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Abstract

Bax, a pro-apoptoticmember of the Bcl-2 family, is a cytosolic

protein that inserts into mitochondrial membranes upon

induction of cell death. Using the green fluorescent protein

fused to Bax (GFP-Bax) to quantitatemitochondrial binding in

living cells we have investigated the cause of Bax association

withmitochondria and the timecourse relative to endogenous

and induced changes in mitochondrial membrane potential

(DCm).Wehave found that staurosporine (STS) inducesa loss

in DCm before GFP-Bax translocation can be measured. The

onset of the DCm loss is followed by a rapid and complete

collapse of DCm which is followed by Bax association with

mitochondria. The mitochondria uncoupler FCCP, in the

presenceof theF1-F0ATPase inhibitoroligomycin, can trigger

Bax translocation to mitochondria suggesting that when ATP

levels are maintained a collapse of DCm induces Bax

translocation. Neither FCCP nor oligomycin alone alters Bax

location. Bax association with mitochondria is also triggered

by inhibitors of the electron transport chain, antimycin and

rotenone, compounds that collapse DCm without inducing

rapid ATP hydrolysis that typically occurs with uncouplers

such as FCCP. Taken together, our results suggest that

alterations in mitochondrial energization associated with

apoptosis can initiate Baxdocking tomitochondria.Cell Death

and Differentiation (2001) 8, 909 ± 920.
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mitochondrial inhibitors
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Introduction

Apoptosis is a natural cell elimination process, important

during tissue turnover and animal development. Members of

the Bcl-2 family are among the first groups of proteins

recognized as having the ability to regulate apoptosis. They

direct the fate of a cell towards either survival or death by

family members having opposing functions, with one class

promoting cell survival (Bcl-2, Bcl-XL and Bcl-w) and another

promoting cell death (Bax, Bak and Bad).1

Bax was first isolated from an IL-3 dependent cell line,

FL 5.12, as an antagonist to Bcl-2, having the ability to

promote apoptosis upon IL-3 withdrawal.2 Bax is found

distributed in many tissues of the body3 and promotes

apoptosis of a wide variety of cell types subjected to death

stimuli.1 Deletion of Bax results in mice with lymphoid

tissue hyperplasia, male sterility, and excess neurons.4,5

Overexpression of Bax in mammalian cells promotes cell

death that can be blocked by co-expression with pro-

survival factors Bcl-2 and BcL-XL.
6 ± 8 Like many other Bcl-2

family members, Bax has three conserved regions known

as the BH1, BH2 and BH3 domains,8,9 and a predicted

membrane-spanning domain at its carboxyl terminal end.2

Studies have shown that the BH3 region and the C-terminal

tail of Bax appear to be the crucial domains required for its

pro-apoptotic function.8,10 Bax has been reported to be

predominantly a soluble cytosolic protein despite the

presence of its C-terminal hydrophobic segment.11 Upon

induction of apoptosis, however, Bax translocates from the

cytosol to mitochondrial membranes.10,11 Modulating this

membrane insertion step can regulate apoptosis.12 ± 14

In addition, Bax can induce mitochondrial-independent

mechanisms during cell death.15

Induction of apoptosis leads to the loss of DCm,
16

mitochondrial dysfunction17 and release of caspase 9, AIF

and cytochrome c.18 ± 21 While some of these studies show

that the collapse of DCm is associated with cytochrome c

release,16,22 ± 25 others show that cytochrome c release is

an early event that precedes DCm dissipation.26 Goldstein

et al. show that the cytochrome c release is rapid, complete

and occurs without DCm loss.27 It has also been reported

that the addition of recombinant Bax to intact mitochondria

can disrupt the mitochondrial outer membrane to promote

the release of cytochrome c.28 In addition, overexpression

of Bax in transfected cultured cells appears to induce the

loss of DCm and activation of caspase-3.7,29

Changes in DCm during apoptosis induction have been

attributed to the opening of the mitochondrial permeability

transition pore (PTP).25,29,30 Although the molecular identity

of the PTP is currently unclear, it is well known that the

pore is a protein complex with components including

cyclophylin D, adenine nucleotide translocator (ANT),

VDAC and others.31 Opening of the pore leads to the
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release of calcium and a variety of solutes with molecular

mass up to 1500 Daltons.32 It has been reported that Bax-

induced cytochrome c release occurs by its interaction with

ANT, opening of PTP and decrease in the DCm. On the

other hand, other findings indicate that cytochrome c

release can be independent of DCm loss26,27 and under

certain circumstances independent of PTP,33 occurring via

PTP insensitive pathways.34 Recent findings have shown

that Bax-induced cytochrome c release occurs through an

interaction with mitochondria contact sites, without mito-

chondrial rupture and independent of PTP.26,35 Therefore, it

remains unclear whether or not Bax induces cytochrome c

release through permeability transition or other mechan-

isms independent of PTP or both.

