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Abstract
The relationship is investigated between mitochondrial
membrane potential (DCM), respiration and cytochrome c
(cyt c) release in single neural bcl-2 transfected cells (GT1-
7bcl-2) or GT1-7puro cells during apoptosis induced by
staurosporine (STS). Bcl-2 inhibited the mitochondrial release
of cyt c and apoptosis. Three different cell responses to STS
were identified in GT1-7puro cells: (i) neither DCM nor cyt c
were significantly affected; (ii) a decrease in DCM was
accompanied by a complete release of cyt c; or (iii) cyt c
release occurred independently of a loss of DCM. The
endogenous inner membrane proton leak of the in situ
mitochondria, monitored by respiration in the presence of
oligomycin, was increased by STS by 92% in puro cells, but by
only 23% in bcl-2 cells. STS decreased respiratory capacity, in
the presence of protonophore, by 31% in puro cells and by 20%
in bcl-2 cells. In the absence of STS, oligomycin hyperpolar-
ized mitochondria within both puro and bcl-2-transfected
cells, indicating that the organelles were net generators of
ATP. However after 15 h exposure to STS oligomycin rapidly
collapsed residual mitochondrial polarization in the puro
cells, indicating that DCM had been maintained by ATP
synthase reversal. bcl-2 cells in contrast, maintained DCM

until protonophore was added. These results indicate that the
maintenance of DCM following release of cyt c may be a
consequence of ATP synthase reversal and cytoplasmic ATP
hydrolysis in STS-treated GT1-7 cells. Cell Death and
Differentiation (2001) 8, 995 ± 1003.
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Introduction

In recent years, mitochondria have become centrally
implicated in the process of apoptotic cell death.1,2 Release
of mitochondrial cytochrome c (cyt c) is promoted by the pro-
apoptotic proteins Bax and Bak, whereas anti-apoptotic
members of this family prevent the release of the
cytochrome.3 The mechanisms responsible for cyt c release
are controversial; both non-specific rupture of the outer
membrane, as a consequence of matrix swelling induced by
the mitochondrial permeability transition, and activation of a
specific outer membrane channel, perhaps involving the outer
membrane porin, have been proposed.4 While it is unreason-
able to expect that a single global mechanism will account for
all observations, a key discriminator has been the mitochon-
drial membrane potential, DCM, during the apoptotic process,
since a permeability transition would be associated with a
collapse in potential, while activation of a specific outer
membrane channel need not involve any bioenergetic
disruption. Unfortunately, a number of studies have used
inappropriate methodologies to monitor DCM

5 and the central
question concerning the bioenergetic competence of the
mitochondria to generate ATP has generally not been
addressed.

Exposure to the non-selective protein kinase inhibitor
staurosporine (STS) induces apoptosis in a variety of
cells;6 ± 10 however the mechanism is still largely unknown.
Heiskanen et al.8 reported that STS-induced apoptosis in
PC6 cells was associated with a synchronous release of
cyt c (as a green-fluorescent-protein construct) and
collapse of DCM. However other investigators have found
that the release of cyt c into the cytosol during STS-
induced apoptosis occurs independently of mitochondrial
depolarization.9 ± 11

The cell death repressor protein Bcl-2 inhibits cellular
free radical formation12 ± 14 and cyt c release,15 blocks the
activation of caspases16 and inhibits apoptosis.17 Bcl-2
increases the capacity of mitochondria to accumulate
Ca2+ 18 and shifts the redox potential of cells towards
reduction.19 Vander Heiden et al.6 have reported that Bcl-
x(L)-expressing cells adapt to STS treatment by maintain-
ing a decreased DCM, while Shimizu et al.20 have
suggested that Bcl-2 over-expression decreases the
effectiveness of protonophores in depolarizing the mito-
chondria by enhancing ion flux.

