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There is accumulating evidence that mitochondrial
membrane potential (AW,,) is reduced in aged cells. In
addition, a decrease of A¥,, has been shown to be an
early event in many forms of apoptosis. Here we use a
mitochondrial potentiometric dye with in situ laser
scanning confocal microscopic (LSCM) imaging to
demonstrate that AW,, is dramatically decreased in
both the p53-overexpressing, senescent EJ tumor cells
and in pre-apoptotic PC12 cells compared to controls.
Treatment with cyclosporin A (CSA), which facilitates
closure of the mitochondrial permeability transition
pore (PTP), was able to reverse the decrease in AW, in
pre-apoptotic PC12 cells but not in the senescent EJ-
p53 cells. The capacity to prevent dissipation of AW,
in response to agents that facilitate PTP closure may
differentiate cells entering apoptosis from those par-
ticipating in senescence. Therefore, regulation of the
closure of the mitochondrial PTP in the presence of
decreased AW\, may be a decisional checkpoint in dis-
tinguishing between growth arrest pathways. o 1999
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We previously showed that overexpression of wild-
type p53 rapidly triggers a senescence program in EJ
tumor cells (1). In addition to the characteristic fea-
tures of the senescence phenotype, which included dis-
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tinct morphological changes, irreversible growth ar-
rest, senescence-associated B-galactosidase staining,
and the accumulation of lipofuscin, the p53 overexpres-
sion was associated with a decrease in the density of
mitochondrial cristae on electron microscopic (EM) ex-
amination. Overexpression of amyloid precursor pro-
tein (APP751) in P19 cells has also been shown to
result in decreased density of mitochondrial cristae,
which is associated with a decrease in mitochondrial
membrane potential (AV,,) (2). Studies using a variety
of mitochondrial potentiometric dyes have suggested
that AW, is reduced in aged liver cells (3, 4), fibroblasts
(5), lymphocytes (6—8) and cardiomyocytes (9). It is not
known whether p53-induced senescence involves a
similar decrease in AV ,.

A decrease in AV, is an early event in many forms of
apoptosis (10), including those that involve p53 (11).
Opening of a multi-protein mitochondrial membrane
megachannel, the permeability transition pore (PTP,
see refs. 12—14 for reviews) results in the dissipation of
AVY,, with the release of intramitochondrial factors
(15-18), which initiate apoptotic degradation (19). Cy-
closporin A (CSA), which was the first agent used to
identify a responsive element of the PTP (20, 21) and
can be used to examine the effect of PTP closure on
AW, (22, 23), prevents cyclophilin D from interacting
with the adenine nucleotide translocator (ANT) and
the voltage-dependent anion channel (VDAC) (24, 25)
of the PTP and thereby, facilitates PTP closure and
maintains or increases AV ,. Although, maintenance of
PTP closure and AY,, accompanies a decrease in some
forms of apoptosis (16), it is not known whether the
PTP participates in the decreased AV,, found in aged
or senescent cells.

In order to determine whether the changes in the
density of mitochondrial cristae were associated with
a change in AWV,,, we measured AV, in the p53-
overexpressing senescent cells and compared the AWV,
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FIG. 1. Images of CMTMR fluorescence and biotin immunoreac-
tion in partially neuronally differentiated vs. serum- and NGF-
withdrawn (pre-apoptotic) PC12 cells. Laser scanning confocal mi-
croscopic (LSCM) images of neuronally differentiated PC12 cells,
washed and then replaced in MEM with serum and NGF (A1, A2,
A3), or washed and placed in MEM alone (serum- and NGF-
withdrawn) to induce apoptosis (B1, B2, B3). A1 and B1 are images
of cells stained with CMTMR that were collected as 8 bit gray scale
images and digitally recolored red. A2 and B2 are images of cells
immunoreacted for biotin that were also grayscale but recolored
green. In the digitally added images (A3, B3), pure red or pure green
would indicate an absence of biotin immunoreaction or CMTMR
fluorescence, respectively. A progression from red-orange to orange
to yellow to yellow-green indicates image pixels with an increasing
preponderance of biotin immunoreaction but where biotin immuno-
reaction and CMTMR fluorescence are co-localized (as in A3 and B3).
The images show that CMTMR fluorescence is only found in co-
localization with the biotin mitochondrial marker. Note the lower
level of CMTMR fluorescence in B2 as compared to Bl but the
similarity of the levels of biotin immunofluorescence in Al and A2,
which parallels the predominance of yellow and yellow-green colora-
tion in A3 and yellow-range fluorescence in B3. Also note the cell in
B1 that has markedly decreased CMTMR fluorescence but retains
biotin immunofluorescence. All scale bars are 10 um in length.

