth factor withdrawal may
also be rescued from death by depolarizing agents that increase
if [Ca2+li
[Ca2+Ii1(Koike and Tanaka,1991).On the other hand,
levels are too high, for example in response to excitatory amino
acids or to the continuous presence of the Ca2+ ionophore
A23187, neurons will die (Milles and Kater, 1990;Choi, 1987;
Mattson et al., 1989),and growthfactors can reduce both neurise in [Ca2+l;caused by glutamate (Mattronal death and the
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son etal., 1989).Indeed, effective bufferingof [Ca2+li is critical
to neuronal survival (Scharfman and Schwartzkroin, 1989).
Intracellular Ca2+regulation is known to be tightly linked to
the energystatus of the cell. In addition togross energy failure
which is associated with severe disturbances inCa2+levels and
distribution, alterationsin the ATP/ADP ratio providea means
for a more subtle modulationof [Caz+li throughtheir action on
the various Ca2+ pumpsand endoplasmic reticulum-type Ca2+
stores (Prentki et al., 1984; Corkey et al., 1988). Moreover,
although yet an unexplored possibility, variations in energy
availability in mitochondria (membrane potential or proton
the
motive force) in otherwise healthy cells may also affect
capacity of Ca2+ accumulationin this organelle.
Understanding the trophic requirementsof neuronal cells is
an important step toward developing
a therapeutical approach
to neurodegeneration and improving in. vitro cell culture. The
aim of this study was to investigate whether the addition of
pyruvate to neurons with unrestricted glucose supply would
have effects on
(a)the rate of respiration and ATP levels maintained by the cells and ( b ) the regulation of cell Ca2+ homeostasis. We have used a preparation of adult rat dissociated
hippocampal and cerebrocorticalcells(Villalbaet
al., 1992)
suitable forthe determination of respiration rates, ATP levels,
acetylcholine release, total and free Ca2+levels, together with
cultured hippocampal and cerebral cortex neurons, for [Ca2+li
determination in single cells and [Ca2+li imaging.Our results
indicate that the supply of pyruvate plus malate induces an
alteration in cell Ca2+regulation whereby totalCa2+associated
with the cells increases inthe presence of lower [Ca2+li.Under
these conditions, both in cerebrocortical a n d especially hippocampal neurons, an FCCP-releasable Ca2+ pool becomes an
important part of total intracellularCa2+.We have used [Ca2+li
imaging in cultured neurons in combination
with 45Ca2+labeling i n brain cell suspensions to characterize the subcellular
origin of FCCP-releasable Ca2+.The partial resistance to external Ca2+ chelation and to maneuvers leading to ATP rundown suggests that the internal organelle harboring FCCPreleased Ca2+is the mitochondrion. The data are discussed in
terms of the role of mitochondria in neuronal calciumhandling.
MATERIALS AND METHODS
Preparation of Acutely DissociatedRat Brain Cells-Acutely dissociated adult rat brain cells were obtained from hippocampus or cerebral
cortex followinga mild digestion with collagense in a medium containing 145 nm NaCl, 5 m KCl, 1 m MgC12,0.4 m P04H2K, 10 m
glucose, 10m Tris-HC1, pH 7.4(mediumA), orin that medium supplemented with pyruvate plus malate (2.5 m each) (medium A + P/M)
(Villalba et al., 1992),and maintained at room temperature in thesame
medium until used. When used for oxygen uptake experiments, cells
were suspended in 0.32 M sucrose, 10 m Tris, 0.1 m EDTA, 1%BSA
and maintained on ice until used.
ATP and ADP Determinations-To measure ATP and ADP levels,
dissociated hippocampal cells(0.5 mg and proteidml)were incubated in
medium A or medium A + P/M supplemented with 1 m CaCl,, for 15
min at 37 "C. ATP and ADP were extracted with 10% (w/v)trichloroacetic acid at 4 "C. After centrifugation, 10-pl aliquots of the supernatants were neutralized with 490 pl of 0.1 M Tris-acetate, 2 nm EDTA, pH
7.55, and ATP was determined with a luminescence test (Lemasters and
Hackenbrock, 1978) as described elsewhere (Martinez-Serrano et al.,
1992). To evaluate ADP, 50-ml aliquots of the supernatants were neutralized with 900 ml of 0.1 M Tris-acetate, 2 n m MgCl,, and 3 m KC1
and taken to pH 7.55 with NaOH. ADP was assayed after ATP, fromthe
change in luminescence recorded after addition of 2.5 m phosphocreatine (Sigma) and 2 units of creatine kinase (Boehringer Mannheim).
Acetylcholine Release-Acetylcholine release was estimated with the
luminescence method modified for neutral pH (Gomez-Puertas et al.,
1991). Cells(0.8 mg of proteidml) were preincubated for 15 min in the
dark at 30 "C in medium A or medium A + P/M and 1 m CaC12 in the
presence of 10 units of choline oxidase,11units of peroxidase, 10 units
of acetylcholinesterase, and 40 nmolof luminol in a final volume of 1ml.
Chemioluminescence was recorded in a LIU3 luminometer, and addi-