Mitochondrial membrane potential can be controlled by
proton leakage across the inner membrane, ATP synthesis
(or hydrolysis), substrate availability, electron flux through
the respiratory chain and ion transport. In order to establish
which, if any, of these factors influence DCM during STS
exposure we have investigated changes in DCM and cyt c
retention in single neural GT1-7 cells transfected with a

Cell Death and Differentiation (2001) 8, 995 ± 1003
ã 2001 Nature Publishing Group All rights reserved 1350-9047/01 $15.00

www.nature.com/cdd



recombinant retrovirus carrying bcl-2 and a puromycin
resistance gene (GT1-7bcl-2) or a control construct (GT1-
7puro) during apoptosis induced by STS. We suggest that
some of the ambiguity in the literature may stem from the
ability of mitochondria that have released cyt c to maintain
a high DCM by ATP synthase reversal.

Results

Bcl-2 expression, STS-mediated apoptosis and cyt
c release

STS-induced apoptosis of GT1-7 cells is accompanied by
caspase activation, nuclear fragmentation and DNA ladder-
ing.16 Figure 1 shows that the cells display other characteristic
changes including externalisation of phosphatidylserine (PS)
(Figure 1A) and loss of cyt c-like immuno-activity from
mitochondria (Figure 1C) and cells (Figure 1B). GT1-7puro
cells do not express detectable amounts of Bcl-2 (Figure 1C),
but expression of the protein in the GT12-7bcl-2 cells (Figure
1C) confers protection against STS-induced apoptosis,
preventing PS externalization (Figure 1A), nuclear condensa-
tion and cell death (Figure 1A) and cyt c depletion from
mitochondria (Figure 1C) and cells (Figure 1B).

Mitochondrial membrane potential and cyt c
retention

Changes in in situ mitochondrial membrane potential can be
monitored by confocal microscopy using fluorescent cationic
probes loaded at low concentrations insufficient to induce
aggregation and fluorescence quenching within the matrix.
Tetramethylrhodamine methyl ester (TMRM+) loaded at
10 nM into a field of GT1-7puro cells that had been exposed
to 500 nM STS for 15 h revealed a heterogeneous response,
with many cells retaining TMRM+ indicating a population of
polarized mitochondria (Figure 2B). Mitochondria within
GT12-7bcl-2 cells similarly exposed to STS were uniformly
polarized (data not shown). Since Figure 1 showed extensive
cyt c depletion in STS-exposed puro cells it was important to
establish the relationship between DCM and cyt c retention in
individual cells. This was accomplished by fixing and immuno-
staining the same field of cells whose mitochondrial
membrane potential had been monitored. Figure 2C shows
that only a sub-population of cells displaying TMRM+

fluorescence were immuno-reactive for cyt c (see for
example cells arrowed `c'). Thus mitochondria can lose their
cyt c during apoptosis by a mechanism independent of a
collapsed DCM. Figure 2D ± F shows a group of four cells
enlarged from Figure 2A ± C. All four cells maintain TMRM+

fluorescence, but cell `b' contains no detectable cyt c immuno-
activity.

Since electron transfer between mitochondrial com-
plexes III and IV is catalysed by cyt c the question is
raised as to how DCM is maintained in cells whose
mitochondria have released the cytochrome. In the
absence of electron transport the only mechanism for
generating and maintaining DCM is reversal of the ATP
synthase utilizing cytoplasmic ATP derived from glycolysis.
The ATP synthase inhibitor oligomycin has proved a useful

tool to investigate ATP synthase directionally in cultured
neurons undergoing excitotoxic degeneration.21,22 Briefly,
by blocking proton re-entry through an ATP synthase
engaged in net ATP synthesis, oligomycin will hyperpolar-
ize the mitochondria. Alternatively, mitochondria with
inhibited respiration or a moderately proton-leaky inner
membrane can still maintain a DCM by ATP synthase
reversal, in which case oligomycin will rapidly depolarize
the mitochondria.

