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Abstract
Digitonin-permeabilized PC12 and GT1-7 neural cells ex-
hibited a cyclosporin A-sensitive decrease in mitochondrial
membranepotential, increased volume, andreleaseof the pro-
apoptotic factor cytochrome c in the presence of Ca2+ and the
mitochondrial permeability transition (MPT) inducers t-butyl
hydroperoxide (t-bOOH) or phenylarsine oxide (PhAsO).
Although the concentration of PhAsO required to induce the
MPT was similar for Bcl-2 negative and Bcl-2 overexpressing
transfected cells (Bcl-2(+)), the level of t-bOOH necessary for
triggering the MPT was much higher for Bcl-2(+) cells. A higher
concentration of t-bOOH was also necessary for promoting
the oxidation of mitochondrial pyridine nucleotides in Bcl-2(+)
cells. The sensitivity of Bcl-2(7 ) cell mitochondria to t-bOOH
butnotPhAsO couldbe overcomeby the useof conditions that
protect the pyridine nucleotides against oxidation. We
conclude that the increased ability of Bcl-2(+) cells to maintain
mitochondrial pyridine nucleotides in a reduced redox state is
a sufficient explanation for their resistance to MPT under
conditions of oxidative stress induced by Ca2+ plus t-bOOH.
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Introduction

Mitochondrial isolated from a wide variety of tissues are
capable of undergoing a Ca2+-induced, nonselective inner

mitochondrial membrane permeabilization, known as the
mitochondrial permeability transition (MPT).1 ± 3 MPT begins
as a permeabilization of the inner mitochondrial membrane to
protons, resulting in a drop in mitochondrial membrane
potential (DC), and progresses as a loss of electrophoretic
Ca2+ uptake capacity with associated osmotic swelling of the
organelle and eventually even loss of matrix proteins. During
this process, the mitochondrial outer membrane may rupture
and release cytochrome c from the intermembrane space into
the cytosol, an event that has been demonstrated to be a
trigger of apoptotic cell death.4,5 MPT-mediated impairment of
mitochondrial activities may also be a cause of necrotic cell
death under situations such as ischemia/reperfusion.6,7

Cyclosporin A is an efficient MPT inhibitor in isolated
mitochondrial suspensions, and its effects on mitochondria
and cell survival have been used as markers for MPT in
various cell death paradigms.6,8 ± 10

Bcl-2 is an anti-apoptotic protein located primarily in the
outer mitochondrial membrane, mostly at the contact sites
where the outer membrane is closely associated with the
inner mitochondrial membrane.11 The anti-apoptotic activity
of this protein has been related to its property to prevent
the release of cytochrome c from mitochondria.12,13 Bcl-2
has also been demonstrated to inhibit MPT,14 ± 16 although
the mechanism by which this protection occurs has not
been clearly elucidated. Evidence indicates that Bcl-2 offers
mitochondria an increased resistance against a decline in
membrane potential,15 while also increasing the total
mitochondrial Ca2+ uptake capacity,17 properties that likely
relate to the prevention of MPT.

Bcl-2 overexpression also results in a shift in the
cellular redox state toward a more reduced level.18 Since
the occurrence of MPT has been linked to an oxidized
shift in the mitochondrial redox state and/or increase in
mitochondrial generation of reactive oxygen species
(ROS),3 the resistance of Bcl-2 overexpressing cells to
MPT may be related to this higher reductive capacity.
Indeed, we have shown previously that MPT promoted by
several inducers, including t-butyl hydroperoxide (t-
bOOH)19 and inorganic phosphate,20,21 depends on the
generation of ROS. In this report, we investigate the
mechanism by which Bcl-2 inhibits MPT. Our findings
suggest that the maintenance of relatively reduced
NAD(P)H in Bcl-2 overexpressing cells is sufficient to
explain their increased resistance to MPT.

