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Overexpression of the antiapoptotic Bcl-2 protein en-
hances the uptake of fluorimetric dyes sensitive to mi-
tochondrial membrane potential, suggesting that Bcl-2
changes the mitochondrial proton gradient. In this
study, we performed calibrated measurements of mito-
chondrial respiration, membrane potential, ApH, and
intramitochondrial [K*] in digitonin-permeabilized
PC12 and GT1-7 neural cells that either do not express
human Bcl-2 (control transfectants) or that were trans-
fected with and overexpressed the human bcl-2 gene to
evaluate whether Bcl-2 alters mitochondrial inner mem-
brane ion transport. We found that although Bcl-2-over-
expressing cells exhibit higher fluorescence responses
to membrane potential, pH, and K*-sensitive dyes, this
increased response is due to an enhanced accumulation
of these dyes and not an increased mitochondrial mem-
brane potential, ApH, or [K*]. This result is supported
by the presence of equal respiratory rates in Bel-2+ and
Bcl-2— cells. Possible structural alterations in Bel-2+
mitochondria that could account for increases in fluo-
rescent dye uptake were evaluated using flow cytometry
particle sizing and light scattering determinations.
These experiments established that Bcl-2-overexpress-
ing mitochondria present both increased volume and
structural complexity. We suggest that increased mito-
chondrial volume and structural complexity in Bcl-2+
cells may be related to many of the effects of this protein
involved in the prevention of cell death.

The Bcl-2 protein, originally described in lymphoma cells (1)
and then found to be widely distributed in a variety of cancer-
ous tissues (2, 3), is a potent inhibitor of cell death, both
programmed and accidental (4, 5). Bcl-2 is located in biological
membranes, including mitochondria (6, 7), and acts to inhibit
mitochondrially controlled steps leading to cell death. The ef-
fects of Bcl-2 on mitochondrial control of cell death are variable
according to the experimental conditions studied, indicating a
multifunctional role for this protein. For example, Bcl-2 inhib-
its mitochondrial permeability transition (8—10), a process of-
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ten associated with mitochondrial cytochrome ¢ release and
subsequent cell death (8, 11), and Bcl-2 is also capable of
inhibiting cytochrome c release pathways independent of mito-
chondrial permeability transition, such as Bid- and Bax-medi-
ated cytochrome c release (12, 13).

Bcl-2 effects on mitochondria determined to date involve
almost exclusively studies conducted under conditions leading
to cell death. Although these studies are essential to under-
stand the antiapoptotic effects of this protein, it is important to
determine whether Bel-2 can affect mitochondrial function un-
der basal conditions. Understanding the changes promoted by
Bcl-2 on mitochondrial function in healthy cells may determine
how these cells respond to potentially deadly stimuli and
uncover the common roots of the distinct antiapoptotic effects
of this protein. Furthermore, Bcl-2 may have an unknown role
in the regulation of basal mitochondrial energy metabolism. In
fact, some previous data from both our group and others (9, 10)
suggest that Bcl-2 may regulate mitochondrial proton trans-
port across the inner membrane resulting in higher mitochon-
drial membrane potentials since Bcl-2-overexpressing
mitochondria take up larger quantities of membrane potential-
sensitive dyes. This increased mitochondrial membrane poten-
tial could explain other Bcl-2 effects such as increased H,O,
generation (14-16) since mitochondrial reactive oxygen species
generation is strongly inhibited at lower membrane potentials
(17). Unfortunately, the cause of these mitochondrial changes
promoted by Bcl-2 has never been carefully studied, and these
results are often obtained from a single transfected cell line,
raising the possibility that these are not universal Bcl-2 effects.
In this study, we investigated the effects of Bcl-2 on mitochon-
drial function and structure using two separate cell lines and
found that overexpression of this protein does not affect the
membrane potential, respiration, ApH, or intramitochondrial
[K*] but does increase mitochondrial volume and structural
complexity. This increase in volume and structural complexity
explains changes in fluorimetric membrane potential determi-
nations conducted previously. Based on our results, we propose
a model in which enhanced mitochondrial volume and struc-
tural complexity mediate many of the Bcl-2 effects related to
the prevention of cell death.