Assessing the functional ability of in situ mitochondria to
generate ATP is of more value than a simple qualitative
estimate of mitochondrial polarization, since it defines the
functionality of the organelles. The oligomycin `null-point'
assay can be used under two different loading conditions. If
the loading is sufficient for aggregation of the probe in the
matrix and consequent fluorescence quenching, then
mitochondrial hyperpolarization will be reflected in a
decreased whole-cell fluorescence as cytoplasmic probe
is accumulated into the quenching environment of the
matrix.21 Conversely depolarization will cause an elevation
of signal as probe is released back into the cytoplasm
before re-equilibrating across the plasma membrane.
These effects are demonstrated in Figure 3 for GT1-
7puro and GT1-7bcl-2 cells. Figure 3A,B show that
oligomycin causes similar hyperpolarizing effects on puro
and bcl2 cells. Thus both cells with control and bcl-2
constructs maintain a sufficiently high membrane potential
for net ATP synthesis. No difference in the rate of probe
redistribution was detected following addition of the
protonophore FCCP. Thus we cannot substantiate claims
that Bcl-2 expression inhibits protonophore-induced
changes in DCM.20,23

In order to model the change in whole-cell fluorescence
which would occur upon oligomycin addition if DCM were
being maintained by ATP synthase reversal, puro and bcl-2
cells were treated with rotenone, which causes maximally
about 90% inhibition of complex I. Such respiratory chain
inhibition induces ATP synthase reversal, which limits the
extent of mitochondrial depolarization. Thus Figure 3C,D
show the very slight mitochondrial dequenching observed
under these conditions in, respectively, puro and bcl-2
cells. The further addition of oligomycin now causes
depolarization and hence further dequenching (Figure
3C,D). Antimycin A, which totally inhibits complex III
causes further depolarization and the decay of DCM is
accelerated by the protonophore FCCP.

We were unable to obtain convincing evidence of
oligomycin-induced mitochondrial depolarization within
STS-treated puro cells using the above aggregation-
dependent assay in which mitochondrial depolarization
should generate a transient increase in whole-cell fluores-
cence (data not shown). Experiments were therefore
repeated at confocal resolution with GT1-7 cell equilibrated
with 10 nM TMRM+, a low, non-quenching concentration
(Figure 4). Figure 4A shows a representative pair of control
puro cells. Mitochondrial fluorescence is retained for at
least 15 min in the presence of oligomycin but is rapidly
dissipated by FCCP. Figure 5A shows the time-course of
the integrated whole cell fluorescence from representative
non-exposed puro cells in response to oligomycin and
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FCCP. The slight increase in fluorescence under these
non-quenching conditions reflects a mitochondrial hyper-
polarization as probe accumulates into the mitochondrion
and the cytoplasm restores the Nernst equilibrium across
the plasma membrane.21 The histograms show the mean
responses from three independent experiments.

Figure 4B shows three representative puro cells after
15 h exposure to STS. Note that only one of the cells
retains mitochondrial TMRM+. Upon addition of oligomycin
the mitochondrial fluorescence starts to decay and is
almost undetectable after 15 min, indicating that DCM was
being previously maintained by ATP synthase reversal

Figure 1 STS-induced apoptosis and mitochondrial cyt c release in GT1-7 cells ± effect of Bcl-2. (A) The cells (GT1-7puro and GT1-7bcl-2) were incubated with
0.5 mM STS for the indicated period and imaged for phosphatidylserine exposure by labeling with Annexin V plus propidium iodide (PI) or for chromatin
condensation with SYTO-13 (green) plus PI (red). Co-localization of SYTO-13 plus PI indicates necrotic or late apoptotic cells. Images are representative from 3 ± 4
independent experiments. (B) Control cells or cells exposed to 0.5 mM STS for 15 h were co-labeled with anti-cyt c antibody and MitoTracker-green (MT-g). Overlay
of fluorescence indicates retention of mitochondrial cyt c in bcl-2 cells treated with STS. (C) Immunoblots of cytoplasmic Bcl-2 expression and mitochondrial cyt c in
control cells and cells exposed to 0.5 mM STS for 15 h
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utilizing cytoplasmic ATP. This oligomycin-induced depolar-
isation is apparent in the time-course and mean results
(Figure 5B). Analysis of fluorescence was performed only
with the sub-set of cells retaining TMRM+ fluorescence after
treatment with STS.

The mitochondria of the STS-exposed bcl-2-cells as a
whole retain the ability to generate ATP and hyperpolarize
on addition of oligomycin (Figure 5D). Interestingly, a
minority of cells still depolarize following addition of the
inhibitor, thus Figure 4D shows a pair of cells one of which
retains potential and one of which shows a decay of
potential after oligomycin.