2469

tions were made after decay of the luminescence signal. The endogenous content of acetylcholine was determined after trichloroaceticacid
(20% w/v)extraction and processing of the samples (Willoughby, etal.,
1986). Aliquots(100 pl) were assayed with 100 pl of the chemioluminescence buffer mixture (see above) except that acetylcholinesterase
was added in the luminometer. The signals obtained were calibrated
with known doses of acetylcholine.
45Ca2+Labeling A s ~ a y s - ~ ~ C auptake
~'
indissociated brain cells was
studied essentially as previously described (Villalbaet al., 1992). Cells
were preincubated in medium A or medium A + P/M for 5 min at 37 "C,
and 46Ca2+accumulation was then initiated after addition of 1 nm
CaCl,, 1.5 pCi of 46Ca2+/ml,and 29 m ruthenium red (unless indicated
otherwise)and continued for the times indicated in thefigures. To study
45Ca2+uptake into free mitochondria, the mitochondrial preparations
were obtained from the pellets after Rcoll gradient centrifugation of the
crude synaptosomal fractions, P2 (ViUrica, et al. 1984), suspended in
0.32 M sucrose, 10 m Tris, pH 7.4, and stored on ice until used. 45Ca2+
uptake was determined under the same conditions used for dissociated
cells.
Determination of lbtal Ca2+-Cells were incubated (2 mg/ml) in 1m
CaC12, 29 m ruthenium red in medium A + P/M or P/M for 21 min.
Then the medium was withdrawn by centrifugation, and cells were
washed with 0.32 M sucrose, 10 m Tris, 10 nm LaC13, pH 7.4, at 4C".
The cell pellets were then suspended in 1.5 ml of 2 N HCl in distilled
water (Milli Q; Millipore),vortexed, centrifuged (15-mintop speed
bench centrifuge), and divided into three aliquots to which additions
(1:l by volume) of known amounts of 40Ca(0,1, and 2 ppm) were made.
Samples were then mixed with equal volumes of a solution containing
(w/w) 10% lanthanum, 20% HCl, 4% CsCl, and total Ca2+was determined by atomic absorption spectroscopy.
Cytosolic pH-Cytosolic pH was measured with the fluorescent dye
BCECF. Cells were loaded
with 5 m BCECF-AM (MolecularProbes) as
described forfluo 3-AM and processed as indicated in Martinez-Serrano
et al., (1992).
[Ca"+],Determinations in Dissociated Brain Cells-For loading with
fluo 3 or fura 2, cells were suspended in medium A (10 mg proteidml)
supplemented with 1%BSA, 5 1.1~(in dimethyl sulfoxide) fluo3-AM or
fura 2-AM (Molecular Probes) in the presence or absence of P/M. m e r
30-min incubation at 37 "C, cells were washed twicewith medium A or
medium A + P/M,0.1% BSA, and maintained in the corresponding
media a t room temperature until used. For fluo 3 experiments excitation and emmission were at 506 and 526 nm, respectively. The corresponding wavelengths were 340 and 506 nm for fura 2. Any external
free dye was eliminated by centrifugation of the cells (about 1and 2 mg
of protein for fluo 3 and fura 2, respectively)immediately before being
were obtained from the fluoused. To calibrate [Ca2+l;,F,, and Fmin
rescence observed aRer the addition of 160 w digitonin plus 1 nm
C12Ca, and 10 m EGTA plus 20 m Tris, respectively.A KD of 450 m
(fluo 3) or 224 m (fura 2) was used. A detailed description of the
fluorescence measurements is described in Villalba et al. (1992).
Preparation ofNeurona1 Cell Cultures-Primary cultures of neuronal
cellsfrom rat brain cortexwere prepared essentially as described
(Gomeza et al., 1991).The cerebral cortex of 12-16 Wistar rat embryos,
17 days of gestation, were enzymatically dissociated in phosphate-buffered saline containing 1%BSA, 0.4 mg/ml papain, and 6 nm glucose.
Dissociated cells were collectedby centrifugation (800 x g,5 min). Cell
pellets were resuspended in Dulbecco'smodified
Eagle'smedium
supplemented with 10%fetal calf serum. At this stage, more than 95%
of the cells remained viable based on trypan blue exclusion. The cells
were plated at 1.5 x lo5 celldcm2 on glass coverslips pretreated overnight with 10 1.1~poly-L-lysine and 2 h with laminin (4 pg/ml). The
medium was replaced after 2 h by a serum-free medium consisting of
Dulbecco's modified Eagle's mediumand the components of B18 defined
medium (Brewer and Cotman, 1989)(see Table I) omitting glutamate,
glutamine, retinol, retinylacetate, catalase, superoxide dismutase, and
triiodothyronine. This medium was changed again every 3 days. The
experiments were performed after 6 days in culture.
lCa2+li Microfluorimetry in Primary Neuronal Cultures-Cultured
neurons growing on coverslips were washed twice in serum-free medium A and then incubated in thesame medium or in medium A + PA4
4.5 h at 37 "C, changing the medium twice during this time. Neurons
were then loaded with fura 2 by incubation in medium A or medium A
+ P/M supplemented with 0.1% BSA and 5 w fura 2-AM for 30 minat
37 "C in a final volume of 1.5 ml. Following this incubation, the cells
were washed twice in medum A or medium A + P/M, 0.1% BSA. No
punctuate fluorescence was apparent in neurons loaded with this procedure, indicating that the dye was truly localized in the cytosol.
The coverslipscontaining the loaded and washed cells were mounted
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in an open chamber (1ml) and placed on the stage of a Zeiss Axiovert
35M inverted microscope. Fluorescence excitation was provided by a
X B O 75-W xenon lamp through a dichroic mirror (Zeiss FT 395) and
wavelengths (340 and 380 nm) were selected by a controlled (Zeiss
MSP2l Microscope System Processor)movement of two filters (Zeiss BP
340 and 380) into the light path. The emmitted light (500530) was
collected by a Zeiss Plan-NEOFLUAR4040.75 objective and measured
by a photomultiplier (Zeiss MPM 200 Microscope Photometer). Exposure times were 12.5 ms and one 134,J1380 measurement was acquired in
2.5 s.
Fura 2 fluorescencefrom individual cells was measured at room
temperature with a photomultiplier diaphragm of a diameter slightly
larger than thecell body of the cell being measured (15mm). Cells were
washed four times with medium A or medium A + P/M byremoving and
replacing fresh medium on the stage of the microscope before recording
fura 2 fluorescence. A base-line [Ca2+ljwas monitored in five selected
cells from the same field, and then the CaCl, concentration of the
medium was raised to 1 m; the resulting fluorescence was again recorded in the same cells during the next 30 min, when a new steady
state was obtained. Following subtraction of the background at both
wavelengths, signal ratios were converted to [Ca2+Iiby using equation
[Ca2+l.= [(R - RminY(R,,,= - R)1. KD (Grynluewicz et al., 1985)R,
Rmi,, and D were obtained from the fluorescence observedafter addition
of 160 1.1~digitonin (before dye leakeage) and 10 n m EGTA plus 10 mM
Tris, respectively. A KD of 224 n~ was used. Background light levels
(which included autofluorescence) weredetermined on a separate coverslip with cells that had not been loaded with fura 2. In a few experiments, a solution of fura 2pentapotassium salt in medium A was added,
Rmi,, and D were also determined. R,,, and Rminobtained
and R,
this way did not differ significantly from those obtained as indicated
above.
[Ca2+jiImaging-Cells were loaded with fura 2 by incubation in 2ml
of medium A or medium A + P/M and 2.5 PM fura 2-AM dissolved in
dimethyl sulfoxide (final concentration, 1pl of dimethyl sulfoxide/l ml).
After 50 min at 37 "C, fura 2-loaded cells were counterstained with
rhodamine 123 (Sigma) by incubation with 10 pg/ml for 10 min prior
being used. This medium was washed off by rinsing three times with
medium A + P/M and 1 mM CaC12. The fura 2- and rhodamine 123loaded cells weremounted in the microscope stage (Olympus inverted
microscope, x40 Nikon oilimmersion objective,numeric aperture = 1.3)
for [Ca2+],imaging. The incubation chamber was thermostatically regulated at 37 2 2 "C. A charge-coupled deviceintensified camera was used
as the imaging device. Images at each wavelength were stored (an
average of 32 images a t each wavelength, one ratioed image, every 2 s)
in an optical disk recorder or directly in the computer hard disk. Fura
2 was excited at 340 and 380 nm, respectively, and the emmitted light
was filtered by a cut off at 460 nm. Rhodamine 123 was excited at 470
nm and the emmitted light filtered by a cut off at 490 nm.
Background fluorescence of fura 2-loaded cells was estimated after
20-min incubation of the cells in the presence of 1 m~ MnC1,. Under
these conditions, fluorescenceof the cells was not changedby ionomycin, indicating a complete quenching of the dyeby manganese and
suggesting that the dye was exclusively cytosolic. Data were analyzed
by transfer of images from the optical disk recorder to an image processing system (Georgia Instruments Inc). Fluorescence ratios (3401380)
were determined after substraction of background fluorescence.No attempt was made of converting 340/380 ratios to actual [Ca2+ljvalues.
Neurons were continuously superfused with incubation medium. A
pumping device operated the inlet tubing and theoutlet was connected
to a vacuum supply, allowing a two-way regulation of the chamber
volume. Media were changed under continuous superfusion unless hydrophobiccompoundswere used. In order to add these compounds
(FCCP, oligomycin,antimycin), the volume of the incubation media was
first reduced to 0.5 ml, pumping was then interrupted, and 0.5 ml of
incubation media containing appropriate FCCP and oligomycin concentrations were added right under the inlet of the superfusion tubing.
Pumping was immediately resumed and again stopped when the incubation volume reached 0.5 ml.At the concentrations used, none of these
compounds interfered with fura 2fluorescence. The temperature of the
chamber did not change during interruption of superfusion.