Results

In suspensions of isolated mitochondria, nonspecific mito-
chondrial permeabilization due to the permeability transition
can be followed by measuring the decrease in absorbance of
the suspension as a result of mitochondrial swelling.1 As an

Cell Death and Differentiation (2000) 7, 903 ± 910
ã 2000 Macmillan Publishers Ltd All rights reserved 1350-9047/00 $15.00

www.nature.com/cdd



alternative, investigators often monitor the drop in DC as a
marker of MPT.5,8,9 In this work, we have studied MPT as
assessed by the decline in mitochondrial DC measured by
changes in safranine O fluorescence within suspensions of
digitonin-permeabilized cells.22 At the concentration of
digitonin used in these experiments, membrane cholesterol
and other b-hydroxysterols bind to digitonin in a manner
where the plasma membrane becomes freely permeable to
solutes and molecules without affecting the structure or
permeability of mitochondrial membranes. Digitonin-permea-
bilized cells can therefore be utilized as a convenient
substitute for isolated mitochondria and often provide
information more representative of mitochondrial activities
as they exist within cells than that provided by isolated
mitochondria.

Figure 1 displays typical strip-chart recorder tracings of
mitochondrial DC sustained by malate/glutamate-supported
(NADH-linked) respiration in digitonin-permeabilized PC12
cells. Ca2+ was added at a concentration of 8 mM as a
necessary cofactor for the induction of the MPT by
prooxidants. In the absence of added prooxidants, both
Bcl-2(7) and Bcl-2(+) cells were capable of generating and
maintaining DC for over 10 min (upper panels, lines a).
Thus the presence of 8 mM Ca2+ alone was not sufficient to
induce the MPT under these conditions. Note, however,
that the DC of the Bcl-2(+) cells is apparently larger than

the Bcl-2(7) cells. This difference was observed even in
the absence of Ca2+, and when using suspensions of
mitochondria isolated from these cells (not shown),
confirming that the higher apparent DC (lower safranine
fluorescence) in the Bcl-2(+) PC12 cells cannot be
attributed only to a larger content of mitochondria or to a
difference in response to the presence of low Ca2+ levels.

When the suspensions of digitonin-permeabilized cells
were treated with the MPT inducer phenylarsine oxide
(PhAsO, 15 mM)23 (upper panels, lines c), a substantial
decrease in DC was observed in both Bcl-2(7) and Bcl-
2(+) cells. Addition of the alternative MPT inducer t-butyl
hydroperoxide (t-bOOH, 200 mM)19 to the cell suspensions
induced a Ca2+-dependent drop in DC in the PC12 Bcl-
2(7) cells, but not in the Bcl-2(+) cells (lines b). These
observations suggest that Bcl-2 selectively inhibits MPT,
depending on the inducer used. When the MPT inhibitor
cyclosporin A was present in the cellular suspensions,
(lower panels), the drop in DC induced by PhAsO (lines c)
or t-bOOH (lines b) was substantially inhibited or
eliminated, confirming the relationship between the MPT
and the drop in DC. In the presence of cyclosporin A and in
the absence of added prooxidants, the apparent levels of
DC for both Bcl-2(7) and (+) PC12 cells were very similar

Figure 1 Inhibition by Bcl-2 and cyclosporin A of pro-oxidant induced decline
in mitochondrial membrane potential (DC) of PC12 cells. Bcl-2(7) or (+) PC12
cells (26107/ml) were incubated in standard reaction medium containing
malate plus glutamate as oxidizable substrates, 8 mM Ca2+, and 5 mM
safranine O for fluorescent measurement of mitochondrial DC. Digitonin
(dig) was added at 0.01% w/v to permeabilize the plasma membrane of the
cells in suspension. Subsequently, either the dimethylsulfoxide vehicle (line a)
or 200 mM t-bOOH (line b) or 15 mM PhAsO (line c) were added. The
fluorescent detection of changes in DC was confirmed by the addition of 1 mM
FCCP. Experiments were performed in the absence (upper panels) or
presence (lower panels) of 1 mM cyclosporin A (CsA)