Cell respiration

To further investigate the mean bioenergetic state of the
mitochondrial population in STS-exposed cells, respiration of
intact cells was determined (Table 1). In the absence of STS
the rates of oxygen consumption in control GT1-7puro cells
were not statistically different from those in GT1-7bcl-2 cells.
However, the endogenous inner membrane proton leak of the
in situ mitochondria, monitored by respiration in the presence
of oligomycin, was increased by STS by 92% in puro cells, but
by only 23% in bcl-2 cells.

Furthermore, oligomycin failed significantly to inhibit
respiration in these cells, which could indicate that the
mitochondria were failing to generate ATP or that substrate
supply and/or electron transport were limiting respiration. The
latter is confirmed by the marginal stimulation of respiration

Figure 2 TMRM+ fluorescence and cyt c immunoactivity in puro cells treated with STS. Cells preincubated with 0.5 mM STS for 12 h were equilibrated with 10 nM
for 30 min, imaged for TMRM+ fluorescence, fixed without disturbing the field and labeled with monoclonal cyt c antibody and secondary antibody conjugated with
FITC. (A) bright-field image; (B) TMRM+ fluorescence; (C) cyt c staining of the same field. Note the presence of three distinct responses to STS: a, a cell that shows
complete mitochondrial depolarization and is not labeled for cyt c; b, a cell that retains DCM even though cyt c has been released; .c, a cell that retains both DCM

and cyt c. (D ± F) enlargement of the insert. The bar represents 10 mm. Results are representative of five independent experiments

Figure 3 Oligomycin-induced changes in DCM in puro and bcl-2 cells: effect
of respiratory chain inhibition. GT1-7puro or GT1-7bcl-2 cells were loaded with
50 nM TMRM+. Where indicated, 5 mg/ml oligomycin (oligo) 2.5 mM FCCP, 2 mM
rotenone (rot) or 2 mM antimycin A (AA) were added. Each trace is from a
single cell soma representative of at least 15 cells from three independent
experiments
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on addition of protonophore to STS-treated puro cells (Table
1) and the observation that STS decreased respiratory
capacity, in the presence of protonophore, by 31% in puro

cells and by 20% in bcl-2 cells. The lack of respiratory control
of the mitochondria in the puro cells is a further indication of a
sub-optimal DCM in the mitochondrial population.

Figure 4 Oligomycin depolarizes STS-treated puro but not bcl-2 cells. GT1-7puro or bcl-2 cells were incubated in the absence or presence of 0.5 mM STS for 15 h.
Cells were then loaded with 10 nM TMRM+ for 30 min, washed and analyzed by confocal microscopy in the presence of TMRM+. Fluorescence was monitored
before and after exposure of cells to 5 mg/ml oligomycin for 5 (O5'), 10 (O10') or 15 (O15') min, and 2 min after addition of 2.5 mM FCCP (F2'). Note the mitochondrial
depolarization upon addition of oligomycin in STS-treated puro cell that retained TMRM+. Images are representative from at least five independent experiments

Figure 5 Oligomycin depolarizes STS-treated puro but not bcl-2 cells. GT1-7puro or bcl-2 cells were incubated in the absence or presence of 0.5 mM STS for 15 h,
equilibrated with 10 nM TMRM+ and exposed to oligomycin (O) and/or FCCP (F) as described in Figure 4 legend. Single-cell fluorescence intensity was monitored
in the confocal microscope. The histograms represent the means and S.E.M. of 29 ± 56 cells from at least three independent experiments
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Discussion

Much of the prolonged controversy on the relationship
between the time-course of mitochondrial polarization, cyt c
release and apoptosis has stemmed from the inappropriate

use of cationic membrane-permeant fluorescent dyes to
monitor DCM. As demonstrated in Figure 6C,E, diametrically
opposite responses are obtained if the dyes are loaded into
cells at concentrations sufficient to exceed matrix concentra-
tions at which dye aggregation and fluorescent quenching
occurs.5 We have previously presented a program in
Microsoft Excel that uses simple, verifiable assumptions to
model the fluorescence response of single cells equilibrated
with potentiometric probes.21 These assumptions are that
probes are non-selectively permeable across plasma and
mitochondrial membranes, that they seek to equilibrate
towards a Nernst equilibrium across both membranes, that
the half-time for equilibration across the inner mitochondrial
membrane is much faster than across the plasma membrane
due to the greater surface/volume ratio of the former, and
finally that matrix fluorescence is proportional to probe
concentration until the threshold for formation of the non-
fluorescent dye aggregate is reached.