3 min
M
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FIG.1. Effect of exogenous respiratory substrateson respiration of dissociated brain cells.
Tracings wereobtained with a Clark
type oxygen electrode. Measurements were carried out in medium A
supplemented with 2 mgBSA/ml and 1 mM CaCl, at 30"C in the
absence (a)or presence ( b )of 2.5 m pyruvate + 2.5 n u malate (1.7 ml
final volume) with gentle magnetic stirring. Where indicated (cells),
dissociated cortical cells (0.41 mg of proteidml in ( a ) or 0.47 mg of
proteidml in ( b )were added. FCCP (10 p ~ addition
)
is also indicated.

ing the trophic effectsof pyruvate in terms of energy supply, we
have used a combination of pyruvate and malate in order to
optimize pyruvate oxidation. No attempt was madeat analyzing the effects of pyruvate or malate separately.
Fig. 1 shows the effects of the addition of exogenous P/M on
the respiration of brain cell suspensions incubatedin the presence of 10 mM glucose. It may be observedthat the respiration
rate was significantly increased
(2.942 0.70 or 5.03 2 0.78 nmol
of O2 x m g of protein" x m i d in medium A or medium A +
PIM, respectively, mean 2 S.E. of six experiments p < 0.05).
However, the ATP contentof t h e cells was notaltered (8.3 f 0.4
or 8.0 2 0.6 nmol of ATP x m g of protein" i n the absence or
presence of P/M, respectively).
Effect of Exogenous Pyruvate + Malate on ICa2+li Regulation
in Dissociated Brain Cells and Cultured Neurons-The effects
of exogenous P/M on [Ca2+li regulation were studied in flu0
3-loadeddissociatedhippocampal
and cerebralcortex(not
shown) dissociated cells. The [Ca2+Ii levels maintainedat rest
by these brain cells are significantly lower when
P/Mwas present in incubation medium (Table I).
Our dissociated braincell preparations are made up of neurons and glial cells together with other cell types. The proportion of neurons was69% a n d 72%in hippocampal and cerebral
cortex preparations, respectively (Villalba
et al., 1992).To study
t h e effects of the addition of exogenous respiratory substrates
on a purely neuronal population, we cultured astrocyte-free
the effects of exogenous subcortical neurons and analyzed
strates on the [Ca2+Iimaintained by thesecells. The variations
i n [Ca2+Ii in single cellsunder a fluorescence microscope were
studied with fura 2. Table I shows that addition of PIM produced similar effects as those observed in dissociated brain
in
cells: [Ca2+Ii levels in resting cells were markedly lower
neurons supplied with exogenous PIM than in those incubated
with glucose alone. In fact, the presence of P/M h a d a more
pronounced effect in this purely neuronal preparation than in
mixed dissociated brain cells (Table I).
Effect of Exogenous Pyruvate + Malate on Total Ca2+LevelsTotal Ca2+ levels in dissociated brain cells incubated in the
presence or absence of exogenous P/M were determined after
labeling the cellular Ca2+pools with 45Ca2+. Fig. 2 shows that
RESULTS
PIM addition ledto an increase in total 45Ca2+accumulation of
Effect of Exogenous Pyruvate on Respiration and ATP about 2-3 nmoVmg of protein in hippocampal cells (and cereLeuels-In synaptic terminals, glucose oxidation via pyruvate bral cortex cells, results not shown) after 20 min, a time at
dehydrogenase requiresthe presence of a source of oxalacetate which *%a2+ loading in medium A + PIM leveled off. This
which may be provided by malate
or aspartate in vivo (Chees- increase disappeared at later times. The difference in 45Ca2+
loading observed at 20 min is not merely a consequence of a
man and Clark,
1988).Since we were interested in understand-
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TABLEI
Effect of the presence of exogenous pyruvate + malate (2.5 m M each) on
resting [Ca2+Ji and
on F/O-or A/O-induced increases in [Caz+Jiin
dissociated hippocampal cells and cultured cerebral cortex neurons
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Oligomycin was added together with the uncoupler. (Alternatively, a respiratory chain inhibitor, 10 1.1~antimycin, was used
instead of FCCP.) The rationale is that thecollapse of the miFlu0 3-loaded hippocampalcells (1 mg of protein) were preincubated tochondrial membrane potential, AJlmit, by FCCP + oligomycin
for 20 min at 37 "C in medium A supplemented with 1 n-m CaClz and or antimycin + oligomycin should lead to a specitic and rapid
with (+P/M)or without (-P/M)pyruvate + malate (2.5 n-m each) before release of mitochondrial Ca2+into the cytoplasm, followed by
starting [Caz+lideterminations. When a steady state [Ca2+Iilevel was its extrusion into the medium.
observed, 10 I.~MFCCP + 10 p oligomycin (F/O), or 10 I.~Mantimycin +
Fig. 3 shows the effect of exogenous substrates on the T/T/C
10 p oligomycin (NO)
were added.Data represent mean S.E.values
(three-six experiments performed in triplicate) of [CaZ+], values ob- and FCCP/oligomycin (F/O) Ca2+pools. The TPTIC pool in cortical cells (Fig. 3A) represented around 10-15% of total 4sCa2+,
served at rest and 90 s after F/O or N O (10 p each) addition. The
difference between those values and resting [Ca2+liis indicated as increasing from below 1 nmoVmg of protein in the presence of
A[Ca2+li. [Ca2+li
determinationsin cultured neurons were carried out
as glucose alone to over 1.5 nmoYmg of protein in A + P/M (Fig.
described under "Materials and Methods." The calcium concentration
of
medium A (measured with fura 2) was about 1 p a . Data were obtained 3 A ) . No T/T/C 45Ca2+pool was detected in hippocampal cells
after stable [Ca2+lilevels were recorded and represent
mean 2 S.E. in 60 (Fig. 3B). Fig. 3B shows that in thepresence of glucose alone,
single cells (four experiments performed in triplicate).
the fraction of F/O-releaseable Ca2+ was relatively small
(within 15%of total 45Ca2+)in hippocampal cells,whereas the
Dissociated
cortical
Cultured
hippocampal cells
neurons [Caz+li
addition of P/Mincreased the fraction of F/O-releaseable45Ca2+
Conditions Additions