measurements to those in pre-apoptotic PC12 cells us-
ing a AV -sensitive dye with in situ laser scanning
confocal microscope (LSCM) imaging. We found a dra-
matic decrease in AW,, in both the senescent EJ tumor
cells and the pre-apoptotic PC12 cells, but not in con-
trol EJ tumor cells or non-apoptotic PC12 cells. CSA
increased AWV,, in pre-apoptotic PC12 cells, non-
apoptotic PC12 cells and control EJ tumor cells, but did
not modify AWV, in the p53-overexpressing, senescent
EJ cells. The capacity to increase AV, in response to
agents that induce PTP closure may differentiate cells
entering apoptosis from those participating in a senes-
cence program.
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MATERIALS AND METHODS

Cell culture. Human bladder tumor-derived EJ-p53 cells, con-
taining a tetracycline (tet)-regulated wild-type p53, were generated
and maintained as previously described (1). For mitochondrial stud-
ies, cells were seeded onto glass coverslips at a density of 1 X 10°
cells per 100-mm dish. EJ-p53 cells were induced to express p53 by
removing tet from the growth media (1). EJ-p53 (—)tet refers to
EJ-p53 cells that have been incubated in media without tet for 5
days, thereby allowing p53 to be induced, which subsequently trig-
gers the senescence program. EJ-p53 (+)tet refers to cells main-
tained in media containing tet and therefore, do not express p53.
EJ-p53 (+)tet and EJ-p53 (—)tet cells were treated with CSA (Sigma)
at 107" M for 12 h.

PC12 cells (American Type Culture Collection, Rockville, MD)
were cultured as previously described (27). Briefly, undifferentiated
PC12 cells were maintained in Eagle’s minimum essential medium
(MEM) containing 10% horse serum, 5% fetal bovine serum, 2 mM
L-glutamine (Life Technologies), 50 U/ml penicillin, and 50 ng/ml
streptomycin (all from GIBCO BRL, Gaithersburg, MD). The PC12
cells were plated onto poly-L-lysine (Sigma)-coated glass coverslips
and differentiated in MEM containing 100 ng/ml 7S nerve growth
factor (NGF) (Upstate Biotechnology, Inc., Lake Placid, NY) with
serum (MEM with serum and NGF, M/S + N) for 6 days. After 6 days
in M/S + N, the PC12 cells showed a neuronal phenotype (26) and
based on immunoreaction with a Ki-67 antibody (Novocastra, New-
castle upon Tyne, UK) more than 96% had left the cell cycle and were
quiescent (Rideout, Mammen and Tatton, unpublished results). To
induce apoptosis by withdrawing serum and NGF, the differentiated
PC12 cells were washed three times with Hank's balanced salt
solution (GIBCO BRL) before placement into MEM without serum
and NGF (MEM only, M/O). The cells were examined at 6 h after
washing, which was found to be the time point at which increased
apoptotic nuclear degradation was first detected (27). CSA was
added at a final concentration of 107 M to both the cultures for 6 h
in M/S + N and M/O after the washing was completed. Of note,
western blots and immunocytochemistry showed transient induction
of p53 protein levels in the pre-apoptotic PC12 cells after withdrawal
of serum and NGF (Carlile, Sugrue and Tatton, unpublished obser-
vations) in keeping with reports that NGF withdrawal results in
p53-dependent apoptosis (28).