Another mechanism associated with Bax toxicity is

related to its capability of forming membrane channels or

pores.36 Bax homodimers, heterodimers and oligomers

have been found in the presence of detergents,37,38

suggesting that the membrane intercalated form of Bax

may form larger complexes. Recent findings have shown

that Bax-formed pores may lead to disruption of the

mitochondrial membrane.39 ± 41

Studies using mitochondrial inhibitors have shown that

respiration may or may not be involved in apoptosis.

Inhibitors of the respiratory chain can cause PTP opening

and caspase activation and induce apoptotic cell

death.42 ± 45 However, it has been suggested that respira-

tion is not required during apoptosis in yeast and in some

mammalian cells.46 On the other hand, ATP and ATP

synthesis are important requirements for apoptosis.25,47

Recent findings show that Bax toxicity is increased in cells

more dependent on oxidative phosphorylation.48

It has not been established what triggers Bax transloca-

tion to mitochondria and how this mechanism may depend

on DCm or mitochondrial energy. One report has suggested

that increased cytosolic pH may trigger Bax insertion.49

However, recent findings have shown that Bax induces an

increase in mitochondrial and a decrease in cytosolic pH

that precedes cytochrome c release and caspase acti-

vation.50

In this report, we examine the sequential order and

interrelationships between Bax translocation to mitochon-

dria and the loss of DCm and the role of Bax translocation

with respect to mitochondrial dysfunction, inhibition of the

respiratory chain, activation of PTP as well as the role of

the mitochondrial ATPase activity during this process.

Results

The loss of mitochondrial membrane potential

precedes detection of GFP-Bax association with

mitochondria

In order to determine the sequential order of DCm loss relative

to Bax translocation from the cytosol to mitochondria, we

transfected GFP-Bax into Cos-7 cells and incubated the cells

with the membrane potential sensitive dye, TMRE. TMRE is a

rhodamine derivative dye that is cell-permeant and is readily

sequestered by energized mitochondria without inducing

cytotoxic effects.51 The accumulation of TMRE in mitochon-

dria is driven by DCm and is a sensitive method to measure

changes in DCm.
52 This compound, as other cationic dyes,

has been used to measure changes in DCm upon induction of

apoptosis by a variety of stimuli.17 Tetramethylrhodamine

dyes such as TMRE are advantageous for this, since in the

low nanomolar range the rhodamine group stains mainly

mitochondria and is not retained by the cell upon DCm

collapse as is MitoTracker Red.53

We treated Cos-7 cells transfected with GFP-Bax and

labeled with TMRE with 1 mM staurosporine and followed

Bax translocation into mitochondria and changes in DCm

simultaneously over time with a CCD camera. Figure 1

shows a typical experiment where a cell transfected with

GFP-Bax (top) is exposed to staurosporine. GFP-Bax,

which initially displayed a diffuse fluorescence pattern

consistent with a cytosolic localization, inserted into

mitochondria upon induction of apoptosis by staurospor-

ine. TMRE fluorescence was recorded simultaneously in the

same cell (bottom). Immediately after the complete collapse

of DCm, GFP-Bax migration into the mitochondria could be

detected as an increase in GFP fluorescence in the

mitochondria. In the same field, other cells not transfected

with GFP-Bax were used as controls to monitor the TMRE

decay associated with translocation of native levels of Bax.

Changes in TMRE and GFP fluorescence within

individual mitochondria were quantitatively analyzed as

described in Materials and Methods. Mitochondria were

selected from regions of the cell where elongated individual

mitochondria could be distinguished. Normalized fluores-

cence intensity within each region of interest (ROI) was

plotted against time and the loss of DCm (decrease in

TMRE fluorescence) was compared with the onset of GFP-

Bax translocation (increase in GFP fluorescence) in the

same mitochondria. Figure 2 shows results from three

different mitochondria, representative of three different

patterns of dynamic changes that were observed. ROIs

were chosen in GFP-Bax expressing cells. Examples of

one ROI in the cell periphery (mitochondrion 1) and two in

perinuclear areas (mitochondria 2 and 3) are shown in

Figure 2A. As shown in Figure 2B, the collapse of DCm

(black trace) progressed rapidly. On average collapse of

DCm took 3 min for mitochondria in the periphery of cells

and 17 min for mitochondria in the perinuclear region. In

contrast, in the same ROIs, GFP-Bax fluorescence

increased and reached a plateau within a span of 20 ±

40 min (red trace). Mitochondria from cells not expressing

GFP-Bax maintained their DCm over this time period (for

example see mitochondria 4 and 5). In every case,

accumulation of GFP-Bax into mitochondria occurred at

least after more than 50% dissipation of DCm had occurred.