Figure 2 Inhibition by Bcl-2 and cyclosporin A of pro-oxidant induced decline
in mitochondrial membrane potential (DC) of GT1-7 cells. Bcl-2(7) or (+) GT1-
7 cells (26107/ml) were incubated in standard reaction medium containing
malate plus glutamate as oxidizable substrates, 8 mM Ca2+, and 5 mM
safranine O for fluorescent measurement of mitochondrial DC. Digitonin
(dig) was added at 0.01% w/v to permeabilize the plasma membrane of the
cells in suspension. Subsequently, either the dimethylsulfoxide vehicle (line a)
or 200 mM t-bOOH (line b) or 15 mM PhAsO (line c) were added. The
fluorescent detection of changes in DC was confirmed by the addition of 1 mM
FCCP. Experiments were performed in the absence (upper panels) or
presence (lower panels) of 1 mM cyclosporin A (CsA)
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to those observed in the absence of cyclosporin A,
providing further evidence that the limiting factor for the
MPT was the prooxidant in these experiments.

In order to determine if the difference in sensitivity
between Bcl-2(7) and (+) cells to t-bOOH was specific for
the PC12 cell line, we conducted the experiments shown in
Figure 2 using the GT1-7 hypothalamic neural cell line.
Although a higher Ca2+ load (20 mM) was necessary to
allow for the induction of MPT by prooxidants in GT1-7
cells, the differential effect of Bcl-2 overexpression on MPT
induction by prooxidants was comparable to that observed
with the PC12 cells. Thus, while the drop in DC induced by
t-bOOH was inhibited by Bcl-2 overexpression (lines b), the
loss of potential triggered by PhAsO was not influenced by
the level of Bcl-2 (lines c). Cyclosporin A inhibited the drop
in DC in GT1-7 cells (lower panels), although a higher
concentration (5 mM) was required than that necessary for
PC12 cells. Despite the qualitatively similar responses of
PC12 and GT1-7 cells to prooxidants, the difference
between the DC for Bcl-2(7) and (+) GT1-7 cells
observed in the absence of prooxidants or plus cyclosporin
A was much less than the difference exhibited by PC12
cells (compare lines a for Bcl-2(7) vs (+)).

In isolated mitochondrial suspensions, MPT causes
osmotic swelling due to influx of ions and small molecular
weight compounds into the mitochondrial matrix where
impermeant, large molecular weight proteins are highly
concentrated.1 This alteration in the mitochondrial structure
is thought to be the cause of mitochondrial release of
cytochrome c during MPT, since the swelling of the matrix
space and unfolding of the inner membrane results in
disruption of the relatively inflexible outer mitochondrial
membrane.24 In Figure 3, we assessed changes in
mitochondrial volume under conditions similar to Figure 1,
using electron microscopy. As reported earlier for other cell
types,22 the general appearance of PC12 cells was

maintained following digitonin permeabilization of the
plasma membrane. Also, no striking difference in cellular
or mitochondrial morphology was apparent between the
Bcl-2(7) and Bcl-2(+) cells (panels A). When the cells were
treated with Ca2+ at a concentration (8 mM) that did not
induce a spontaneous decrease in mitochondrial DC (see
Figure 1), the mitochondria of both Bcl-2(7) and Bcl-2(+)
cells appeared normal (panels B). However, the Bcl-2(7)
cells displayed a substantial increase in mitochondrial
volume and altered appearance when treated additionally
with t-bOOH, while Bcl-2(+) mitochondria maintained
characteristics similar to the controls (panels C). Both Bcl-
2(7) and Bcl-2(+) mitochondria were markedly swollen in
the presence of 15 mM PhAsO (panels D).