Estimation of AW,, using chloromethyl-tetramethylrosamine
methyl ester (CMTMR). CMTMR (Mitotracker Orange; Molecular
Probes, Eugene, OR, (see refs. 2, 23, 27 for details, justification, and
examples of our previous use of the dye) enters mitochondria of living
cells proportionally to the negative charge difference between the
cytoplasm and the mitochondrial matrix and therefore, estimates
AWV,,. CMTMR binds irreversibly to mitochondrial matrix thiols and
can be fixed for immunocytochemical localization of proteins in the
same cells that have been previously exposed to CMTMR. Due to the
thiol binding, CMTMR fluorescence represents the highest level of
negativity difference in the mitochondria during exposure to the dye.
Estimations of A¥,, found using CMTMR have been shown to be
proportional to those found in the same cells with other dual fluo-
rescing AWV -sensitive probes, like JC-1 (27), and to decrease in
response to PTP opening caused by agents like atractyloside (23). 50

FIG. 2.

Images of CMTMR fluorescence and biotin immunoreaction in control vs. senescent EJ-p53 cells. (A, B1) Gray scale, laser

scanning confocal microscope images of typical control, EJ-p53 (+)tet cells, and (C, D1) of senescent, EJp53 (—)tet cells stained with CMTMR.
A and C are low power images (all scale bars are 10 um in length), while B1-B3 and D1-D3 are high power images centered on the cells
marked by arrows in A and C, respectively. Note the lower level of CMTMR fluorescence in the senescent EJp53 (—)tet cells compared to the
(+)tet cells, which is indicative of reduced AV,,. B3 (B1 and B2 added) and D3 (D1 and D3 added) are re-colored and digitally added images
as in Fig. 1. Note that the levels of biotin immunoreaction is similar for the (+)tet and (—)tet cells but the shift in preponderant mitochondrial
coloration from yellow-orange in B3 to yellow-green in D3 shows that biotin remains localized to mitochondria in spite of a AW, shift to lower

levels in the (—)tet cells.
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nM CMTMR was added directly to the media of EJ-p53 cells and the
PC12 cells seeded on coverslips and incubated for 15 min at 37°C.
The CMTMR-containing media was removed and the cells were
rinsed with cold PBS, followed by immediate fixation with 4% para-
formaldehyde on ice for 10 minutes. After fixation, the cells were
rinsed with PBS and the coverslips were mounted onto microscope
slides using Aquamount (GURR, England).

CMTMR fluorescence was imaged using a laser scanning confocal
microscope (LSCM) as previously described (23, 27) All cells were
imaged at the same level of laser intensity, detector sensitivity, and
pinhole size in order to insure that CMTMR fluorescence intensity
could be compared among different coverslips and treatments. The
images were saved as TIFF files and then analyzed for mitochondrial
fluorescence intensity using Metamorph software (Universal Imag-
ing Corporation, West Chester, PA). Cells were chosen randomly and
CMTMR fluorescence intensity values were measured from 20-30
different mitochondria/cell X 10 cells for each treatment from three
different experiments. The values for each treatment were combined
and presented as frequency distributions (~600 different individual
mitochondrial measurements/histogram).

Immunocytochemistry for biotin, a marker of mitochondria. Bi-
otin is covalently linked to four cellular carboxylases (28), three of
which are located in mitochondria (propional CoA carboxylase,
methyl-crotonyl-CoA carboxylase, and pyruvate carboxylase). It has
been shown that antibodies against biotin selectively stain mitochon-
dria (29). In previous work (27), we used more than one mitochon-
drial potentiometric dye to insure that subcellular changes in fluo-
rescence were in fact generated from mitochondria. In this study,
biotin antibodies were used as a means of ensuring that the subcel-
lular elements showing CMTMR fluorescence were mitochondria.
Cells on coverslips, previously incubated with CMTMR and fixed as
described above, were permeabilized in 100% methanol at —20°C for
30 sec. Cells were then blocked with 10% normal goat serum (Jack-
son Immunoresearch Laboratories, Inc., West Grove, PA) in PBS at
room temperature for 20 min. Incubation with an anti-biotin mono-
clonal antibody (Jackson Immunoresearch Laboratories, Inc.), di-
luted 1:100 in 1% goat serum/PBS, was performed at 4°C for 12 h.
After rinsing with PBS, cells were incubated in secondary antibody,
Cy5-labelled goat anti-mouse 1gG (Jackson Immunoresearch Labo-
ratories, Inc.), diluted 1:250 in 1% goat serum/PBS, at room temper-
ature for 1 h in the dark. Finally, coverslips were rinsed in PBS and
then mounted onto microscope slides using glycerol and sealed with
clear nail polish. The procedure allowed the same mitochondria to be
laser confocal imaged at two different wavelengths for biotin immu-
noreaction and CMTMR sequestration in order to determine whether
mitochondria were the only elements with detectable CMTMR fluo-
rescence and whether all mitochondria had AWV,,.