Similar results were obtained in 277 individual mitochondria

examined in different cells from five individual experiments.

The time at which the changes in DCm and GFP-Bax

accumulation began and the time when GFP-Bax translo-

cation reached a plateau were measured to quantitatively

analyze the temporal sequence. Figure 2C shows a

histogram of the times at which DCm collapsed and the

GFP-Bax migration was complete. This analysis confirmed

that measurable GFP-Bax translocation appeared on

average minutes after the complete collapse of DCm.

Bax association with mitochondria

SS Smaili et al

910

Cell Death and Differentiation



Overexpression of Bax promotes the loss of

DCm.
29,30,54,55 Similarly, in our study we found that

whereas the mitochondria from transfected cells exposed

to staurosporine lost their electrochemical potential, the

DCm from surrounding untransfected cells (for example see

cells on left, Figure 1) showed little change within the time

frame examined.

Data obtained from all the measurements (277

mitochondria from five experiments) are summarized in

Table 1. The loss of DCm, once initiated, is rapid and is

complete in 17+0.6 min. GFP-Bax translocation into

mitochondria then starts an average of 8.2+1.4 min after

the collapse of DCm. The kinetics of GFP-Bax transloca-

tion, in contrast to the time course of DCm loss, is a slower

process and takes 48.9+1.1 min to complete. Although the

collapse of DCm in peripheral mitochondria and perinuclear

mitochondria occurred at different times, the rate at which

the loss of DCm occurred is similar in both populations. In

17% of the mitochondria obtained from 26 different cells,

some photobleaching was observed and mitochondria that

showed a constant and slow decrease in TMRE fluores-

cence from the beginning of the experiment were discarded

from analysis.

The loss of DCm triggers Bax translocation when
the mitochondrial ATPase and ATP consumption
are inhibited

The finding that the loss of DCm precedes detectable Bax

association with mitochondria prompted us to investigate

whether the loss of mitochondrial potential could be a trigger

for Bax translocation. Cos-7 cells expressing GFP-Bax were

treated with the protonophore FCCP (5 mM) in the absence of

STS, and the TMRE and GFP-Bax fluorescence patterns

were monitored by a CCD camera and by confocal

microscopy. As shown in Figure 3A, after addition of FCCP,

DCm dissipates completely in 2 ± 3 min. However, over a

period of 2 ± 3 h after the FCCP-induced loss in DCm, no

translocation of Bax was detected. This rules out the

possibility that the loss of DCm itself, triggers Bax transloca-

tion. As FCCP induces a collapse of the DCm we investigated

Bax translocation in the presence of MitoTracker Red (MTR).

MTR is accumulated by energized mitochondria in response

to DCm and is bound to mitochondrial sulfhydryl (SH) groups.

This covalent linkage to the matrix and membrane SH groups

prevent MTR from being completely released from mitochon-

dria during the loss of DCm.
53 In our studies we found only a

small amount of MTR was released to the cytosol after FCCP

addition, and 3 h or more after the addition of STS, GFP-Bax

association with mitochondria was not detectable (Figure 3B).