The response of representative control puro and bcl2
cells to the sequential additions of oligomycin and FCCP
under quenching conditions (50 nM TMRM+, Figure 3A,B)
or non-quenching conditions (10 nM TMRM+, Figure 5A,C)
can be modeled by a 10 mV hyperpolarization upon
oligomycin addition and a total collapse of DCM with
FCCP (Figure 6A). The simulation under non-quenching
conditions (Figure 6C) closely resembles the experimental
traces in Figure 5A,C,D. It should be noted that this
simulation is transformed into the corresponding simulated
trace for matrix quenching conditions (Figure 6e) merely by
increasing the `extracellular' probe concentration parameter
in the simulation from 10 to 50 nM. This simulation now
closely resembles the experimental traces obtained in the
non-confocal single-cell fluorescence traces reported in
Figure 3A,B for puro and bcl-2 cells not exposed to STS.

The decrease in fluorescence of the STS-exposed puro
cells equilibrated with low TMRM+ following oligomycin
addition is more difficult to model accurately. However the
time course of the decrease, and the insensitivity to
subsequent addition of FCCP, can be reproduced by a
linear mitochondrial depolarization at 1 mV/min following
oligomycin addition. This solution to the simulation is not
intended to be unique, but rather to illustrate the response
to an oligomycin-induced decay of a DCM that had been
maintained by ATP hydrolysis.

There is clearly no single mechanism for the release of
cyt c from mitochondria. Heiskanen et al.8 observed a

Table 1 Oxygen consumption of GTI-7 cells: effect of staurosporine exposure

Endogenous rate +Oligomycin +FCCP

(nmol O/min/mg cell protein)

Puro, control 33.1+3.4 7.7+0.6{ 26.8+1.9{
Puro+STS, 15 h 15.8+2.9* 14.7+1.3** 18.6+0.8*
Bcl-2, control 28.1+1.3 7.1+0.6{{{ 19.1+0.6{{{
Bcl-2+STS, 15 h 20.8+1.0 8.7+0.5{{{ 15.4+1.3*{{

The rates of endogenous (state 3) plus oligomycin (state 4) or plus FCCP (uncoupled) oxygen consumption were determined in intact puro or bcl-2-transfected GT1-7
cells upon trypsinization, as described in Materials and Methods. The respiration of apoptotic cells was measured in cells treated with 0.5 mM staurosporine (STS), for
15 h. Control cells were incubated for the same time without STS. The rates of oxygen consumption are expressed as mmol oxygen per minute per mg protein. The
data are the means+S.E.M. of four experiments. Statistical signi®cance: *P50.05 as compared to the puro control; {P50.05, {{P50.01 or {{{P50.001 of state 4 data
as compared to state 3, or uncoupled data as compared to state 4, for each experimental condition