by 2-fold. The effect ofP/Mon
the F/O Ca2+ pool was less
[Ca~+li
AICa~+li
[Ca2'L,
[Ca2+L,
1W
lmSr
marked in cortical cells (Fig. 3A). These results indicate that
nM
nH
the presence of exogenous substrates increases total Ca2+ ac-P/M
283 2 5
cumulation in braincells by increasing F/O and probably T/T/C
243 + 2***"
+P/M
Ca2+pools, the relative effects on both of these pools depending
on the cell type. Therefore, in spite of unchanged ATP levels,
-P/M
FIO
413 f 4
138+6
+P/M
F/O
42824
180 + 4***
the increased energy available leads to increased Ca2+accumulation in endoplasmic reticulum-type and especially F/O Ca2+
-P/M
N O 308+ 10
2526
stores.
N
O
304+
5
61
f
6**
+P/M
It is unlikely that the Ca2+released by F/O is redistributed
27.7 2 1.2 149.8 f 15.5 into any other intracellular
-P/M
ATP-dependent Ca2+pool after un18.7 f 1.7* 95.12 9.5* coupler addition since there is a substantial ATP drop under
+P/M
The significance of the difference between values with or without these conditions (see below and resultsnot shown). However,it
P/Mwas (student's t test) * p < 0.025; ** p < 0.005;*** p < 0.0005.
could be argued that T/T/C-mobilized Ca2+might redistribute
into the F/O pool, leading to an underestimation of the former
different labeling rate, but reflects a real difference in total
during the45Ca2+release experiments. Indeed, these two Ca2+
Ca2+associated with the cells. Thus, total Ca2+levels deter- pools did not appear to be completely independent; thus, in
mined by atomic absorption spectroscopy were 14.70 % 2.79 or cortical cells the F/O pool did not change by previous depletion
27.55 2 3.3 nmoVmgof protein in hippocampal cells in the
of the Tm/C pool, but the simultaneous addition of T/"/C and
absence or presence of P/M, respectively ( p < 0.011,and 13.20 2 F/O resulted in a 45Ca2+release which was larger than that
1.85 versus 27.81 2 7.38 nmoVmg ofprotein in cortical cells with obtained after their sequential addition (results not shown).
or without P/M, respectively ( p < 0.05).The larger size of total These results suggest the 45Ca2+release protocol may under40Cawith respect to the 45Ca2+-labeledpool indicates the pres- estimate the T/l'/C Ca2+pool.
ence of the slowly exchanging Ca2+pool(s) that remains unlaIn the experiments presented so far we have assumed that
beled during the loading period. Taken together, the results 45Ca2+accumulation and release from F/O stores represents a
indicate that the provision of exogenous P/M increases both true intracellular Ca2+pool. However, it may be argued that
rapidly exchangeable and slowly exchangeable Ca2+pools.
F/O stores represent contaminating free mitochondria or mitoContribution of Different Ca2+ Stores to Increased Ca2+Ac- chondria in damaged cells. The results depicted in Fig. 4 excumulation in the Presence of Pyruvate + Malate-Rapidly ex- clude this possibility. Thus, 29 rn ruthenium red, a concentrachangeable, agonist-sensitive Ca2+stores are known to repre- tion which
completely
blocks
Ca2+ uptake
in
isolated
sent one of the Ca2+ pools present in various cell types mitochondria incubated under the conditions used for cell sus(Fasolato et al., 1991; Meldolesi et al., 1990; Rossier and Put- pensions (results not shown), had no effect on cell 45Ca2+ accuney, 1991). The contribution of these Ca2+stores to total Ca2+ mulation or on the amount of F/O-releaseable 45Ca2+irrespecaccumulation may be evaluated from the 45Ca2+released from tive of the presence or absence of exogenous P/M, except that
the cells after the addition of the Ca-ATPase inhibitors thapsi- the time course of 45Ca2+ loss
after F/O addition was somewhat
gargin and 2,5-di-tert-butyl-1,4-hydroquinone
(Thastrup et al., slower (Fig. 4).This indicates that theincrease in 45Ca2+con1990; Moore et al., 19871, together with caffeine that releases tent of dissociated brain cells incubated with exogenous respiCa2+from stores functionally distinct from those sensitive to ratory substrates isnot attributable to a few damaged cells, but
inositol 1,4,5-triphosphate (Law et al., 1990) (TPTIC, thapsigar- rather suggests that theeffects of P/M are related to the existginldi-tert-butyl hydroquinonehaffeine).
ence of specific plasma membrane transport systems for these
Mitochondria are also known to account for an important metabolites (Shank and Campbell, 1984). It should be noted
fraction of total Ca2+accumulation in these structures (Aker- that the ruthenium red concentrations used in these experiman and Nicholls, 1981; Vit6rica and Satnistegui, 1986; Mar- ments (29 m)are about 2 orders of magnitude lower than those
tinez-Serrano and Satnistegui 1992), and recent reports sug- causing an inhibitory effect on Ca2+currents in single dissocigest that they may also participate actively in calcium ated mouse sensory neurons (Duchen, 1992).
homeostasis in different neuronal types (Miller, 1992; Duchen,
Effect of Exogenous Pyruvate + Malate on F/Oand T / T / C
1992). In thefollowing experiments we have tried to determine [Ca2+li Responses and Acetylcholine Release in Dissociated
the contribution of mitochondria to the rapidly exchangeable Brain Cells--To study the effects of F/O on [Ca2+Iiin dissociCa2+pool. To this end, we have measured the amount of 45Ca2+ ated brain cells we have utilized flu0 3 to avoid artifacts due to
released from the cells after addition of the uncoupler FCCP. FCCP fluorescenceand because flu0 3 fluorescence is independ-
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FIG.2. Effect of exogenous respira'Was+ accumulaHippotion in dissociated brain cells.
campal cells
were
preincubated in
medium A in the presence (0)
or absence
(0)of pyruvate + malate (2.5nm each) for
5 min at 37 "C. 46Ca2+accumulation was
then initiated and continued for 60 min at
37 "C (0,
0). Data are mean f S.E. of
three experiments performed in triplicate. The significance of the difference between the values with or without PIM was
(Student's t test): *p < 0.05.
tory substrates on