Proton ionophores are highly effective in depleting

cellular ATP. The lowered DCm results in the rapid

hydrolysis of cytoplasmic ATP by the mitochondrial ATP

synthase.56 As ATP depletion is reported to block

apoptosis, we investigated whether FCCP would affect

Bax translocation in the presence of oligomycin (2 mg/ml), a

mitochondrial ATP synthase (ATPase) inhibitor that

efficiently maintains the ATP/ADP ratio during FCCP

exposure.56,57 In some experiments, MTR was used

instead of TMRE to monitor mitochondria location. In

contrast to FCCP alone (Figure 3), significant Bax binding

to mitochondria was observed in less than 2 h after cell

treatment with FCCP plus oligomycin (Figure 4). As

expected, oligomycin alone did not induce the collapse of

Figure 1 Staurosporine induces the loss of mitochondrial membrane potential (DCm) prior to GFP-Bax translocation. A healthy Cos-7 cell expressing GFP-Bax
was stained with TMRE for DCm visualization. The GFP-Bax (top row) and TMRE (bottom row) fluorescence patterns of the cell were simultaneously monitored
over time (shown on the top) with a CCD camera after the addition of 1 mM staurosporine. The loss of DCm appears to occur prior to Bax translocation into the
mitochondria. Images are representative of at least seven individual experiments and 12 transfected cells
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Figure 2 Quantitative analysis of changes in mitochondrial membrane potential (DCm) relative to GFP-Bax association with mitochondria. (A) Arbitrarily chosen
mitochondrial regions of interest (ROIs) found in a GFP-Bax expressing Cos-7 cells were delimited and analyzed individually for changes in their TMRE and GFP-
Bax fluorescence. (B) Representative graphical analyses of changes in TMRE compared with GFP-Bax fluorescence within the same region of the mitochondrial
boundaries. Fluorescence intensities within each ROI (1 ± 5) were averaged (F ) and plotted as normalized fluorescence intensities (DF/F0) against time, where DF

was calculated as the difference between F and F0. F0 is the mean basal fluorescence value obtained from averaging the first 20 data points. Panels 1 ± 3 show
three examples of individual mitochondrion where the loss of DCm occurs prior to GFP-Bax translocation into mitochondria. Responses showed different patterns
of dynamic changes that were averaged in Table 1. Panels 4 and 5 show mitochondria from GFP-Bax non-expressing control cells that maintained their DCm over
time. (C) Histogram showing the relative times (measured in minutes) at which DCm was observed (gray bars) and GFP-Bax association (red bars) occurred in
individual mitochondria. Number of mitochondria (Y-axis) showing changes are plotted against the time at which the fluorescence change is complete. Time scale
(X-axis) is normalized in each cell to the earliest organelle showing change in DCm. Since the onset of staurosporine-induced cell death occurred at different times
after addition of staurosporine, measurements in different cells were thus normalized for comparison. Note that in one population of mitochondria, mostly in the
periphery of the cell (P), the collapse of DCm occurs earlier than in those located in the perinuclear (N) region. GFP-Bax translocation into mitochondria occurs
minutes after the loss in DCm is complete and occurs only in 45% of the mitochondria visualized with TMRE staining in the beginning of the experiment
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the DCm, and was not able to induce Bax translocation to

mitochondria (data not shown). These experiments were

performed in 10 different cells from at least six different

experiments.

Mitochondrial inhibitors promote Bax translocation
into mitochondria

The mitochondrial inhibitors of the electron transport chain

(ETC), rotenone and antimycin increase expression of

apoptosis markers and lead to cell death.44 Since the ETC

maintains DCm, we investigated the possible involvement of

the electron transport chain in regulating Bax translocation.

We examined the effect of ETC inhibitors in GFP-Bax

expressing Cos-7. The percentage of cells with Bax-

associated mitochondria was then quantitated. Cells were

examined at 0 and 6 h after treatment with FCCP, FCCP

plus oligomycin, oligomycin, antimycin or rotenone. STS, a

standard compound used in our studies to induce GFP-Bax

translocation and insertion into mitochondria,10,11 was used

for comparison. Figure 5A shows that upon treatment with

FCCP or oligomycin alone, the percentage of cells with Bax

associated with mitochondria at 6 h was not significantly

different from that at 0 h. However, when cells were treated

with FCCP plus oligomycin, the percentage of cells with

mitochondrial Bax increased from 20 ± 62%, corroborating

the results obtained in Figure 4. Mitochondrial ETC

inhibitors of complexes I (rotenone) and III (antimycin)

caused, respectively, a 40 and 25% increase in Bax

association with mitochondria after 6 h of treatment.

In another set of experiments (Figure 5B), a similar study

was carried out in GFP-Bax transfected L929 cells.

Enhanced Bax association with mitochondria was ob-

served in cells treated with FCCP plus oligomycin after

6 h, with a slight increase after 12 h. In contrast, after 6 h

of treatment with STS (1 mM), the percentage of cells with

punctate GFP-Bax was somewhat higher (85%) than with

the mitochondrial inhibitors (Figure 5C). Since FCCP

collapses DCm and releases mitochondrial Ca2+,32 one

could postulate that higher concentrations of Ca2+ released

to the cytosol could be a trigger for Bax translocation to

mitochondria. In order to test this possibility, we loaded the

cells with BAPTA-AM (10 mM), a calcium chelator, for

30 min before the treatment with FCCP plus oligomycin, or

STS. As shown in Figure 5C, the chelation of intracellular

Ca2+ did not prevent STS or FCCP plus oligomycin-induced

Bax translocation to mitochondria. In fact, in the presence

of FCCP plus oligomycin, BAPTA increased Bax assoc-

iation with mitochondria.