In a variety of experimental conditions, large amplitude
mitochondrial swelling associated with MPT is followed by
the release of cytochrome c from the mitochondrial
intermembrane space into the cytosol, an event that can
trigger apoptotic cell death through caspase activation.25

Figure 4 depicts immunoblots used to detect cytochrome c
in the supernatants obtained following centrifugation of cell
suspensions incubated under conditions similar to those
used in the experiments described by Figures 1 and 2. We
observed that all cell suspensions treated with PhAsO
released cytochrome c into the media, but only Bcl-2(7)
cells released cytochrome c upon the addition of 200 mM t-
bOOH. Release of cytochrome c under these conditions
often approached the extent obtained in the presence of
alamethicin, an artificial, non-specific pore former that
induces massive mitochondrial swelling. Consistent with
the effects on mitochondrial membrane potential (Figures 1
and 2), cyclosporin A eliminated cytochrome c release
elicited by Ca2+ and t-bOOH and partially blocked the
release induced by Ca2+ and PhAsO.

Tert-butyl hydroperoxide is generally thought to induce
the MPT indirectly, through its metabolism by glutathione

Figure 3 Electron microscopy of digitonin-permeabilized Bcl-2(7) and (+) PC12 cells in the absence and presence of pro-oxidants. PC12 cells were digitonin-
permeabilized and incubated under the conditions described for Figure 1 for 20 min in the absence (A and B), or presence of either 200 mM t-bOOH (C) or 15 mM
PhAsO (D). Magnification: 35006(panels A) and 30,0006(panels B, C and D)
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peroxidase and reductase leading to net oxidation of
glutathione and pyridine nucleotides.19,26 This shift in
redox state promotes the MPT by allowing for oxidation of
protein sulfhydryls that regulate permeability transition pore
opening. Previous studies indicate that Bcl-2 overexpres-
sion results in a reduced shift in cellular redox state.18

Other experiments indicate that mitochondria within Bcl-
2(+) cells are relatively resistant to pyridine nucleotide
oxidation following mitochondrial uptake of extremely large
amounts of Ca2+.27 We performed experiments such as
those described in Figure 5 to determine if the resistance to
the t-bOOH -induced drop in DC afforded by Bcl-2 can be
attributed to maintenance of a relatively reduced mitochon-
drial redox state. As shown by the representative
measurements of NAD(P)H fluorescence, addition of 200
or 800 mM t-bOOH to digitonin-permeabilized Bcl-2(7)
PC12 cells resulted in rapid and extensive pyridine
nucleotide oxidation that approached the degree of
oxidation that can be elicited by maximizing respiration-
dependent NAD(P)H oxidation by the addition of a
respiratory uncoupler. Exposure of Bcl-2(+) cells to
200 mM t-bOOH resulted in only partial pyridine nucleotide
oxidation whereas the presence of 800 mM t-bOOH elicited
almost complete oxidation. A quantitative comparison of
pyridine nucleotide oxidation by t-bOOH for Bcl-2(7)
versus (+) cells is also shown in Figure 5. At 200 mM t-
bOOH, the extent of oxidation, expressed as a percentage
of that obtained with uncoupler, was significantly less in
Bcl-2(+) compared to Bcl-2(7) cells (P50.05, n=6). This
oxidation of pyridine nucleotides could not be attributed to

the drop in membrane potential or additional oxidative
stress following MPT since it was not inhibited by
cyclosporin A or the absence of added Ca2+ (results not
shown).