EXPERIMENTAL PROCEDURES

Cell Cultures—PC12 pheochromocytoma and immortalized hypotha-
lamic GT1-7 neuronal cell lines transfected with the human bcl-2 gene
(Bcl-2+) or with a control retroviral construct (Bel-2—) were maintained
as described previously (4). Prior to the experiments the cells were
trypsinized and suspended in growth medium supplemented with 10
mM Hepes, pH 7.0. Suspended cells were kept at room temperature for
up to 5 h. Cell viability, as assessed by a cell count in trypan blue, was
above 95% even after 5 h at room temperature. The suspended cells
were centrifuged and resuspended in the medium used in the experi-
ment just prior to each determination. Cell protein content was deter-
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Fic. 1. Bel-2 overexpression increases safranin quenching but not mitochondrial AW. In the top panels, 10 mg/ml PC12 cells were
incubated in 250 mM sucrose, 5 mM pyruvate, 5 mM malate, 5 mm glutamate, 100 um EGTA, 1 mg/ml bovine serum albumin, 0.004% digitonin, 5
uM safranin O, 1 pg/ml valinomycin, and 10 mm Hepes, pH 7.2 (NaOH), and safranin fluorescence was measured as described under “Experimental
Procedures” in the presence of increasing concentrations of K* (0.15, 0.3, 0.45, 0.75, 1.05, 1.35, and 1.95 mm) and 5 um CCCP, added where
indicated. The respective AV for each K* concentration was calculated using the Nernst equation (see “Experimental Procedures”), and the best
fitting for the fluorescence versus AV plot (upper right) was used to estimate AV in the absence of added K" for both PC12 and GT1-7 cells
incubated under similar conditions (lower left). AFluorescence represents fluorescence readings in the presence of CCCP minus readings without
added K*. In the lower right panel, PC12 respiratory rates and AV (estimated through calibrated safranin fluorescence changes) were measured
in parallel and plotted against each other under conditions similar to those described above in which K* (0.15-1.95 mm) and CCCP (0.1-5 um)
concentrations were varied. *, p < 0.05 when compared with Bcl-2— cells. A.U., arbitrary units.

mined using the Biuret method. All experiments were conducted at
37 °C.

Mitochondrial Membrane Potential (AW)—Mitochondrial AV! was
estimated through fluorescence changes of safranin O (5 mMm) at exci-
tation and emission wavelengths of 485 and 586 nm, respectively (10,
18). Data were calibrated using a K" gradient as described by Akerman
and Wikstrom (19), and the membrane potential obtained for each K*
concentration was determined using the Nernst equation assuming
intramitochondrial [K*] to be 150 mM, a value quite close to the exper-
imentally determined [K*'] in GT1-7 cells (see Fig. 3). A calibration
curve was constructed and fitted using Origin® software, and all sub-
sequent fluorescence traces were transformed into AV using the same
fitting equation.

Intramitochondrial pH—Cells (10 mg/ml) were suspended in me-
dium containing 10 um BCECF-AM, 250 mM sucrose, 5 mM pyruvate, 5
mM malate, 5 mm glutamate, 100 um EGTA, 1 mg/ml bovine serum
albumin, 0.001% or 0.004% digitonin (GT1-7 and PC12 cells, respec-
tively), and 10 mm Hepes, pH 7.2 (KOH) and incubated at 25 °C for 20
min. The permeabilized cells with BCECF-loaded mitochondria were
then diluted to 2 mg/ml in 4 °C buffer devoid of BCECF, centrifuged,
and resuspended in the same medium. BCECF fluorescence emission
was measured at 550 nm with variable excitation wavelengths. Intra-
mitochondrial pH was calculated from the ratio between fluorescence

! The abbreviations used are: AV, membrane potential; AM, ace-
toxymethyl ester; BCECF, 2,7'-bis(2-carboxyethyl)-5(and -6)-carboxy-
fluorescein; CCCP, carbonyl cyanide m-chlorophenylhydrazone; FSC,
forward scattering; SSC, side scattering.

levels at 509 and 450 nm as described by Molecular Probes and Jung et
al. (20, 21). Cells were treated with CCCP and nigericin (1 uM), and the
extracellular medium pH (measured using a standard pH meter) was
manipulated between 7 and 8 by adding HCl and KOH. A plot relating
the measured pH to the 509/450 nm fluorescence ratio was used to
determine intramitochondrial pH in the absence of ionophores. All
experiments were conducted within 30 min of mitochondrial loading
with BCECF.