Statistical analysis. To evaluate the data, the individual mea-
surements from different treatment groups were first analyzed using
Statistica software (StatSoft) using the Mann—Whitney U test (see
ref. 27 for details and rationale of using a nonparametric test for the
CMTMR data).

RESULTS

Biotin immunoreactivity co-localizes with CMTMR
staining in mitochondria. Figure 1 shows typical la-
ser scanning confocal microscope (LSCM) images of
CMTMR fluorescence and biotin immunoreactivity in
PC12 cells maintained in NGF- and serum-supported,
M/S + N (Fig. 1A1-A3) and in NGF- and serum-
withdrawn, M/O (Fig. 1B1-B3) conditions. Coloring
the CMTMR fluorescence red (Figs. 1A1; 1B1) and the
biotin immunofluorescence green (Figs. 1A2; 1B2) fol-
lowed by digital addition of the images (Figs. 1A3; 1B3)
showed that relative levels of CMTMR fluorescence
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and biotin concentration varied between different mi-
tochondria in the trophically supported and the trophi-
cally withdrawn PC12 cells. However, the subcellular
loci of CMTMR fluorescence were always superimposed
with biotin immunoreactivity. In contrast, biotin im-
munoreaction was present in subcellular structures
without CMTMR fluorescence suggesting that those
mitochondria had lost A¥,, but retained biotin immu-
noreactivity. Thus, CMTMR fluorescence (Fig. 1A1,
1B1) was co-localized with biotin immunoreaction (Fig.
1A2, 1B2) showing that the CMTMR-fluorescing ele-
ments were mitochondria.

p53-overexpressing, senescent cells exhibit decreased
AW¥,,. Using CMTMR fluorescence to reflect AW, to-
gether with biotin immunoreactivity to label mito-
chondria, we performed double labeling experiments
on EJ-p53 cells. Figure 2 shows typical laser con-
focal micrographs of CMTMR fluorescence in control,
EJ-p53 (+)tet cells (Figs. 2A, 2B1), and in p53-
overexpressing, senescent EJ-p53 (—)tet cells (Figs.
2C, 2D1). CMTMR fluorescence was considerably re-
duced in the senescent EJ-p53 (—)tet cells compared to
the control EJ-p53 (+)tet cells (compare Figs. 2A and
2C and also Figs. 2B1 and 2D1). Despite the lower
CMTMR fluorescence in senescent (—)tet cells, the lev-
els of biotin immunofluorescence were similar in the
(—)tet and (+)tet cells (compare Figs. 2B2 and 2D2).
Similar to that for the PC12 cells (Fig. 1), red (CMTMR
fluorescence)-green (biotin immunoreaction) re-color-
ing and combination of the images showed that
CMTMR fluorescing elements were mitochondria in
the EJ-p53 cells (Figs. 2B3, 2D3) and that relative
levels of CMTMR fluorescence and biotin immunoreac-
tion varied between different mitochondria in the con-
trol, EJ-p53 (+)tet cells and the senescent, EJ-p53
(—)tet cells.