The experiments described in Figure 6 measuring
changes in DC with different concentrations of either t-
bOOH or PhAsO were performed to verify if the increased
resistance to pyridine nucleotide oxidation of the Bcl-2(+)
cells observed in Figure 5 was indeed the cause of the
increased resistance of these cells to MPT induced by t-
bOOH. In the upper panels, increasing concentrations of t-
bOOH were added to both Bcl-2(7) and Bcl-2(+) PC12
cells. Addition of t-bOOH to Bcl-2(7) cells at concentra-
tions of 200 mM (line b), 400 mM (line c) or 800 mM (line d)
t-bOOH promoted essentially identical rates and extents of
decline in DC, a result consistent with the observation in
Figure 5 that 200 mM t-bOOH resulted in a nearly complete
oxidization of pyridine nucleotides in Bcl-2(7) cells.
However, in Bcl-2(+) cells, a t-bOOH dose-dependent loss
of DC was apparent with maximal loss apparent at only
800 mM t-bOOH (compare lines b ± d). For both Bcl-2(7)
and (+) cells the drop in DC was fully inhibited by
cyclosporin A at all t-bOOH concentrations (lines a),
confirming that changes in DC reflect MPT activity. These
comparisons therefore indicate that the MPT can be
observed with Bcl-2 overexpressing cells if sufficient levels

Figure 4 Inhibition by Bcl-2 and cyclosporin A of pro-oxidant induced release
of cytochrome c from permeabilized PC12 and GT1-7 cells. Supernatants
obtained following centrifugation of digitonin-permeabilized cell suspensions
(1.66108/ml for PC12 cells and 86107/ml for GT1-7 cells) incubated under
the conditions described for Figures 1 and 2 were used for immunoblot
detection of cytochrome c (see Materials and Methods)

Figure 5 Effect of Bcl-2 on the dose dependent oxidation of pyridine
nucleotides by t-butyl hydroperoxide in permeabilized PC12 cells. PC12 cells
(26107/ml) were incubated in standard reaction medium containing malate,
glutamate, Ca2+, and digitonin. The top panels are representative examples of
the autofluorescence emitted by reduced pyridine nucleotides (NAD(P)H) at
352 nm excitation and 464 nm emission wavelengths in the absence (line a) or
presence of either 200 mM t-bOOH (line b) or 800 mM t-bOOH (line c). One mM
FCCP was added to induce complete pyridine nucleotide oxidation. The
bottom panel describes the means+S.E. (n=6) for the pyridine nucleotide
oxidation expression as a percentage of that observed upon addition of FCCP
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of t-bOOH are added to promote extensive pyridine
nucleotide oxidation. In contrast to the different dose-

response relationships for t-bOOH induced MPT with Bcl-
2(7) and Bcl-2(+) cells, similar dose-response relationships
were observed for 2 ± 15 mM PhAsO (Figure 6, lower
traces). This result indicates that when MPT is triggered
by a direct oxidant of protein sulfhydryl groups, Bcl-2 is
ineffective at inhibiting this phenomenon.

Experimental conditions were then modified in an
attempt to make Bcl-2(7) and (+) cells equally resistant
to the MPT induced by t-bOOH. In Figure 7, we exposed
permeabilized PC12 cells to the NADH-linked substrates
malate and glutamate in the presence of rotenone, which
blocks the normal flow of electrons from pyridine
nucleotides through the electron transfer chain. As
rotenone inhibits Complex I (NADH-Coenzyme Q oxidor-
eductase) of the electron transport chain, mitochondrial DC
was established by the presence of succinate, a Complex II
respiratory substrate insensitive to rotenone inhibition.
Under these conditions, both Bcl-2(7) and Bcl-2(+) PC12
cells presented a strong resistance to the drop in DC
normally induced by t-bOOH (lines a and b, 200 and
800 mM, respectively). However, these conditions did not
impair the ability of PhAsO to trigger a cyclosporin A
sensitive drop in DC (not shown). When malate and
glutamate were omitted from the medium (lines c and d),
200 and 800 mM t-bOOH evoked drops in DC similar to
what was observed with mitochondria respiring on these
NAD-linked substrates (Figure 6). Again, Bcl-2(+) cells
displayed a robust, t-bOOH-induced decline in DC in the
presence of 800 but not 200 mM t-bOOH. Thus, the
sensitivity of both Bcl-2(7) and (+) cells to t-bOOH is
dependent upon conditions that affect both the oxidation
and reduction of pyridine nucleotides.