Intramitochondrial [K*]—Cells (10 mg/ml) were suspended in me-
dium containing 20 uMm PBFI-AM (a K™ indicator marketed by Molec-
ular Probes) and treated in the same manner as those loaded with
BCECF. PBFI fluorescence emission was measured at 500 nm with
variable excitation wavelengths. Intramitochondrial [K*] was calcu-
lated from the ration between fluorescence levels at 320 and 360 nm as
described by Molecular Probes and Jung et al. (20, 21). Cells were
treated with CCCP and nigericin (1 uM), and spectra were collected in
the presence of varying medium [K*] (50—-200 mM). A plot relating [K*]
to the fluorescence ratio was used to determine intramitochondrial [K*]
in the absence of ionophores.

Mitochondrial Isolation—Mitochondria were isolated from digitonin-
permeabilized GT1-7 and PC12 cells exactly as described by Moreadith
and Fiskum (22) in isolation buffer containing 210 mm mannitol, 75 mMm
sucrose, 1 mg/ml bovine serum albumin, 5 mMm Hepes, and 1 mm EGTA,
pH 7.2 (KOH).

Mitochondrial Particle Sizing and Light Scattering—Isolated mito-
chondria (~0.2 mg/ml) were incubated in 250 mM sucrose, 10 mm Hepes,
100 um EGTA, pH 7.2 (KOH), containing 1 uM rotenone and 5 mm K"
succinate. The suspension was analyzed by a Becton Dickinson FACS-
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FiG. 2. Bel-2 overexpression does not alter mitochondrial ApH. In the top panels, digitonin-permeabilized cells were incubated under the
same conditions as in Fig. 1 except no valinomycin was added, and the pH of the reaction medium was adjusted using KOH. AV was measured
before and after the addition of 50 nM nigericin and 5 um CCCP as shown. The average increment in AV observed after the addition of nigericin
in three different experiments is shown at the top right. In the bottom panels, GT1-7 cells with BCECF-loaded mitochondria (see “Experimental
Procedures”) were used. Fluorescence spectra of these cells are shown at the bottom left in the presence and absence of 50 nM nigericin. ApH values
and fluorescence at excitation (Ex) = 500 nm were calculated for three similar determinations with each cell type (lower right) as described under
“Experimental Procedures.” *, p < 0.05 when compared with Bcl-2— cells. A.U., arbitrary units.

Calibur flow cytometer, and detected with a 488 nm laser. Particle size
(forward scattering (FSC)) and light scattering (side scattering (SSC))
characteristics were analyzed using CellQuest software.

Reagents—BCECF-AM and PBFI-AM were purchased from Molecu-
lar Probes. Safranin O, EGTA, digitonin, malate, glutamate, pyruvate,
bovine serum albumin, CCCP, nigericin, and valinomycin were from
Sigma.

Data Analysis—Data presented as traces are representative of at
least three similar repetitions. Averages represented in bar graphs
were calculated from data collected in at least three repetitions using
different cell preparations. Error bars indicate standard errors (S.E.),
and significant differences were calculated using pairwise Tukey tests
conducted by SigmaStat®.

