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There is accumulating evidence that mitochondrial
embrane potential (DCM) is reduced in aged cells. In

ddition, a decrease of DCM has been shown to be an
arly event in many forms of apoptosis. Here we use a
itochondrial potentiometric dye with in situ laser

canning confocal microscopic (LSCM) imaging to
emonstrate that DCM is dramatically decreased in
oth the p53-overexpressing, senescent EJ tumor cells
nd in pre-apoptotic PC12 cells compared to controls.
reatment with cyclosporin A (CSA), which facilitates
losure of the mitochondrial permeability transition
ore (PTP), was able to reverse the decrease in DCM in
re-apoptotic PC12 cells but not in the senescent EJ-
53 cells. The capacity to prevent dissipation of DCM

n response to agents that facilitate PTP closure may
ifferentiate cells entering apoptosis from those par-
icipating in senescence. Therefore, regulation of the
losure of the mitochondrial PTP in the presence of
ecreased DCM may be a decisional checkpoint in dis-
inguishing between growth arrest pathways. © 1999

cademic Press

We previously showed that overexpression of wild-
ype p53 rapidly triggers a senescence program in EJ
umor cells (1). In addition to the characteristic fea-
ures of the senescence phenotype, which included dis-

1 To whom correspondence should be addressed. Fax: 212-426-
972. E-mail: m.sugrue@smtplink.mssm.edu.
Abbreviations used: DCM, mitochondrial membrane potential;

NT, adenine nucleotide translocator; ATR, atractyloside; CMTMR,
hloromethyl tetramethyl rosamine; CSA, cyclosporin A; LSCM, la-
er scanning confocal microscopy; MEM, minimum essential me-
ium; M/O, MEM without serum or NGF; M/S 1 N, MEM with
erum and NGF; NGF, nerve growth factor; PC12, pheochromocy-
oma cell; PTP, permeability transition pore; tet, tetracycline; VDAC,
oltage-dependent anion channel.
123
inct morphological changes, irreversible growth ar-
est, senescence-associated b-galactosidase staining,
nd the accumulation of lipofuscin, the p53 overexpres-
ion was associated with a decrease in the density of
itochondrial cristae on electron microscopic (EM) ex-

mination. Overexpression of amyloid precursor pro-
ein (APP751) in P19 cells has also been shown to
esult in decreased density of mitochondrial cristae,
hich is associated with a decrease in mitochondrial
embrane potential (DCM) (2). Studies using a variety

f mitochondrial potentiometric dyes have suggested
hat DCM is reduced in aged liver cells (3, 4), fibroblasts
5), lymphocytes (6–8) and cardiomyocytes (9). It is not
nown whether p53-induced senescence involves a
imilar decrease in DCM.
A decrease in DCM is an early event in many forms of

poptosis (10), including those that involve p53 (11).
pening of a multi-protein mitochondrial membrane
egachannel, the permeability transition pore (PTP,

ee refs. 12–14 for reviews) results in the dissipation of
CM with the release of intramitochondrial factors

15–18), which initiate apoptotic degradation (19). Cy-
losporin A (CSA), which was the first agent used to
dentify a responsive element of the PTP (20, 21) and
an be used to examine the effect of PTP closure on
CM (22, 23), prevents cyclophilin D from interacting
ith the adenine nucleotide translocator (ANT) and

he voltage-dependent anion channel (VDAC) (24, 25)
f the PTP and thereby, facilitates PTP closure and
aintains or increases DCM. Although, maintenance of
TP closure and DCM accompanies a decrease in some

orms of apoptosis (16), it is not known whether the
TP participates in the decreased DCM found in aged
r senescent cells.
In order to determine whether the changes in the

ensity of mitochondrial cristae were associated with
change in DCM, we measured DCM in the p53-

verexpressing senescent cells and compared the DCM
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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easurements to those in pre-apoptotic PC12 cells us-
ng a DCM-sensitive dye with in situ laser scanning
onfocal microscope (LSCM) imaging. We found a dra-
atic decrease in DCM in both the senescent EJ tumor

ells and the pre-apoptotic PC12 cells, but not in con-
rol EJ tumor cells or non-apoptotic PC12 cells. CSA
ncreased DCM in pre-apoptotic PC12 cells, non-
poptotic PC12 cells and control EJ tumor cells, but did
ot modify DCM in the p53-overexpressing, senescent
J cells. The capacity to increase DCM in response to
gents that induce PTP closure may differentiate cells
ntering apoptosis from those participating in a senes-
ence program.