Figure 6 Simulation of single-cell and in situ mitochondrial fluorescence in
response to changes in mitochondrial membrane potential associated with
oligomycin addition. The simulation is detailed in23 and is available on-line at
http://www.buckinstitute.org/nicholls.htm. The following parameters were
employed: plasma membrane potential, 760 mV (constant); starting DCM,
7150 mV; matrix volume relative to cytoplasm, 1%; plasma membrane rate
constant, 0.02 s71; TMRM+ concentration 10 nM (C, D) or 50 nM (E); matrix
quench threshold 60 mM. Addition of oligomycin `hyperpolarized' cells by
10 mV or caused a linear depolarization of 1 mV/min. Compare trace C with
Figure 5A, C or D; compare trace D with Figure 5B and compare trace E with
Figure 3A,B
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parallel mitochondrial depolarization and release from
mitochondria of green-fluorescent-protein conjugated cyt c
in STS-treated PC6 cells. However, other reports have
shown that cyt c release can occur before major changes in
DCM, suggesting that mitochondrial depolarization occurs
independently and is not a factor required for the release of
cyt c.9,11,24 The BH3-only proteins, such as Bid and Bad,
and unlike Bax/Bak, were shown to induce cyt c release
without changes in DCM or the opening of the permeability
transition pore and without interacting with VDAC.25 In all
these studies it is of course essential to confirm that the
fluorescence changes are being accurately reported. The
loading concentration of probe is particularly important. In
the GT1-7 cells, equilibration with 50 nM TMRM+ exceeds
the quench threshold and results in a decreased whole-cell
signal in response to mitochondrial hyperpolarization (see
Figures 3A and 6E) whereas 10 nM probe shows a slow
increase in signal under the same conditions (see Figures
5A and 6C). The appropriate concentration is particularly
vital where flow cytometry is employed to monitor potential.
As reported by Rottenberg and Wu26 exceeding the quench
threshold means that the whole-cell signal becomes
insensitive to changes in DCM, and this can be validated
in the `virtual cell' simulation.21 The threshold for rhodamine
123 quenching is passed when loading concentrations are
in the nM range;26 thus studies such as those of
VanderHeiden et al.6 which loaded cells with up to 13 mM
rhodamine 123 prior to flow cytometry can require re-
interpretation.

Cyt c release in the absence of mitochondrial depolar-
ization has been ascribed to a transient opening of the
permeability transition pore.27 Our data suggest that cells
can maintain DCM following cyt c release by ATP
hydrolysis. The decrease in state 3 respiration upon
incubation with STS (Table 1) may account for the
inhibition of electron transport and compromised respira-
tory function, which may form the basis for the hydrolysis of
ATP. A decrease in state 3 respiration may be due to
oxidative damage of the inner mitochondrial membrane or
the mitochondrial complexes, which inhibits the electron
transport and may increase membrane leakiness (produ-
cing the enhanced state 4 respiration, Table 1). Bcl-2 has
been reported to prevent changes in DCM associated with
protonophore-induced apoptosis in PC12 cells23 or to
prevent protonophores from depolarizing mitochondria
from Bcl-2 expressing cells.20 However, our data indicates
that FCCP mediates depolarization as effectively in bcl-2
cells as in puro cells (Figure 3).

Materials and Methods

Materials

GT1-7 cells transfected with a recombinant retrovirus carrying bcl-2
and a puromycin resistance gene (GT1-7bcl-2) and a control construct
(GT1-7puro) were kindly donated by Dr. Bredesen (Buck Institute, CA,
USA). Tetramethylrhodamine methyl ester (TMRM+), fura-2 acetox-
ymethyl ester (Fura-2/AM), MitoTracker-Green, SYTO-13 and
propidium iodide were obtained from Molecular Probes (Leiden,

Netherlands). Annexin V-FITC apoptosis detection kit and STS were
from Calbiochem-Novabiochem Ltd. Nottingham, UK). Cyt c
antibodies, against native and denatured forms, were obtained from
PharMingen (San Diego, CA, USA). Dulbecco's modified Eagle's
medium (DMEM), Hank's balanced salt solution (HBSS) and Trypsin-
EDTA were from Gibco-BRL (Paisley, Strathclyde, UK). Poly-L-lysine
(70 ± 150 kDa), fetal bovine serum, penicillin/streptomycin and anti-
IgG antibodies conjugated with TRITC or FITC were obtained from
Sigma Chemical Co. (Poole, Dorset, UK).