RESULTS

Previous studies have shown that Bcl-2 overexpression
causes an increase in the uptake of fluorescent dyes sensitive to
the mitochondrial AW, a result interpreted as an increase in AW
induced by this protein (9, 10). This AW effect could explain
many changes observed in Bcl-2-overexpressing mitochondria,
including increased reactive oxygen species generation (14—
16), enhanced Ca2" uptake capacity, and larger quantities of
reduced pyridine nucleotides (10, 14, 23). To understand the
mechanism through which Bcl-2 apparently enhances AV, we
performed measurements of mitochondrial uptake of the AW-
sensitive probe safranin O and calibrated the data by using K*
gradients and applying the Nernst equation (see “Experimen-
tal Procedures” and Ref. 19). These experiments were con-
ducted using cultured cells in which low digitonin concentra-
tions were added to selectively permeabilize the plasma

membrane, promoting a large dilution of cytosolic components
while maintaining cell architecture and mitochondrial function
unaltered (18). This is the preferred method to study the effects
of Bcl-2 in mitochondria from transfected cell lines since mito-
chondrial isolation may promote damage to the organelle in a
Bcl-2-inhibited manner (18). As noted previously (9, 10), PC12
pheochromocytoma cells overexpressing human Becl-2 (Bcl-2+
cells) decrease safranin fluorescence more intensely than con-
trol transfectant cells (Bcl-2-) and present an enhanced differ-
ence in fluorescence in the presence and absence of the proton
ionophore CCCP (AFluorescence) when respiring on NADH-
linked substrates (Fig. 1, upper and lower left), an effect com-
patible with a higher AW. A similar increase in safranin
AFluorescence was observed in a second transfected cell line
(GT1-7 hypothalamic tumor cells; Fig. 1, lower left). However,
when we calibrated AV using a K* distribution curve (Fig. 1,
upper panels, see “Experimental Procedures” and Ref. 19), we
found that Bcl-2+ mitochondria presented larger safranin re-
sponses to equal A¥ changes (more change in fluorescence with
equal K* additions). By using the best fittings for the fluores-
cence versus AV plots (Fig. 1, upper right), we were able to
estimate Bcl-2— and Bcl-2+ AV in the absence of added K™ and
found these to be equal in both cell lines studied (Fig. 1, lower
left). Thus, Bcl-2 increases safranin fluorescence changes de-
pendent on AW, but this effect seems to be related to an altered
calibration curve and not enhanced AV.

We also determined mitochondrial respiratory rates in
Bel-2+ and Bel-2— cells (Fig. 1, lower right) and plotted them
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against the measured membrane potential in the presence of
increasing K* and CCCP concentrations. A change in the lin-
ear AW/respiration plot would be indicative of altered proton
pumping/oxygen consumption ratios at the mitochondrial res-
piratory chain as proposed previously to explain the apparent
higher AW in Bcl-2+ mitochondria (9). We found that Bel-2
does not change the correlation between mitochondrial oxygen
consumption and H" pumping, a result which supports the
finding that mitochondrial AV is equal in Bcl-2+ and Bel-2—
cells.

Safranin is a lipophilic cation that accumulates within or in
near proximity to the mitochondrial inner membrane, reducing
the fluorescence of the suspension in a manner proportional to
the negative charge of the mitochondrial matrix (19). Thus,
safranin fluorescence traces measure only changes in charge
across the inner membrane and are insensitive to a second
component of the mitochondrial H* gradient, ApH. In addition,
the estimated AV calculated using the Nernst equation in Fig.
1 assumes intramitochondrial K* concentrations to be ~150
mM and equal in Bcl-2+ and Bel-2— cells. To ascertain that
Bcl-2 affects safranin distribution and not the mitochondrial
proton gradient, we measured both ApH and K™ concentrations
in Bcl-2+ and Bel-2— mitochondria.