In situ laser scanning confocal microscope (LSCM)
measurements of CMTMR fluorescence reflect AWV,,.
Before we performed quantitative analyses of the
CMTMR fluorescence in pre-apoptotic and senescent
cells vs. control, we first examined the relationship
between CMTMR fluorescence and PTP opening in in
situ mitochondria imaged using LSCM. To accomplish
this, we measured CMTMR fluorescence in neuronally
differentiated PC12 cells treated with varying concen-
trations of atractyloside (ATR), which opens the PTP
and dissipates the transmembrane proton gradient
and, therefore, decreases AV, (30, 31). Figures 3A1, A2
show the CMTMR fluorescence in PC12 cells exposed
to increasing concentrations of ATR. The addition of
ATR to these cells caused a concentration-dependent
decrease in mitochondrial CMTMR fluorescence and,
therefore, established that LSCM-measured CMTMR
fluorescence varies inversely with PTP opening and the
dissipation of AW,,.

126



Vol. 261, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

PC12 Cells 9 hr
A1. B1. C1.
15, 15- 15-

~— MIS+N; 138.8 +/- 34.8 — MIS+N; 154.54/- 41.2

— ATR 2.5mM: 82.1 +/- 30.6 —— M/S+N + CSA; 176.4 +/- 44.3
10 ) T ) 107 107

PC12 Cells 6hr EJp53 Cells 5d

— Tet(+); 172 +/- 34.4
— Tet(+) + CSA; 189 +/- 36.1

82
c
[}
E 5 54 5
[
1
=3
5 ﬂ
3 o o 0
E T T T T T T T T T T T T T
2 A2 B2. C2.
2 19 15 157
o — ATR 10mM; 54.1 +/- 22.4 — M/O; 94.2 +/- 39.4 __ Tet(y)
ﬁ —— ATR 20mM; 41.6 +/-12.7 — M/O + CSA; 135.5 +/-43.3 111 +/- 23.0
2 10 101 101 __ Tet{-)+CSA
= 106 +/- 21.1
R

57 s-m |

04 04 0

0 50 100 150 200 250 O 50 100 150 200 250 @ 50 100 150 200 250

CMTMR Fluorescence Intensity in Detector Units (AVy)

FIG.3. CMTMR estimation of AW, in neuronally differentiated PC12 cells and in EJ-p53 cells. Numerical values superimposed on these
and other distributions represent the mean and standard deviation for each distribution. (A1, A2) Distributions of in situ LSCM measure-
ments of CMTMR fluorescence in neuronally differentiated PC12 cells stained with CMTMR and treated with varying concentrations of
atractyloside (ATR). The thick line in Al shows a typical CMTMR fluorescence distribution in PC12 cells supported by serum and NGF. The
addition of increasing concentrations of ATR, which dissipates AV, by inducing sustained opening of the mitochondrial PTP, causes a
progressive shift of the AWV, distributions to lower levels (thin line in Al and the thick and thin line in A2. These results are consistent with
an increasing proportion of mitochondria having dissipated their A¥,, due to an increasing probability of sustained PTP opening. Moreover,
these data demonstrate the AW, sensitivity of CMTMR fluorescence measured with LSCM. (B1, B2) Distributions of the CMTMR
fluorescence for control PC12 cells that were replaced into serum and NGF (M/S+N, B1-thick line) compared to serum- and NGF-withdrawn
(pre-apoptotic) PC12 cells (M/O, B2-thick line). The decrease in AV, as estimated by CMTMR fluorescence for the serum- and NGF-
withdrawn PC12 cells (M/O, B3) compared to the control cells that were replaced into serum and NGF is typical of cells in the early phases
of apoptosis (see refs. 12 and 27). CSA at 107 M increased CMTMR fluorescence for both the control cells (B1-thin line) and the serum- and
NGF-withdrawn cells (B2-thick line). (C1, C2) Distributions of CMTMR fluorescence for EJ-p53 (+)tet (C1) and senescent EJ-p53 (—)tet cells
(C2). CMTMR fluorescence was decreased in the senescent EJ-p53 (—)tet cells at 5 days (C2-thick line) compared to the EJ-p53 (+)tet cells
at the same time point (C1-thick line). CSA at 10~ increased CMTMR fluorescence in the EJ-p53 (+)tet cells (compare thick and thin lines
in C1) but did not alter the reduced CMTMR fluorescence for EJ-p53 (—)tet cells (compare thick and thin lines in C2).