Culture of GT1-7 cells (puro and bcl-2 transfected)

GT1-7 cells, a hypothalamic neuron cell-derived line (GT1-7puro
cells)28 and bcl-2 transfected cells (GT1-7bcl-2 cells), as previously
verified by Mah et al.17 or Kane et al.,29 were maintained in DMEM
containing 25 mM D-glucose, supplemented with 10% heat-inacti-
vated fetal bovine serum, 100 U/ml penicillin and 100 mg/ml
streptomycin on poly-L-lysine coated plates, in an atmosphere of 5%
CO2/95% air, at 378C. The medium was changed every 3 days. One
day before the experiments, the cells were harvested by trypsinization
(0.05% Trypsin-0.53 mM EDTA in HBSS without Ca2+ and Mg2+) and
plated at a density of 0.046106 cells/cm2 in 22 mm square coverslips
for confocal imaging, at a density of 0.086106 cells/cm2 in 13 mm
round coverslips for epifluorescence imaging, at a density of
0.246106 cells/cm2 in 60 mm dishes for intact cell respiration and
at a density of 0.7 ± 0.96106 cells/cm2 in 100 mm dishes for
mitochondrial isolation and Western blotting analysis.

Induction of apoptosis and incubation of GT1-7
cells

Apoptotic cell death was induced by treating the cells with the protein
kinase inhibitor STS (500 nM), in complete DMEM, for 1 ± 18 h. After
the treatment, the cells were rapidly and gently washed and incubated
with Krebs-Ringer solution (basal medium), containing (in mM): 127
NaCl, 5.5 KCl, 2 MgSO4, 2 CaCl2, 0.5 KH2PO4, 20 HEPES, 10
glucose, pH 7.4, at 378C. Where otherwise indicated, the cells were
exposed to 5 mg/ml oligomycin and 2.5 mM FCCP.

Immunocytochemistry for detection of cyt c
release from the mitochondria

Cells grown on 22-mm square coverslips were washed in basal medium
and incubated with 750 nM MitoTracker-Green (in basal medium) for
60 min, at 378C. Cells were then washed with phosphate-buffered
saline solution (PBS) and fixed using freshly prepared 3.5%
paraformaldehyde in HBSS, pH 7.4, for 15 min at room temperature.
The cultures were washed in PBS, incubated with 20 mM glycine/PBS,
for 15 min, and permeabilized with freshly prepared 0.1% saponin/PBS,
for 30 min, at room temperature. The cells were incubated with a purified
mouse anti-cyt c monoclonal antibody (PharMingen) that recognizes the
native form of cyt c (1 : 100, diluted in 0.1% saponin/PBS) for 30 min at
room temperature. The cells were washed and further incubated with a
secondary anti-mouse IgG antibody conjugated with TRITC (1 : 50,
diluted in 0.1% saponin/PBS) for 30 min, at room temperature.
Coverslips were prepared with mounting medium for fluorescence on
a microscope slide and examined by confocal microscopy.

Single cell epi¯uorescence imaging

Mitochondrial membrane potential was monitored with tetramethylrho-
damine methyl ester at a loading concentration sufficient to cause dye
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aggregation within the mitochondrial matrix.5 For combined TMRM+

and fura-2 imaging, the cells, cultured on round coverslips, were
loaded with 30 mM fura-2/AM and 50 nM TMRM+ for 30 min at 378C, in
basal medium containing 30 mg/ml bovine serum albumin and 0.003%
pluronic acid. After washing, single cell fluorescence was monitored in
the presence of TMRM+ by triple-wavelength excitation at 340/380/
488 nm with emission at 4510 nm, using a Nikon DIAPHOT-TMD
inverted epifluorescence microscope equipped with a 406 oil
immersion objective and Sutter filter wheel. Processing of fluores-
cence images was performed using a MiraCal Imaging facility (Life
Science Resources, Cambridge, UK).

Confocal imaging

GT1-7 cells cultured on 22 mm square coverslips were loaded with
10 nM TMRM+, a concentration insufficient for matrix aggregation5 for
30 min (378C) and mounted in a Warner RC-21B closed bath chamber
on a PH-2 heater platform. The images were collected on a Zeiss LSM-
510 laser scanning confocal microscope. TMRM + fluorescence was
monitored in basal medium containing 10 nM TMRM+ by excitation at
543 nm and emission at 4585 nm. Images were collected each 30 s.