The experiments shown in Fig. 2 compare ApH levels in
Bcl-2— and Bcl-2+ mitochondria. We found that the addition of

Bol2 +

Bel-2 -

Bok2+

nigericin, a K"/H* exchanger that reduces ApH and increases
AV, promotes very similar effects on AW measured by cali-
brated safranin fluorescence in Bcl-2— and Bcl-2+ mitochon-
dria (Fig. 2, upper panels). To confirm that Bcl-2 did not affect
ApH, we loaded GT1-7 mitochondria with the esterified form of
the pH-sensitive dye BCECF. PC12 mitochondria were not
used in this experiment since they loaded very poorly with this
dye, and the final fluorescence levels were insufficient to accu-
rately estimate ApH. In GT1-7 Bcl-2+ cells, BCECF fluores-
cence was more intense and responded more significantly to the
addition of nigericin than that in Bcl-2— cells (Fig. 2, bottom
left). However, by calibrating the fluorescence traces (see “Ex-
perimental Procedures”), we found no difference in intramito-
chondrial pH levels in Bcl-2— and Bel-2+ mitochondria despite
a consistently higher BCECF load (Fig. 2, bottom right). These
results indicated that, although GT1-7 mitochondria are more
intensely loaded with BCECF, there is no difference in ApH
between Bcl-2— and Bel-2+ mitochondria.

Intramitochondrial K™ levels were determined in Fig. 3 by
loading mitochondria with the K* probe PBFI-AM. Again PC12
cells loaded very poorly with the dye, so only GT1-7 cells were
used. We found that, although Bcl-2+ mitochondria loaded
more dye and presented more intense fluorescence (Fig. 3,
upper panels and lower right), no difference in intramitochon-
drial K* concentrations could be detected when the data were
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complexity. Particle size, measured by FSC, and particle complexity,

measured by SSC, of mitochondria isolated from Bcl-2— and Bel-2+ cells were determined using flow cytometry as described under “Experimental

Procedures.”

calibrated (lower left). Indeed, intramitochondrial K* concen-
trations determined using PBFI were quite close to the esti-
mated K" concentrations used to calibrate AV determinations
in Figs. 1 and 2, ensuring the accuracy of our AW estimation.

In the absence of any difference in AW, ApH, or intramito-
chondrial [K*], the increased fluorescence response to three
different dyes observed in the Bcl-2+ mitochondria suggests
the presence of a larger mitochondrial membrane surface (to
increase safranin distribution since safranin accumulates in
close contact to or within the inner membrane, Ref. 19) and
matrix volume (to increase intramitochondrial BCECF and
PBFI accumulation). To investigate this surprising possibility,
we isolated mitochondria from GT1-7 and PC12 Bcl-2— and
Bcl-2+ cells and evaluated their size and structural complexity
using flow cytometry (Fig. 4).

FSC measurements using a flow cytometer can be used to
estimate particle size since the intensity of light scattered at
small angles from an incident laser beam is proportional to
particle volume as demonstrated by Mullaney et al. (24). In the
top panels of Fig. 4, we compared FSC in Bcl-2— and Bel-2+
mitochondria isolated from GT1-7 cells. We found that Bcl-2+
mitochondria present two populations of distinct sizes and that
the average particle size of these mitochondria is larger than
Bcl-2— mitochondria (Fig. 4, top left). In addition, flow cytom-
etry can determine mitochondrial structural complexity as
measured by particle light scattering (SSC), which is depend-
ent on the refractive index of each particle. Side scattering
measurements show that GT1-7 Bcl-2+ mitochondria present
increased structural complexity in relation to Bcl-2— mitochon-
dria (Fig. 4, top right). In PC12 cells, mitochondrial volume and
complexity increases in Bcl-2+ cells were less pronounced but
still evident (Fig. 4, lower panels). The increase in both mito-
chondrial size and complexity, as determined by increases in
forward and side scattering, excludes the possibility that the
difference between Bcl-2+ and Bcl-2— mitochondria is due to

membrane damage promoted by mitochondrial isolation since
mitochondria with more permeable membranes present in-
creased size and decreased light scattering (25). Thus, in two
distinct cell lines, Bel-2 overexpression enhanced the mean size
and complexity of mitochondria. The enhanced size and struc-
tural complexity of Bcl-2+ mitochondria explain why these
organelles present larger responses to fluorescent dyes without
changes in the mitochondrial function these dyes measure.