NGF and serum withdrawn PC12 cells show de-
creased AV, which is increased by treatment with
cyclosporin A. Similar to that previously reported
(27), the pre-apoptotic PC12 cells, which had been
NGF- and serum-withdrawn by placement in M/O 6
hours previously (Fig. 3B2), showed a shift in the dis-
tribution of CMTMR fluorescence, and therefore AY,,,
to significantly lower levels (P > 0.001) than those for
cells, which were similarly washed to remove serum
and NGF but were then replaced in M/S+N (Fig. 3B1).
We then determined whether AV, in the PC12 cells
could be affected by CSA, which facilitates closure of
the PTP and thereby increases AV, (22, 23). We
treated the washed PC12 cells in M/S + N and M/O
with 107" M CSA for 6 h. Treatment of the PC12 cells

in both the trophically supported condition (M/S + N)
and those in the trophically withdrawn/pre-apoptotic
condition (M/O) with 10" M CSA shifted the CMTMR
fluorescence distribution to higher levels (compare
Figs. 3B1, (+) vs. (—) CSA, p < 0.05 and Figs. 3B2, (+)
vs. (=) CSA, p < 0.01), in a manner similar to that
previously reported for PC12 cells (23) and other cells
with decreased AW, (22, 23).

CMTMR fluorescence as estimate of AV, is decreased
in senescent EJ-p53 cells. Distributions of AV, as
estimated by measurements of mitochondrial CMTMR
fluorescence, were significantly shifted to lower levels
in senescent EJ-p53 (—)tet cells as compared to control,
EJ-p53 (+)tet cells (compare distribution in Fig. 3C1 to
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FIG. 4. Temporal progression of decreased AW, and reduced CSA responsiveness in EJ-p53 (—)tet cells. Distributions for estimated AW, in
senescent EJ-p53 (—)tet cells at days 1 through 5 after the removal of tet. In each pair of distributions, the thick line is for cells treated with 10’
M CSA and the thin line is for untreated cells. Note the gradual shift of CMTMR fluorescence to lower levels for each successive day in (—)tet
coupled with a gradual loss of the increased in CMTMR fluorescence induced by the CSA treatment. The progression of these changes is similar
in terms of time frame to that previously reported for the progression of the senescent phenotype in the EJ-p53 (—)tet cells (1).

that in Fig. 3C2, p < 0.001). Furthermore, there was a
narrower distribution of CMTMR fluorescence in the
senescent EJ-p53 (—)tet cells (Fig. 3C2). Of note, we
have found similarly decreased levels of AV,,, as mea-
sured by CMTMR fluorescence, in human diploid fibro-
blast IMR-90 cells undergoing natural senescence
(data not shown).

CSA treatment does not block the dissipation of AY,
observed in senescent EJ-p53 cells. Given the similar-
ity in the pre-apoptotic PC12 cells and the senescent
EJ-p53 (—)tet cells in terms of decreased AV, com-
pared to control, we wanted to analyze the effect of
CSA on AWV, in EJ-p53 cells. We treated EJ-p53 (+)tet
and (—)tet cells, with 107" M CSA for 12 h. Similar to
the results reported above with PC12 cells, the CSA
treatment caused a significant shift of the CMTMR
fluorescence distributions to higher levels in control
cells, EJ-p53 (+)tet, (compare Figs. 3C1, (+) vs. (—)
CSA, p < 0.05). However, CSA did not significantly
alter the CMTMR fluorescence distribution in the se-
nescent EJ-p53 (—)tet cells (compare Figs. 3C2, (+) vs.
(=) CSA, p > 0.05).