Discussion

Bcl-2 has been widely demonstrated to inhibit apoptotic cell
death induced by a variety of different stimuli,25,28 and
probably acts by more than one mechanism. As an
example, Bcl-2 can prevent the activation of caspases,25,29

thus preventing cell death induced by cytochrome c
microinjection.30 Bcl-2 has also been demonstrated to block
cytochrome c release from mitochondria,12,13 a pro-apoptotic
occurrence upstream from caspase activation.

Cytochrome c release can be induced by several
triggers including intracellular redistribution of pro-apoptotic
proteins, e.g., Bax, and by the accumulation of Ca2+ by
mitochondria.24,29,31,32 Several lines of evidence indicate
that in some apoptosis paradigms, one or more of these
triggers activate the MPT, resulting in mitochondrial
swelling, disruption of the outer membrane and release of
cytochrome c into the cytosol.2,16,24 Several studies have
shown that Bcl-2 prevents the onset of MPT, thus
preventing the drop in DC, mitochondrial swelling and
cytochrome c release.14,15

In this report, we studied the mechanism by which Bcl-2
inhibits MPT. We found that MPT and cytochrome c release
can be promoted in both Bcl-2(7) and Bcl-2(+) cells when
these cells were treated with PhAsO (Figures 1, 2, 3 and
4), with similar dose response relationships (Figure 6).
However, 200 mM t-bOOH induced a substantial drop in
mitochondrial membrane potential in Bcl-2(7) cells

Figure 6 Effect of Bcl-2 on the dose dependent decline in PC12
mitochondrial membrane potential (DC) induced by t-butyl hydroperoxide
compared to phenylarsine oxide. Bcl-2(7) or (+) PC12 cells (26107/ml) were
incubated in standard reaction medium containing malate plus glutamate as
oxidizable substrates, 8 mM Ca2+, and 5 mM safranine O for fluorescent
measurement of mitochondrial DC. Digitionin (dig) was added at 0.01% w/v to
permeabilize the plasma membrane of the cells in suspension. In the upper
panels, t-bOOH was added at a concentration of either 200 mM (line b), 400 mM
(line c), or 800 mM (lines a and d). In line a, cyclosporin A was present at 1 mM.
In the lower panels, PhAsO was added at a concentration of 2 mM (line a), 5 mM
(line b), 10 mM (line c), or 15 mM (line d). The fluorescent detection of changes
in DC was confirmed by the addition of 1 mM FCCP

Figure 7 Effect of pyridine nucleotide redox state on mitochondrial
permeability transition in PC12 cells respiring on succinate. Bcl-2(7) or (+)
PC12 cells (26107/ml) were incubated in standard reaction medium
containing 5 mM succinate as respiratory substrate, 8 mM Ca2+, and 5 mM
safranine O for fluorescent measurement of mitochondrial DC. Digitonin (dig)
was added at 0.01% w/v to permeabilize the plasma membrane of the cells in
suspension. Rotenone (1 mM) was present to block NAD(P)H oxidation by the
respiratory chain. 200 mM t-bOOH (lines a and c) or 800 mM t-bOOH (lines b
and d) were added where indicated. FCCP was added at a concentration of
1 mM. In lines a and b, 5 mM malate and 5 mM glutamate were present as
exogenous reductants of NAD(P)+ whereas in lines c and d, they were absent
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(Figures 1, 2, 3 and 4), whereas the MPT was only
observed with Bcl-2(+) cells at extremely high concentra-
tions of t-bOOH (800 mM, Figures 6 and 7).