I

I

0

I

I

I

20

30

40

I/

"

I

60

Time ( m i d

A
H T

B

0
0

-1

+ P/M

+ P/M

- P/M

f

29nM RR

- P/M + 29 nM.RR

t

FIG.3. Effect of exogenous pyruvate + malate on the =Ca8+
pools mobilized by caffeine + thapsigargin + tert-butyl hydroquinone and FCCP/oligomycin. Brain cells derived from cerebral
during a 21-min
cortex (A) or hippocampus( B )were labeledwith 46Ca2+
incubation in basal media in the presence of glucose and with (striped
bars) or without (open bars) exogenous P/M. Then, a mixture of 10 nm
caffeine, 1 p thapsigargin (Sigma),and 25 p tert-butyl hydroquinone
(Aldrich)(TITIC)
or FCCP/oligomycin ( F I O ) (10w each) was added,
and 4 or 5 min later, the incubation was stopped and 46CaZ+
accumulation was determined in cells treated with TAX, F/O, or no additions.
the cells either afterFIO or Tm/C addition was
The loss of 46Ca2+ from
the same at 4 and 5 min, indicating that the release of 46Ca2+was
largely completed. F/O- or TflYC-released 46Ca2+(at 4 or 5 min) represents the difference in 46Ca2*accumulation between controland F/O- or
TPTIC-treated cells (mean 2 S.E. of four to eight experiments). The
significance of the difference between the values with or without P/M
was (Student's t test): *p < 0.05;**p < 0.025.

ent of cellular pH over a wide pHrange (Minta et aL, 1989)and
it does not accumulate in synaptosomal mitochondria (Martinez-Serrano and Satnistegui,1992). The collapse of the A+mit
by F/Oleads to a rise in [Ca2+liwhich was larger when P/M was
exogenously supplied (Fig. 5A and Table I). A similar, albeit
slower, increase was obtained with antimycin + oligomycin
(Fig. 5B, Table I).
To test the possibility that the increase in F/O-releasable
Ca2+pool (Figs. 3,4, and 5A and Table I) obtained by supplying
exogenous P/M could also result in an increase in neurotransmitter release, we studied the release of acetylcholine obtained
after F/O (or antimycidoligomycin, not shown) addition to dissociated brain cells. Fig. 5C shows that acetylcholine release
was significantly increased when the respiratory substrates
were supplied exogenously. This was not due to changes in
endogenous acetylcholine content, since this was unchanged
after incubation with P/M. In fact, the congruency obtained
between these results and those of Ca2+mobilization (Fig. 5-4,
Table I) was impressive.
The effects of TITIC on[Ca2+li were
determined separately in
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in disFIG.4.Effects of ruthenium redon 4Was+ accumulation
sociated hippocampal cells. Calcium uptake in dissociated cells incubated in the presence (0,O)
or absence (0, of P/M. At 16 min, 10
FCCP + 10 p oligomycin ( F / O )were added. Closed symbols correspond toincubations in thepresence of 29 m ruthenium red which was
added during preincubation. The results areexpressed as percentage of
the maximum uptake observed in medium A. Data are mean 2 S.E. of
three experiments performed in duplicate.