In order to visualize cyt c in cells that had been labeled with
TMRM+, immunofluorescence was performed on the confocal stage to
retain the same field, in a similar way as described above, except that
the secondary antibody was FITC-conjugated (anti-mouse IgG, 1 : 50).
Cyt c was detected by excitation at 488 nm and emission at 505 ±
550 nm. Visualization of both mitochondria and cyt c in mounted
coverslips was performed by dual excitation at 488 and 543 nm. Cyt c
was visualized at 4585 nm and MitoTracker-green at 505 ± 530 nm.

Apoptotic nuclei were visualized following incubation with 500 nM
SYTO-13 (ex 488 nm, em 505 ± 530 nm) and 1 mM propidium iodide
(ex 543 nm, em 584 ± 615 nm) in basal medium for 5 min at 378C.

Externalized phosphatidylserine was monitored (ex 488 nm, em
505 ± 530 nm) with An Annexin V-FITC apoptosis detection kit
(CalBiochem). Propidium iodide (ex 543, em 4585 nm) was used to
exclude necrotic or late apoptotic cells.

Intact cell respiration

Rates of cellular respiration were measured in trypsinized cells, after
centrifugation (1000 r.p.m. for 5 min) in complete DMEM to inhibit
further tryptic activity. Cells (56106 in 1 ml) were resuspended in
basal medium containing glucose and placed in a thermostatically
controlled (378C) oxygen electrode chamber (Oxytherm, Hansathec
Instruments Ltd., Norfolk, UK). State 4 respiration was measured in the
presence of 5 mgml oligomycin and uncontrolled respiration following
addition of 2.5 mM FCCP.

Mitochondrial isolation from GT1-7 cells

After incubation with STS, cells were rinsed twice with ice-cold
phosphate-buffered saline and scraped into 1 ml ice-cold isolation-
buffer: 250 mM sucrose, 20 mM HEPES-KOH (pH 7.4), 1 mM Na-
EGTA and 1 mM Na-EDTA, with 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride and 1 : 100 protease inhibitor cocktail
(Sigma), containing 4-(2-aminoethyl)benzenesulfonylfluoride, pepsta-
tin A, trans-epoxysuccinyl-L-leucylamido (4-guanidino) butane (E-64),
bestatin, leupeptin and aprotinin, added just before the experiment.
Cells were homogenized with 20 strokes of a Dounce homogenizer at
08C. Nuclei and intact cells were removed by centrifugation at 5006g
for 12 min, at 48C. An aliquot of the resulting supernatant (S1) was
stored at 7808C, whereas the rest was subjected to centrifugation at

95006g for 10 min at 48C, to pellet the mitochondria. The
mitochondrial pellet was washed once with the isolation-buffer and
centrifuged at 95006g for 10 min at 48C. The resulting pellet was
resuspended in the isolation-buffer and frozen at 7808C. The protein
concentration in the samples was determined by the BioRad protein
assay.

Cyt c and Bcl-2 by Western blotting

Equivalent amounts of protein from the S1-supernatant or from the
mitochondrial fractions were resolved on 12% SDS ± PAGE, after
denaturation at 1008C for 5 min in buffer containing 100 mM Tris-HCl,
pH 6.8, 200 mM dithiothreitol (DTT), 4% SDS, 0.2% bromophenol blue
and 20% glycerol. The proteins were transferred onto nitrocellulose
(ImmobilonTM-P, Millipore) which were incubated overnight at 0 ± 48C
in blocking buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl and 0.05%
Tween-20) containing 5% BSA. Blots were then incubated with mouse
anti-cytochrome c antibody (PharMingen) against the denatured
mitochondrial protein (1 : 1000 dilution in blocking buffer containing
1% BSA) or with mouse anti-Bcl-2 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at 1 : 500 dilution, against the denatured S1-
supernatant protein. After washing, immunoblots were incubated with
horseradish peroxidase-conjugated secondary antibody (1 : 1000
dilution) and autoradiographed with enhanced chemiluminescence
(Amersham Pharmacia Biotech).

Statistical analysis

Numerical data are presented as means+S.E.M. for the indicated
number of experiments; for statistical analysis Student's test was
used.
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