DISCUSSION

In this study, we examined the effects of Bcl-2 overexpres-
sion on mitochondrial energetics and structure using two un-
related bcl-2-transfected cell lines. We found that Bel-2+ mi-
tochondria, previously thought to present higher AW due to
increased uptake of membrane potential probes such as safra-
nin and rhodamine 123 (9, 10), do not show any difference in
AV when this measurement is calibrated using K* gradients
(Fig. 1). Instead Bcl-2+ mitochondria present a larger ability to
promote fluorescence changes not only of the membrane poten-
tial probe safranin but also of pH- and K" -sensitive probes
BCECF and PBFI (Figs. 2 and 3) without apparent changes in
AV, ApH, or intramitochondrial [K*]. This finding indicates
that studies comparing non-calibrated fluorescence responses
in cell lines with different Bcl-2 expression levels may, in fact,
misinterpret fluorescence signals and should be carefully
reevaluated.

Previous studies involving isolated mitochondria suggest
that the increase in response promoted by Bcl-2 in fluorescence
AV measurements is not due to a larger number of mitochon-
dria in Bcl-2-overexpressing cells (26), a result supported by
the fact that no difference in respiratory activity can be meas-
ured between Bcl-2+ and Bel-2— cells (Fig. 1, lower left). This
observation suggests that Bcl-2+ mitochondria present both a
more extensive membrane surface, interacting more intensely
with membrane-accumulated probes such as safranin, and
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ability transition-dependent and -independent cell death. In addition,
more structurally complex mitochondria in Becl-2-overexpressing cells
may present more inner membrane folds and release less cytochrome c,
avoiding cytochrome c-triggered apoptosis or cell death resulting from
energetic depletion.

larger matrix volumes to enhance the accumulation of intra-
mitochondrial probes such as BCECF and PBFI. These differ-
ences in mitochondrial volume and membrane content were
confirmed by using a flow cytometer to measure particle size
(forward scattering) and structural complexity (side scattering)
of isolated Bcl-2+ and Bel-2— mitochondria (Fig. 4). The exact
nature of the structural changes present in Bcl-2+ mitochon-
dria is still not clear and will have to be investigated using
three-dimensional imaging techniques since conventional elec-
tron microscopy does not show any striking differences between
Bcl-2— and Bcl-2+ mitochondrial morphology (10).
Independently of the exact nature of the structural alter-
ations promoted by Bcl-2, our data using both fluorescent dyes
and light scattering of individual mitochondria through flow
cytometry clearly indicate that Bel-2+ mitochondria are larger.
The presence of larger mitochondria and, most probably, larger
matrix volumes may explain why Bcl-2-overexpressing mito-
chondria have been previously found to present a larger capac-
ity to accumulate Ca®" ions (Ref. 26, and see the scheme in Fig.
5) independently of their increased resistance to undergo non-
selective inner membrane permeabilization following excessive
Ca?*' uptake (mitochondrial permeability transition, Refs. 10
and 11). It is also possible that the increased structural com-
plexity of Bcl-2+ mitochondria is related to changes in mem-
brane structure such as increases in cristal folds, resulting in
resistance to cytochrome c¢ loss under conditions in which the
outer membrane is permeabilized (27). Cytochrome ¢ normally
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interacts closely with the inner membrane and must be dis-
placed to the intermembrane space to be released into the
cytosol (28). Finally, larger matrix volumes may explain why
Bcl-2+ cells present higher quantities of matrix-soluble com-
ponents such as NADPH, NADH, and glutathione (10, 14, 23).
The antioxidant effects of NADPH and GSH are related to the
increased resistance Bcl-2+ cells present to oxidative damage
(10, 14, 16, 23).

In summary, we found that Bcl-2 does not affect mitochon-
drial AV, ApH, or intramitochondrial K* concentrations but
alters mitochondrial structure, resulting in increased size and
complexity. These changes are accompanied by an enhance-
ment in the response to fluorescent dyes, including those that
measure mitochondrial A¥. Enhanced volume and structural
complexity may affect the response presented by Bcl-2+ cells to
normally deadly stimuli, inhibiting apoptosis and necrosis by
preventing cytochrome ¢ release, increasing Ca?* uptake
capacity, and enhancing antioxidant defenses (see Fig. 5 for a
proposed model).
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