Decreased AWV, and decreased responsiveness to CSA
are temporally correlated with the commitment to se-
nescence in EJ-p53 cells. We also performed a time
course experiment in which EJ-p53 cells were treated
with CSA at different time points after the removal of
tet induction of p53. Figure 4 shows the progressive
decrease in the CMTMR fluorescence for EJ-p53 (—)tet
cell mitochondria, which became significant at day 2,
when compared to the distribution for the EJ-p53
(+)tet cells (p < 0.05), and progressively decreased
over the following three days. As also shown in Fig. 4,
at days 1 and 2 following the removal of tet from the
EJ-p53 cells, there was a small but significant (p's <
0.05) increase in CMTMR fluorescence in response to
CSA treatment (no CSA-thin line; (+) CSA-thick line),
but there was not a significant increase at days 3, 4 or
5 (p’s > 0.05). Of note, the senescence phenotype in
EJ-p53 (—)tet cells is irreversible by 2-3 days after tet
is removed(1). Thus, both the decreased AWV, distribu-
tion and the loss of capacity of CSA to increase AV, in
the EJ-p53 (—)tet cells are temporally correlated with
the commitment to senescence in EJ-p53 cells.
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DISCUSSION

Our results indicate that a decrease in AW, is char-
acteristic of cells entering senescence after p53 overex-
pression. The decrease seems similar to that previously
found in several types of aging cells (3-9). It is uncer-
tain as to how p53 overexpression might dissipate
AW,,. Decreases in AV, can result from ionic redistri-
bution across the inner mitochondrial membrane, eg.
an increase in intramitochondrial Ca*" levels (27); de-
creases in outward proton pumping across the inner
mitochondrial membrane, such as that caused by tox-
ins to the mitochondrial respiratory complexes (23, 32);
agents which increase the lipid permeability of the
inner mitochondrial membrane (33); or factors which
promote sustained opening of the PTP (23, 34).

The PTP consists of a number of proteins, including
the adenine nucleotide translocator (ANT), a voltage-
dependent anion channel (VDAC), hexokinase, creat-
ine kinase, and a peripheral benzodiazepine binding
protein (see ref. 13 for a review of the components of
the PTP and the factors or agents that influence its
opening and closing). A decrease in AV, with a con-
comitant decrease in the proton gradient across the
inner mitochondrial membrane causes cyclophilin D to
bind to ANT with subsequent opening of the PTP (21,
24, 25). Recent evidence suggests that ANT is involved
in the formation of the pore (35-38).

Both the decrease in AV,, and the inability of CSA to
increase AV, in the p53-induced senescent cells could
result from p53 or one of several p53-induced gene
products directly or indirectly interfering with ANT or
another element of the PTP. For example, the anti-
apoptotic oncoprotein, BCL-2, localizes to the outer
mitochondrial membrane where it facilitates PTP clo-
sure (39—41). Conversely, the pro-apoptotic molecule
BAX binds to ANT and increases PTP permeability
(42—-43). p53 induces an increase in BAX synthesis and
a decrease in BCL-2 synthesis in many cells entering
apoptosis (44—45). We have also detected an increase
in BAX expression in EJ-p53 (—)tet cells after p53 is
induced (Lee and Sugrue, unpublished observations).
Thus, increased BAX levels resulting from p53 overex-
pression might explain the decreased AV,, and de-
creased CSA responsiveness in the senescent EJ-p53
(—)tet cells. That is, the decrease in AV, could result
from proton leakage across the PTP modulated by
BAX. Alternatively, the recent report of decreased ex-
pression of ANT in senescent human diploid fibroblasts
cells in culture (46) might be expected to result in
decreased or absent CSA responsiveness and thereby,
help to explain our findings.

We have previously demonstrated that EJ-p53 cells
do not become irreversibly committed to the senescent
program until 2—-3 days after tet removal with concom-
itant p53 expression (1). Temporally, the decrease in
AWV, and the decreased CSA-responsiveness observed
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in EJ-p53 cells occurs gradually over the same time
period as the commitment to senescence. Given that
the appearance of the decreased AW, and the decrease
in CSA responsiveness are concomitant with the estab-
lishment of the senescence phenotype, it is possible
that these mitochondrial changes contribute to the
causal factors that establish the senescence phenotype.
Despite the temporal correlation, it can also be argued
that the decrease in AV, and the decrease in CSA
responsiveness are merely a result of senescence and
are not contributors to its evolution. Experiments in
which AW, and/or PTP components are chronically
manipulated pharmacologically or genetically will be
required to determine whether components of the mi-
tochondrial membrane megachannel contribute to se-
nescence in EJ-p53 (—)tet cells.
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