fura 2- (caffeine) and flu0 3- (thapsigargin and tert-butyl hydroquinone) loaded cells, since caffeine interferes with flu0 3.
The response to caffeine was (increase in [Ca2+limeasured at
90 s after drug addition, mean S.E. of4-10 determinations):
129 = 2 and 146 2 11 IMI in cerebral cortex and hippocampus,
respectively, whilethose to thapsigargin (33 f 4 and 40 * 3 m)
or tert-butyl hydroquinone (17 2 3 and 18 2 3 m) were much
smaller and did not vary in the absence or presence of P/M
(results not shown). Since T/T/C effects on [Ca2+liwere similar
in cerebral cortex and hippocampal cells, whereas noTPTIC
45Ca2+pool was detected in hippocampus (Fig. 3), these results
further emphasize the point that there is calcium redistribution among intracellular calcium stores after T/T/C addition
(see above).
Characterization of FCCP Effects on [Ca2+l,in Cultured Neurons-The results presented so far indicate that the F/O-induced [Ca2+lirise in dissociated brain cells increases in the
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other than mitochondria. It has been reported that FCCP releases Ca2+ from a non-mitochondrial store in Helisoma and
bullfrog sympathetic neurons (Jensen and Reher, 1991; MarF/O
rion and Adams, 1992). To evaluate theeffect of ATP depletion
per se, cells were incubated in a glucose-free medium (where
pyruvate and malate were also ommitted), and deoxyglucose
+P/Y
was supplied in order to inhibit endogenous glycogen utiliza30 snc
tion. Oligomycin was then added to block mitochondrial ATP
production without affecting the A+mit. In these experiments
cells were doubly loaded with fura 2 (tomeasure [Ca2+li) and
rhodamine 123 (to estimate AJl,it) (Chen, 1988; Chacon et al.,
1992).
To estimate the changes in ATP and ADP levels in these
I
1 S : S t l pmol AcCho
experiments, adenine nucleotides were evaluated in dissoci+Pyr/Mal
-Pyr/Mal
ated hippocampal cells incubated under the sameconditions as
5 min
neuronalcultures. Fig. 6F shows that the ATP/ADP ratio
FIG.5. Effect of exogenous P/M on FIO-induced increases in
[CaB+Id
and acetylcholine release. A and b, flu0 3-loaded hippocam- dropped slightly by incubation in a glucose-free medium
pal cells (1 mg of protein) were preincubated for 20 min at 37 "C in whether or not exogenous P/M was supplied. ATP/ADP demedium A supplemented with 1 IMI CaClz andwith ( + P / M )or without creased markedly in the presence of deoxyglucose when the
( - P / M ) pyruvate + malate (2.5 n m each), and [Caz+lideterminations cells were not supplied with P/M, but the ATP/ADP ratio was
were then initiated. Where indicated, 10 w FCCP + 10 1.1~oligomycin
stable in itspresence. The addition of oligomycin resulted in a
( F I O ) , or10 p antimycin + 10 w oligomycin (A/O) wereadded.
very rapid ATP/ADP drop to below 0.5,2 (without P/M) or 5
Results are representative fluorescence tracings. C , luminescence recordings of acetylcholine release in hippocampal cells preincubated in (with PiM) min later. No further changes in ATPIADP were
the absence or presence of 2.5 l l l ~pyruvate + 2.5 II~Mmalate. After decay observed after FCCP addition (Fig. 6F).
of the luminescence signal, FCCP + oligomycin (10 w each) were added
Fig. 6, C-E, shows that 12-min perfusion in thepresence of 2
at the arrow. The signal obtained after the addition of k n o w n doses of
acetylcholine is also shown. F/O-induced acetylcholinerelease was 62.5 mM deoxyglucose in a glucose-free medium did notresult in any
immediate change in cytosolic calcium (14 out of 16 cells). A
f 3.2 pmol/mg of protein (+Pyr/Mul) or 41 f 2.1 pmoVmg of protein
(-Pyr/Mul) (mean S.E. of three experiments; the significance of the slight increase in 348/380 was observed in some of the cells
difference was p < 0.005). Endogenous acetylcholine was 121 f 10.7 after 10 min of incubation under theseconditions (see Fig. 6, D
(+Pyr/Mul)and 118.4 2 15.9 (-Pyr/Mul) pmol/mg of protein. The
same
results were obtained when 5p antimycin was used instead of FCCP. and E ) . Basal 340/380 ratio was 0.82 2 0.03 and 1.02 2 0.04
after 10 min of incubation with 2 lll~deoxyglucose (34 cells,
mean S.E.). Addition of oligomycin resulted in a slow gradual
presence of P/M. To study thesource of FCCP-released Ca2+,we increase in [Ca2+li (20 out of 20 cells), which in some cells
next characterized the F/O-induced [Ca2+li increases in cul- started immediately (Fig. 6E) while in otherswas visible only
tured neurons. To this end, we studied the response to F/O in after a prolonged lag (Fig. 6C). The [Ca2+Iiincrease wasmodest
cultured hippocampal neurons (and cerebrocortical neurons, in size: the 3401380 ratio increased from 1.02 2 0.04 to 1.44 2
not shown) by Ca2+ imaging. The effect of F/O on [Caz+li con- 0.06 (34 cells, mean T S.E.) 10 min after oligomycin addition.
sists of a n increase in cytosolic calcium which varies in size Therewas no appreciablechange induring
deoxyglucose
among the cells. In some cells it consists of a n initial peak or oligomycin treatment as indicated by rhodamine 123 fluowhich is followed by a decay to baseline, whereas in others the rescence intensity (results not shown). Addition of FCCP to
increase is gradual and sustained.A similar response pattern these cells resulted now in an increase in 340/380 ratio, which
was observed when 2 p~ antimycin was used instead of FCCP was again variablefrom cell to cell (Fig. 6). It should be noticed
(results not shown).
that the size of the F/O peak is smaller than innaive cells in
Addition of EGTA 6-30 s before F/O (final EGTA and Ca2+ this typeof experiment; thus, the mean340/380 ratio after F/O
concentrations, 2.5 and 0.5 m,respectively), a condition under was 2.59 * 0.38 (20cells) in naive cells and 2.42 2 0.17 (34 cells)
which a K+-induced [Ca2+lirise was completely blocked (Fig. in those subjected to the deoxyglucose/oligomycinprotocol; the
6B) (indicating that Ca2+ influx was abolished), usually re- increase obtained by FCCP itself beingfrom 1.44 to 2.42. This
sulted in a smaller response (Fig. 6, compare Panels A and B). may be due to a partial discharge of the F/O pool before FCCP
The reduction of F/O responses by EGTAmay be due toa rapid addition.
depletion of the F/O-releasable Ca2+pool through equilibration
Taken together, these results highlight the fact that [Ca2+Ii
with cytosolic and external Ca2+.
We have tested this
possibility levels in hippocampal neurons increase little and slowly even
by comparing the sizes of the F/O released 45Ca2+pools in after a drastic reduction in ATP. A similar situation has been
dissociated cerebral cortex cells in the presence or absence of described in hepatocytes (Brecht et al., 1992). In contrast with
EGTA (final EGTA and Ca2+ concentrations, 4 and 1 m, re- this, [Ca2+li regulationin type I cells from the carotid body is
spectively) added 6 s before F/O. The F/O-released 45Ca2+pool more sensitive to ATP depletion since oligomycin addition rewas somewhat smaller (1.21 -t 0.08 and 0.86 2 0.06 nmoVmg of sults in a large rise in [Ca2+li (Duchenand Biscoe, 1992). On
protein, in Ca2+
or EGTA medium, respectively; p < 0.01) in the the other hand, these results
clearly indicate that the F/Opresence of EGTA and remained constant 1-4 min after F/O induced [Ca2+lirise does not occur from a drop in theATP/ADP
addition (results not shown). These results suggest that the
ratio.
reduction of the F/O-induced [Ca2+lirise by EGTA may be due
DISCUSSION
in part toa rapid discharge of the F/O Ca2+pool. However, the
decrease in [Ca2+lirise is larger than that
of the F/O-released
Effects of Exogenous Pyruvate on Neuronal Ca2+ Homeo45Ca2+,indicating that another part
of the [Ca2+Iirise induced stasis-The requirement for pyruvate by cultured CNS neurons
by mitochondrial inhibitors may be due to Ca2+ entry.
and their inability to survive when glucose is the sole energy
It could be argued that F/O addition causes ATP depletion source imply that neuronalproduction of endogenous pyruvate
and thereby a reduction of ATP-driven Ca2+efflux across the from glucose is insufficient to meet the neuronal demands,
or it
plasma membrane or sequestrationby intracellular organelles is overmatched by pyruvate losses (Facci et al. 1985). The fact
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FIG.6. Effect of FCCP, deoxygluc w , and oligomycin on [CaB*Itand
ATP levels. A and B, effects of external
calcium chelation on F/O responses. Cultured hippocampal neurons were superfused with medium A + P/M (final Ca2+, 1
m ~ (0.5
) d m i n ) , and where indicated,
the incubation medium was switched to
high potassium (65K, 65 m~ KCl), EGTA
(2.5 m~ EGTA and 0.5 m~ CaCl,), or mid
potassium medium (ZOK,20 m~ KCl; 15K,
15 m~ KCl). F/O (3 p~ FCCP, 10 p~ oligomycin) was added as a bolus where indicated. Note that recordingswere interrupted for 5-10 min as indicated (//) and
superfusion with medium A + P/M, 1 m~
CaCl, was resumed after F/O addition.
C-E, cultured hippocampal neurons were
superfused in glucose-free mediumA (minus pyruvate andmalate)and
l m~
CaC1,. Twenty minutes later, 2 m~ 2-deoxyglucose was added, and superfusion
was continued for 12 min. Oligomycin (10
p ~was
) then added, and FCCP (2 p ~was
)
added 10 min later, where indicated. C-E
correspond to fura 2 3401380 fluorescence
recordings in three representative cells.
Note that recording was interrupted twice
for 3 and 5 min where indicated (* and *',
respectively). F, acutely dissociated hippocampal cells incubated in the absence
(0)
or presence (0)of 2.5 m~ pyruvate +
2.5 m~ malate were suspended in glucosefree medium for20 min, and the different
additions were carried out as indicated.
ATP and ADP contents were determined
as described under "Materials and
Methods."
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that exogenous pyruvate plus malateincreases the respiration
rate of dissociated CNS neurons (Fig. 1)indicates that these
substrates fuel directly or indirectly the tricarboxylic acidcycle
under conditions of unrestricted glucose supply.
The increase in the respiratory rate was not associated with
changes in ATP levels. This was not entirely unexpected, since
it is known that in other cell types (hepatocytes), incubated
under resting conditions, a significant proportion ( 2 0 4 0 % ) of
O2 consumption in thepresence of glucose alone may be due to
H+ cycling across the inner mitochondrial membrane rather
than ATP synthesis. Moreover, the addition of exogenous respiratory substrates is known to raise the A.Jlmit and results in
an increase in therespiratory rate (Nobes et al., 1990a, 1990b).
W e have found that the thesupply of P/M to acutely dissociated CNS cells results in a long lasting reduction of [Ca2+li
while total cell Ca2+ levels increases (Table I, Fig. 2). These
changes are probably attributable tothe neurons rather thanto
the othercells (e.g. glial cells) present in themixed populations
since they were more pronounced in pure neuronal cultures.
Taken together, these results suggest that the exogenous supply of Krebs cycle substrates leads to an improved function of
Ca2+ homeostatic mechanisms, in particular, increasing the