We then examined the roles of FCCP and oligomycin on

cell death. Healthy Cos-7 cells were treated with FCCP or

FCCP plus oligomycin and analyzed with the nuclear

Hoechst stain to check the extent of cell death. FCCP

itself did not induce significant levels of apoptosis after 6,

12 or 24 h treatment (Figure 6). On the other hand, FCCP

plus oligomycin caused a significant increase in the number

of apoptotic cell deaths (Figure 6). Oligomycin alone did not

cause significant cell death (data not shown).

Discussion

Bax is a pro-apoptotic member of the Bcl-2 family that plays

important roles in such diverse physiological events as

spermatogenesis, anti-viral defense, and tumorigenesis.

Although it possesses a potential transmembrane domain

like most members of the Bcl-2 family, Bax in healthy living

cells is found to reside predominantly in the cytosol and

migrates from the cytosol into organelle membranes during

apoptosis.10,11,13 Overexpression of Bax in cultured cells is

associated with the loss of mitochondrial membrane potential

and the activation of caspase-3.7,29,55 In this report, we show

that the loss of DCm precedes the bulk of Bax translocation

into mitochondria and that the translocation of Bax can be

stimulated by DCm loss if ATP levels are maintained. We

show that the onset of DCm loss is followed by a rapid and

dramatic collapse of DCm. This phenomenon precedes the

initiation of GFP-Bax association with mitochondria by

8.2 min on average suggesting that the decrease in DCm is

a trigger for Bax translocation. Collapse of DCm typically

occurs during apoptosis and has been proposed to be an

essential step prior to caspase activation and cell death.19

Recent findings have shown that cytochrome c release is

rapid and once initiated is complete in 5 min and occurs

without any change in DCm.
27 Some reports suggest that

the release of cytochrome c occurs prior to detectable

changes in DCm.
26,58 On the other hand, others have shown

that cytochrome c release occurs during DCm collapse.24

However, these studies were not performed in a Bax-

overexpressing system. Overexpression of Bax promotes

the loss of DCm.
29,30,55 Bax can have direct membrane

permeation activity36,39 and can cause release of cyto-

chrome c.28 Thus, it has been proposed that Bax insertion

into mitochondria may initiate or mediate cytochrome c

release and/or the loss of DCm. It is surprising therefore that

we find that the loss of DCm actually precedes Bax

translocation. Although cytochrome c release occurs close

in time to DCm loss and collapse24 it is still uncertain

whether the release occurs before, during or after DCm loss.

Two different studies using similar methodology showed

that cytochrome c release occurs either before27 or during

DCm collapse.24 These differences may be a consequence

of the different cells used and different apoptotic stimuli,

which also varied from the present work. Certainly, further

studies using different systems and inducers will be required

to clarify controversial findings.

Table 1 Average time (in minutes) for the collapse of DCm and the delay
between DCm loss and the start (Bs) and completion (Bc) of GFP-Bax
translocation to mitochondria

Total number of
mitochondria DCm loss

Time after
DCm loss for
GFP-Bax (Bs)

Time after
DCm loss for
GFP-Bax (Bc)

277 17.7+0.6 8.2+1.4 48.9+1.1

All values are in mean+S.E.M. Two hundred and seventy-seven ROIs or
mitochondria were analyzed from ®ve individual experiments. DCm loss is the
time taken for the complete loss of DCm once it was initiated; Bs is the delay
between the complete loss of DCm and the onset of GFP-Bax association with
mitochondria; Bc indicates the delay between the complete loss of DCm and the
completion of GFP-Bax translocation
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A small amount of GFP-Bax, below the level of

detection, could insert into mitochondria prior to the

decrease in DCm. Our previous studies have shown that

Bax resides primarily in the cytosol with a small proportion

(520%) in the membranes.11 Assuming this equilibrium is

maintained in a Bax overexpression system such as that of

the GFP-Bax expressing Cos-7 cells (estimated to be 3 ± 5

times the endogenous Bax level), the total amount of the

Figure 3 Dissipation of DCm by FCCP does not induce Bax translocation into mitochondria. (A) Cos-7 cell transiently transfected with GFP-Bax was loaded with
the TMRE dye. The changes in GFP-Bax (top row) and TMRE (bottom row) fluorescence patterns were monitored over time with a CCD camera. The DCm was then
disrupted with the protonophore FCCP. The loss in DCm was complete within 2 ± 5 min after the addition of FCCP, but no change in the cytosilic localization of GFP-
Bax was observed more than 2 h after the addition of FCCP. Similar results were obtained from three individual experiments. (B) The same experiment was
performed using confocal microscopy to visualize cells transfected with GFP-Bax and loaded with Mitotracker Red (MTR) to monitor mitochondria location. Bax
translocation was not induced under these conditions
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membrane-bound Bax would be higher in GFP-Bax