PhAsO and t-bOOH act by different mechanisms to
induce MPT. t-bOOH oxidizes mitochondrial glutathione
and pyridine nucleotides. Consequently, there is a depletion
of substrates for mitochondrial glutathione peroxidase and
reductase. Reduction in the activities of these enzymes
results in an accumulation of Ca2+-stimulated mitochond-
rially-generated reactive oxygen species (ROS).19 The
accumulated ROS then promote the oxidation of mitochon-
drial membrane protein thiols, resulting in the MPT.3,19

PhAsO is a dithiol reagent that reacts directly with
membrane protein thiols, promoting MPT independently of
ROS or pyridine nucleotide oxidation.3,33 Thus, our results
indicate that Bcl-2 inhibits MPT at a step upstream of
membrane protein thiol oxidation. Indeed, 4,4'-diisothiocya-
natostilbene-2,2'-disulfonic acid and arsine oxide, two other
MPT inducers which act as dithiol reagents, were also
capable of inducing DC decrease in both Bcl-2(7) and Bcl-
2(+) cells (results not shown).

Previously, Zamzami et al 34 demonstrated that the
dithiol reagent diamide can induce a drop in mitochondrial
membrane potential and overcome the apoptosis-inhibitory
effects of Bcl-2. Here, we used the drop in DC induced by
either a dithiol reagent or a hydroperoxide as a marker of
the MPT and investigated the mechanism through which
Bcl-2 inhibits this loss of membrane potential and the
associated loss of cytochrome c. The protection that Bcl-2
overexpression confers against the oxidation of mitochon-
drial pyridine nucleotides provides a mechanistic explana-
tion for the relative resistance of Bcl-2(+) cells to MPT
induced by t-bOOH and the lack of resistance to PhAsO.
However, under some circumstances the MPT can induce
the oxidation of pyridine nucleotides due to uncoupling or
increased ROS production.35,36 We observed similar
patterns of t-bOOH-induced NAD(P)H oxidation in the
absence or presence of the MPT inhibitor cyclosporin A.
This result indicates that the effects of t-bOOH and Bcl-2 on
NAD(P)H oxidation preceed their effects on the MPT and
associated cytochrome c release.

Our hypothesis that a primary mechanism by which Bcl-2
inhibits MPT is via maintenance of relatively reduced
pyridine nucleotides was originally based on the finding of
Ellerby et al18 that Bcl-2 shifts the redox potential of several
cell types to a reduced state. Our results are also consistent
with those of Espositi et al 37 who determined that Bcl-2
overexpressing mitochondria exhibit an increased amount of
NAD(P)H, and are resistant to increases in cellular ROS
generation induced by tumor necrosis factor. This hypoth-
esis is further supported by the observation that PhAsO,
which acts by directly reacting with mitochondrial membrane
protein thiols,24,33 can overcome the inhibition of MPT by
Bcl-2 (Figures 1, 2 and 6). Also, treating Bcl-2(+) cells with
very large concentrations of t-bOOH (800 mM) can promote
an extensive pyridine nucleotide oxidation (Figure 5) and
decrease in membrane potential (Figure 6). Finally, Bcl-2(7)
cells exhibited the same resistance to t-bOOH-mediated
MPT as Bcl-2(+) cells when the pyridine nucleotide state
was maintained reduced by the presence of malate and

glutamate in the presence of rotenone (Figure 7). These
results demonstrate the multifactorial control of MPT and
how the influence of Bcl-2 is affected by different
experimental conditions that influence NAD(P)H redox state.

Our observations and those of others indicate that the
DC of Bcl-2 overexpressing cells is higher than that of Bcl-
2(7) cells. As a decreased DC promotes the MPT, it is
possible that the elevated DC of Bcl-2(+) cells is the
primary determinant of MPT resistance, rather than the
maintenance of reduced pyridine nucleotides. However,
both PC12 and GT1-7 Bcl-2 overexpressors exhibit similar
resistance to MPT induced by t-bOOH whereas the
difference between the DC of Bcl-2(7) and (+) GT1-7
cells is small compared to that for PC12 cells (Figures 1
and 2). Moreover, Bcl-2(7) and (+) PC12 cells exhibit
comparable resistance to MPT in the presence of malate,
glutamate, and rotenone while still exhibiting substantial
differences in DC (Figure 7). While it appears that the DC
is not the primary determinant of sensitivity to MPT in our
system, it is quite possible that the unknown molecular
mechanism responsible for the maintenance of relatively
reduced pyridine nucleotides by Bcl-2 is in some way
responsible for the relatively elevated DC.