efficiency of Ca2+extrusion into the medium (lower [Ca2+Iiin
the presence of P/M) and of Ca2+accumulation in theintracellular stores (higher total Ca2+content).
The improved capacity of extruding and sequestering Ca2+
conferred to the neurons by P/M might be of utmost practical
importance. In fact, responses to external stimuli in terms of
growth or cytosoliccalcium signaling vary among neuronal
types in a cell- and state-specific manner (Holliday et al.,1991;
Reber and Reuter, 1991). Millesand Kater (1990) have shown
that theCa2+buffering capacity is one of the factors conferring
cell and growth state specificity in cultured Helisoma neurons.
Strong Ca2+buffering of external Ca2+loads was associated
with resistance to cell death mediated by high doses of the Ca2+
ionophore A2.3187. The Ca2+buffering capacity of presynaptic
endings is unusually large and diminishes as a consequence of
ageing (Martinez-Serrano et al., 1992). Since effective buffering
of intracellular Ca2+during periods of neuronal excitation is
crucial to cell survival (Scharfman and Schwartzkroin, 1989)
the administration of exogenous pyruvate and malatecould be
of a therapeutic use to protect against non-ischemic events of
high level activation of synaptic connections.
Effects of Exogenous Pyruvate plus Malate on Intracellular
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ea2+Pools-As