transfected cells. This increased basal level of mitochon-

dria-associated Bax may contribute to the early loss of

DCm. Consistent with this notion is the observation that the

loss of DCm did not occur in the untransfected Cos-7 cells

within the time frame examined. However, the prebound

Bax represents a small population relative to the cytosolic

GFP-Bax that translocates during apoptosis. In spite of the

prebound Bax, our high resolution fluorescence microscopy

was performed with a signal to noise ratio greater than 10.

A 3% change could be easily detected if it is continuous

and cumulative, showing the high sensitivity of the method.

Thus, the vast majority of GFP-Bax binding to mitochondria

occurs subsequent to a decrease in DCm.

It is not known whether Bax forms membrane channels

that allow selective ion transport and osmotic swelling of

mitochondria and then leakage of the inner mitochondrial

membrane,36,39 ± 41 or if the effect of Bax is due to the direct

opening of the PTP.30,54 It has been proposed that Bax

binds to the PTP complex, interacts with its ANT portion and

induces the permeability transition during cell death.30,54

Cyclosporine A, an inhibitor of PTP, can inhibit Bax-

mediated cell death.29,30,54 The PTP has been shown to

be involved in the release of a mitochondrial oxidoreductase,

called apoptosis inducing factor (AIF)20 and cytochrome

c.29,30 However, others have found that cytochrome c

release does not involve the mitochondrial permeability

transition.6,26,34,58,59 Bax was not found to initiate mitochon-

drial swelling, one characteristic of the permeability

transition6,59 and in some experiments Bax-induced

cytochrome c release was not only inhibited by cyclospor-

ine A, but was dependent on Mg2+.33 Intriguingly, recently

Bax-induced cytochrome c release was postulated to rely on

its interaction with mitochondrial contact sites, independent

of mitochondrial rupture.35 However, the interaction with the

contact sites could lead indirectly to an activation of the

PTP, since some of the components of the pore are located

in the contact sites. In our experiments cyclosporine A was

not able to inhibit DCm collapse or Bax binding to

mitochondria (data not shown). It is possible that PTP

opens and participates in Bax-induced apoptosis, however it

does not appear to be the only trigger as Bax translocation

occurs independently of PTP. Further studies using different

approaches are underway to clarify this point.

The loss of DCm or permeability transition alone does

not induce Bax translocation into mitochondria, as the

mitochondrial ATPase inhibitor, oligomycin, must be added

to observe Bax redistribution. It is well known that DCm

is an important component of mitochondrial ATP synth-

esis.53,56,57 Without DCm ATP synthesis stops and the ATP

synthase, working in reverse, depletes cells of ATP.47,56,57

Oligomycin can be used to maintain the ATP/ADP ratio

during FCCP exposure56 and prevent ATP consumption.

Inhibition of the F1-Fo ATPase by oligomycin allows cell

survival through glycolytic generation of ATP in the

absence of the oxidative phosphorylation.57

The mitochondrial proton circuit is an important and

complex pathway that influences and is influenced by DCm

and DpHm. Proton transport occurs through complexes I, II,

III and IV of the ETC with F1-Fo-ATPase (complex V)

Figure 4 Dissipation of DCm by FCCP in the presence of oligomycin allows Bax association with mitochondria. Cos-7 cells transfected with GFP-Bax were loaded
with the MitoTracker Red (MTR) dye. Changes in MTR and GFP-Bax fluorescence patterns were analyzed over time with confocal microscopy. In the beginning
cells were treated with FCCP (5 mM) plus the mitochondrial ATPase inhibitor, oligomycin (2 mg/ml). After the treatment, MTR was also present in the cytosol as a
consequence of the DCm collapse. Images represent data obtained from at least five different experiments
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promoting reentry of protons into the mitochondrial matrix,