In our experiments, cytochrome c release was elicited in
a manner directly related to MPT and mitochondrial
swelling (Figure 4). In cytochrome c-induced cell death,
cytochrome c release may occur by both MPT-dependent
and independent mechanisms.5,8,12,13,25 However, studies
have shown that MPT and cytochrome c release are early
events in several models of apoptosis.5,8,12,13 Thus, our
observations concerning the mechanisms of inhibition of
MPT by Bcl-2 provide a plausible explanation for the
prevention of cytochrome c release promoted by Bcl-2 in
many situations, and particularly under conditions that favor
oxidative stress. This postulate is supported by the
observation that Bcl-2 prevention of apoptosis can be
overcome by glutathione depletion of these cells38 and that
Bcl-2 protection against mitochondrial injury and cell death
can be mimicked by N-acetylcysteine, an antioxidant and
precursor of glutathione.39±42

Materials and Methods

Cell cultures

PC12 and immortalized hypothalamic GT1-7 neuronal cell lines
transfected with the bcl-2 gene (Bcl-2(+)) or with a control retroviral
construct (Bcl-2(7)) were maintained as described previously.17,43

Prior to the experiments, the cells were trypsinized and suspended in
growth media supplemented with 5 mM EGTA. Stock suspensions of
cells were kept at room temperature for up to 5 h. Cell viability, as
assessed by a cell count in Trypan Blue, was 490% during this period.

Standard incubation conditions

Just prior to digitonin permeabilization, the suspended cells were
centrifuged and resuspended in 130 mM KCl, 5 mM HEPES (pH 7.0),
5 mM malate and 5 mM glutamate at 308C. Other additions are
described in the figure legends. The results described in each figure
are representative of at least three independent experiments.
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Determination of mitochondrial membrane
potential (DC)

Mitochondrial DC was monitored by measuring the fluorescence
changes of safranine O (5 mM) recorded on a Perkin-Elmer LS-3
fluorescence spectrophotometer equipped with continuous stirring,
operating at excitation and emission wavelengths of 485 and 586 nm,
respectively.44 The fluorescence of safranine in cell or mitochondrial
suspensions decreases as DC increases, due to quenching as it
accumulates within the mitochondria. The fluorescent recordings are
presented in the figures so that an increase in the signal corresponds
to an increase in DC.

Electron microscopy

Samples were fixed overnight in a 4% formaldehyde plus 1%
glutaraldehyde solution, and postfixed in 1% osmium tetroxide.
Dehydration was performed in a series of ethanol and propylene
oxide extractions, prior to sample embedding in Polibed1 812.
Sections were cut at 0.1 micron and stained with uranyl acetate plus
lead citrate. Electron micrographs were obtained using a JOEL 1200
EX electron microscope.

Measurements of cytochrome c release

Aliquots of the digitonin-permeabilized cell suspensions were
centrifuged at 10 0006g for 2 min. The supernatants were collected
and used for cytochrome c immunoblots, performed with 7H8 mouse
anti-cytochrome c antibodies (PharMingen), as described pre-
viously.45

Determination of NAD(P) redox state

The redox state of pyridine nucleotides in digitonin-permeabilized cells
was followed fluorometrically at 352 nm excitation and 464 nm
emission wavelengths. Extent of pyridine nucleotide oxidation was
calculated as a percentage of the oxidation induced by FCCP.
Statistical difference between oxidation for Bcl-2(7) and (+) cells was
tested using Student's t-test.

Materials

t-bOOH, PhAsO, safranine O, rotenone, succinate, malate, glutamate,
digitonin, FCCP and alamethicin were purchased from Sigma
Chemical Co., Cyclosporin A was purchased from Alexis Corporation.
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