mentioned above, treatment of neurons with
P/M results in an increase in the total cell Ca2+ content. In
particular, the supply of P/M increases the size of the FCCP/
oligomycin-releasable Ca2+ pool in hippocampal and cerebral
cortex cells and thatof the 'ITC-sensitive Ca2+pool at least in
cerebrocortical cells. The effects of P/M on the TTC-sensitive
Ca2+pool may be larger than observed in this study since our
4sCa2+release protocol probably underestimates thesize of this
pool. The effect of P/M supply caused both a n increase of the
rate of isotopic labeling of these pools (results notshown) and
of their absolutesize. Whether theeffects of P/M on these pools
is transient could not be determined because the large elevation of [Ca2+Iiin cells not supplied with P/M during prolonged
incubation (results not shown) does not permit unambiguous
conclusions to solve this problem.
The definition of TC-sensitive Ca2+ pool" reflects a functional property of this store, butits morphological identity remains to be established. On the contrary, the present results
strongly suggest that the
F/O-releasable Ca2+pool corresponds
to mitochondria. The following lines of evidence support this
conclusion. (i) TheF/O-induced [Ca2+lirise in resting CNScultured neurons supplied with exogenous P/M is at least in part
of intracellular origin since blocking Ca2+ influx across the
plasma membrane by external EGTA or nickel (not shown)
reduces, but does not abolish the F/O-induced [Ca2+lirise (Fig.
6). (ii)F/O addition to dissociated brain cells leads to a net cell
45Ca2+loss even in thepresence of external Ca2+.(iii)The slow
increase of [Ca2+Iiin the face of maneuvers depleting cellular
ATP to levels comparable to those obtained with F/O (Fig. 6)
the
indicates that the
effects or F/O are only in part due to drop
in the ATPIADP ratio. (iv) A rapid increase in [Ca2+liis also
produced by antimycinloligomycin, and even when the ATP1
ADP ratio has been previously reduced (Fig. 6). In conclusion,
these results indicate that in neurons (incubated with P/M)
mitochondria trap a relatively large amount of Ca2+ which is
rapidly released into thecytosol when their A J l , i t is collapsed.
Treatment with F/O results also in an increased Ca2+ influx,
whose mechanism, however, remains to be established.
We do not know a t present what is the actualmechanism of
P/M in promoting Ca2+accumulation in mitochondria. Onepossibility is that the increase in the respiratory rate in presthe
Aqmit. Kauppinen and Nience of P/M results in an increased
cholls (1986) have infact shownthat thepresence of exogenous
pyruvatein synaptosomes increases Aqmit. Wingrove et al.
(1984) have demonstrated that Ca2+ influx in isolated mitochondria depends on A$mit also at high membrane potentials
(see Gunter andPfeiffer (1990) for review). An alternative possibility is thatP/M is needed to support theproduction of a yet
unknown factods) which increases the Ca2+
affinity of the upaccumulation of
take process. It is important to stress that the
Ca2+ in mitochondria in situ does not lead to uncoupling of
oxidative phosphorylation, since respiration was further enhanced by FCCP addition (Fig. 1).In fact, thepresence of P/M
leads both to a larger Ca2+accumulation in mitochondria and
an increased stimulatory effect of FCCP.
The results presented in this study
underscore the contribution of mitochondria to cell Ca2+homeostasis in hippocampal
and cerebral cortex cells incubated under resting conditions,
larger than previously suspected but consistent with the findings in other neuronal and
non-neuronal cells (Miller, 1992;
Duchen, 1992). Studies in endothelial M4 cells expressing recombinant aequorin targeted to mitochondria have revealed
that changes in matrix mitochondrial free Ca2+ concentration
in response to physiological stimuli that increase [Ca2+Ii are
also larger than previously believed (Rizzuto et al., 1992). In
situ imaging of compartmentalized fura 2 in pancreatomacells
has led to similar conclusions (Glennon et al., 1992). In hippo-
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campal neurons,rhodamine123 fluorescence in rhodamine
123-rich areas diminishesupon
KC1 addition(results not
shown), suggesting a rapid response of mitochondria to increased [Ca2+liinvolving Ca2+uptake and a A$mit decrease.
Our results imply that the global affinity of the mitochondrial Ca2+transport systems in situ is adequate to allow Ca2+
accumulation from the cytosol at normal resting [Ca2+liprovided that respiratory substratesupply is not limiting. Indeed,
we have found that Ca2+ accumulationby mitochondria in situ
in digitonin permeabilized synaptosomes supplied
with glucose, pyruvate, and malate
may be observed at calcium concentrations as low as 200 m, depending on the presence of the
known modulators of the uptake andefflux pathways, sodium,
ADP, Pi, and polyamines; and as low as 100 m in intact synaptosomes underresting conditions (Martinez-Serranoand
Satnistegui, 1992). Since the mitochondrial Ca2+ content in
CNS neurons dependsupon the supply of exogenous substrates
to mitochondria, the actual role of mitochondria in cytosolic
calcium buffering awaits further study with appropriately fueled neurons.
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