allowing the ATP-hydrolyzing proton pump to synthesize

ATP.53,57 In our experiments, ETC inhibitors antimycin and

rotenone, induced a collapse of DCm followed by Bax

translocation. In spite of the fact that the ATP-hydrolysis

can be compromised by the presence of the electron

transport chain inhibitors, these findings are in agreement

with the observation that inhibition of the respiratory chain

does not necessarily consume ATP if the glycolytic

pathway is maintained.46,47 Therefore, levels of ATP are

maintained, allowing Bax translocation. Presence of ATP

increases the effect of Bax toxicity in yeast, suggesting that

ATP is important for Bax bioactivity.46 In addition, Bax

toxicity is increased in cells dependent on oxidative

phosphorylation, and Bax overexpression inhibits of the

respiratory chain and oxidative phosphorylation.48 While in

some systems oligomycin protects cells from Bax-induced

apoptosis,42,46,47 in our experiments in Bax overexpressing

cells, treatment with oligomycin did not inhibit STS-induced

DCm loss or Bax translocation. In addition, oligomycin

alone was unable to evoke a change in DCm or Bax

distribution, corroborating our hypothesis. Thus, it is also

interesting to note that the presence of ATP maybe an

important requirement during apoptotic signaling in general

and this may be one of the main differences between

apoptotic and necrotic cell death.17,19,25

Recent findings have shown that Bax translocation is an

important step for p53-mediated apoptosis.60 Bid, a BH3

Figure 5 Effects of mitochondrial inhibitors and a calcium chelator on Bax translocation into mitochondria. (A) Cos-7 cells transfected with GFP-Bax were
examined at zero (0 h) and 6 h after the treatment with 5 mM FCCP (F), FCCP plus 2 mg/ml oligomycin (FO), 2 mg/ml oligomycin (O), 2 mM antimycin (Ant) and 100 nM
rotenone (Rot). Cells treated with FO showed an increase in Bax translocation from 20 ± 62%. Cells treated with F or O alone did not show the same results.
Rotenone (Rot) and antimycin (Ant) caused respectively a 40 and 25% increase in Bax translocation after 6 h of treatment. (B) A similar study was carried out in
L929 cells. L929 cells expressing GFP-Bax were treated with FCCP or FCCP and oligomycin. Bax translocation was stimulated in cells treated with FCCP plus
oligomycin after 6 h, with a slight further increase in the number of inserted cells after 12 h. (C) The presence of 1 mM staurosporine (S) and FO significantly
enhanced Bax translocation into mitochondria and after incubation with 10 mM of BAPTA-AM (BA) failed to inhibit this process. Error bars represent Standard Error
of the Mean (S.E.M.)
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only protein which normally exists in the cytosol in an

inactive state, moves from cytosol to mitochondria after

cleavage by caspase 8, where it induces cytochrome c

release.61 When cleaved by caspase 8, Bid undergoes N-

myristoylation which increases its ability to release

cytochrome c.62 Although there are Bax dependent and

independent pathways for Bid,63 both proteins can work

synergistically.64

Overexpression of Bax in cultured mammalian cell lines

has been reported to promote the activation of caspase-3

and cell death.7,55 Activation of caspase-3 has been

attributed to the release of cytochrome c from the

damaged mitochondria during apoptosis.18 Another aspect

of the sequence of events during Bax-induced apoptosis is

caspase activation. Our experiments indicated that Bax

translocation into mitochondria is upstream of caspase-3

activation, since the pan-caspase inhibitor zVAD-fmk is

unable to inhibit DCm loss and Bax translocation (not

shown).30 In addition, it has been shown that caspase

activation occurs after the DCm loss induced by Bax

microinjection.30 This is consistent with the model that the

addition of exogenous Bax disrupts mitochondria resulting

in the release of cytochrome c and subsequent activation of

caspase-3.28

Taken together our results show that DCm collapse

precedes Bax translocation into mitochondria and Bax

translocation can be induced by DCm loss only if the levels

of ATP are maintained. Interestingly, the prosurvival family

member Bcl-2 can cause an elevation of the resting DCm,
65

suggesting that Bax responds to a signal of mitochondrial

stress associated with the rupture of the proton circuit and

DCm collapse. Based on our results, we propose (Figure 7)

Figure 6 FCCP plus oligomycin induces apoptosis. Healthy non-transfected
Cos-7 cells were treated with either FCCP (F) or FCCP plus oligomycin (F+O)
and the extent of cell death was determined at 0 (1st bar), 6 (2nd bar), 12 (3rd
bar), and 24 (4th bar) h post-treatment using Hoechst 33342 nuclear dye
staining. The percentage of apoptotic cells at different time points are shown.
Error bars represent Standard Error of the Mean (S.E.M.)

Figure 7 Schematic illustration of the mechanisms by which Bax overexpression via mitochondrial pathways induces apoptotic cell death. In this model, Bax
overexpression, and other inducers of cell death through mitochondrial pathways, such as STS, FCCP, antimycin, and rotenone, cause DCm disruption before
measurable Bax translocation from cytosol to mitochondria. After translocation, Bax association with mitochondria occurs with possible insertion. Bax can cause
DCm collapse directly by rupture of the mitochondrial membrane through pore formation, by binding with ANT and opening of the PTP, or by binding at the
mitochondrial contact sites. It is not clear if cytochrome c release occurs before or during DCm collapse. These mechanisms precede the activation of downstream
caspases and late stages of apoptosis
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that Bax translocation from the cytosol to the mitochondria

is caused by the collapse in DCm and culminates in

mitochondria disintegration, cytochrome c release and

thereby further triggering downstream pathways of cas-

pase activation and the full apoptotic cascade.

Materials and Methods

Cell culture and transient transfection of Cos-7
cells

Cos-7 or L929 cells were grown in DMEM medium (Biofluids Inc.,

Rockville, MD, USA) supplemented with 10% fetal bovine serum,

2 mM glutamine, 2.5 mM sodium pyruvate, and nonessential amino

acids. The cells were maintained at 378C in the presence of 5% CO2. A

day prior to transfection, the cells were trypsinized and plated onto

polylysine-coated cover slips as previously described66,67 placed on

6-well tissue culture plates for conventional fluorescent microscopy

and on 2-well Lab-Tek chambered coverglass (Nalge Nunc,

Naperville, IL, USA). Cos-7 or L929 cells were then transfected with

the appropriate plasmid DNA using the protocol described by the

manufacturer. Typically, 0.5 mg of plasmid DNA and 4 ml of

LipofectAmine (Life Technologies, Gaithersburg, MD, USA) were

used per coverslip. The cells were incubated for 5 h in the transfection

mixture prior to replacement with fresh culture medium. The

transfected cells were visualized by microscopy the next day.

Simultaneous measurement of GFP ¯uorescence
and DCm

Cos-7 cells grown on polylysine-coated coverslips were placed in a

Leiden coverslip chamber. The perfusion chamber was positioned on

the stage of an inverted microscope, with fluorescence images being

acquired through a microchannel plate intensifier with a CCD camera.

Cells were perfused at 378C in a balanced salt solution as described

previously.66,67 For the simultaneous measurement of GFP fluores-

cence and TMRE (Tetramethylrhodamine ethyl ester, Molecular

Probes Inc., Eugene, OR, USA), cells transfected with GFP-Bax

were incubated with 100 nM TMRE for 30 min before the experiments.

GFP and TMRE fluorescence were measured using a filter set fitted

with a dual-band dichroic mirror (520 and 575 nm) and band-pass

filters (520 and 600 nm, 40 nm full width at half-maximum

transmission (Chroma Technologies, Brattelboro, VT, USA)). Cells

were excited alternately through narrow band-pass excitation filters at

exciting wavelengths for GFP (485 nm, 15 nm full width at half-

maximum transmission) and TMRE (530 nm, 45 nm full width at half-

maximum transmission). Images were acquired every 2 min, with

image intensifier gain being independently adjusted for the two

fluorophores by computer control. Images were digitized and averaged

using Synapse, an image acquisition and analysis software (Synergy

Research Inc., Silver Spring, MD, USA). Fluorescence intensity was

measured in individual mitochondria identified by TMRE staining using

the region of interest (ROI) tool. ROIs were drawn around single

mitochondria that did not overlap with others and the average non-zero

pixel intensity within the ROIs was measured and plotted against time

after normalization (DF/F0).

Confocal microscopy

Cos-7 cells were grown and transfected with GFP-Bax as described

above in 2-well Lab-Tek chambered coverglass slides (Nalge Nunc).

After 24 h, cells were incubated for 10 min with MitoTracker Red

(25 nM, CMXRos, Molecular Probes Inc., Eugene, OR, USA) in

microscopy buffer solution66 to label mitochondria. Cells were washed

and transferred to the inverted microscope where the images were

collected using a laser confocal microscope (LSM 510 microscope

with a 636 objective Apochromat objective (Carl Zeiss, Thornwood,

NY, USA). The 488 and 568 nm lines of a krypton/argon laser were

used for fluorescence excitation of GFP and MitoTracker Red (MTR)

respectively. The temperature of the specimen was maintained

between 35 and 378C. Time course analyses of treated cells were

carried out at 20 ± 30 min intervals to monitor changes in GFP-Bax

localization.

Cell death asssay

Apoptotic cells were quantified at different time points by staining with

the Hoechst nuclear staining dye.10,14 Cells were plated in 6-well

plates 24 h before treatment and at least three fields were counted in

each of at least three wells. Results were calculated as the percentage

of dead cells per total cells per field (magnification 6200).
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