FIG. 1. Images of CMTMR fluorescence and biotin immunoreac-
ion in partially neuronally differentiated vs. serum- and NGF-
ithdrawn (pre-apoptotic) PC12 cells. Laser scanning confocal mi-

roscopic (LSCM) images of neuronally differentiated PC12 cells,
ashed and then replaced in MEM with serum and NGF (A1, A2,
3), or washed and placed in MEM alone (serum- and NGF-
ithdrawn) to induce apoptosis (B1, B2, B3). A1 and B1 are images
f cells stained with CMTMR that were collected as 8 bit gray scale
mages and digitally recolored red. A2 and B2 are images of cells
mmunoreacted for biotin that were also grayscale but recolored
reen. In the digitally added images (A3, B3), pure red or pure green
ould indicate an absence of biotin immunoreaction or CMTMR
uorescence, respectively. A progression from red-orange to orange
o yellow to yellow-green indicates image pixels with an increasing
reponderance of biotin immunoreaction but where biotin immuno-
eaction and CMTMR fluorescence are co-localized (as in A3 and B3).
he images show that CMTMR fluorescence is only found in co-

ocalization with the biotin mitochondrial marker. Note the lower
evel of CMTMR fluorescence in B2 as compared to B1 but the
imilarity of the levels of biotin immunofluorescence in A1 and A2,
hich parallels the predominance of yellow and yellow-green colora-

ion in A3 and yellow-range fluorescence in B3. Also note the cell in
1 that has markedly decreased CMTMR fluorescence but retains
iotin immunofluorescence. All scale bars are 10 mm in length.

FIG. 2. Images of CMTMR fluorescence and biotin immunorea
canning confocal microscope images of typical control, EJ-p53 (1)tet

and C are low power images (all scale bars are 10 mm in length),
arked by arrows in A and C, respectively. Note the lower level of CM

1)tet cells, which is indicative of reduced DCM. B3 (B1 and B2 adde
s in Fig. 1. Note that the levels of biotin immunoreaction is similar fo
oloration from yellow-orange in B3 to yellow-green in D3 shows that
evels in the (2)tet cells.
124
ATERIALS AND METHODS

Cell culture. Human bladder tumor-derived EJ-p53 cells, con-
aining a tetracycline (tet)-regulated wild-type p53, were generated
nd maintained as previously described (1). For mitochondrial stud-
es, cells were seeded onto glass coverslips at a density of 1 3 105

ells per 100-mm dish. EJ-p53 cells were induced to express p53 by
emoving tet from the growth media (1). EJ-p53 (2)tet refers to
J-p53 cells that have been incubated in media without tet for 5
ays, thereby allowing p53 to be induced, which subsequently trig-
ers the senescence program. EJ-p53 (1)tet refers to cells main-
ained in media containing tet and therefore, do not express p53.
J-p53 (1)tet and EJ-p53 (2)tet cells were treated with CSA (Sigma)
t 1027 M for 12 h.
PC12 cells (American Type Culture Collection, Rockville, MD)
ere cultured as previously described (27). Briefly, undifferentiated
C12 cells were maintained in Eagle’s minimum essential medium

MEM) containing 10% horse serum, 5% fetal bovine serum, 2 mM
-glutamine (Life Technologies), 50 U/ml penicillin, and 50 ng/ml
treptomycin (all from GIBCO BRL, Gaithersburg, MD). The PC12
ells were plated onto poly-L-lysine (Sigma)-coated glass coverslips
nd differentiated in MEM containing 100 ng/ml 7S nerve growth
actor (NGF) (Upstate Biotechnology, Inc., Lake Placid, NY) with
erum (MEM with serum and NGF, M/S 1 N) for 6 days. After 6 days
n M/S 1 N, the PC12 cells showed a neuronal phenotype (26) and
ased on immunoreaction with a Ki-67 antibody (Novocastra, New-
astle upon Tyne, UK) more than 96% had left the cell cycle and were
uiescent (Rideout, Mammen and Tatton, unpublished results). To
nduce apoptosis by withdrawing serum and NGF, the differentiated
C12 cells were washed three times with Hank’s balanced salt
olution (GIBCO BRL) before placement into MEM without serum
nd NGF (MEM only, M/O). The cells were examined at 6 h after
ashing, which was found to be the time point at which increased
poptotic nuclear degradation was first detected (27). CSA was
dded at a final concentration of 1027 M to both the cultures for 6 h
n M/S 1 N and M/O after the washing was completed. Of note,
estern blots and immunocytochemistry showed transient induction
f p53 protein levels in the pre-apoptotic PC12 cells after withdrawal
f serum and NGF (Carlile, Sugrue and Tatton, unpublished obser-
ations) in keeping with reports that NGF withdrawal results in
53-dependent apoptosis (28).

Estimation of DCM using chloromethyl-tetramethylrosamine
ethyl ester (CMTMR). CMTMR (Mitotracker Orange; Molecular
robes, Eugene, OR, (see refs. 2, 23, 27 for details, justification, and
xamples of our previous use of the dye) enters mitochondria of living
ells proportionally to the negative charge difference between the
ytoplasm and the mitochondrial matrix and therefore, estimates
CM. CMTMR binds irreversibly to mitochondrial matrix thiols and
an be fixed for immunocytochemical localization of proteins in the
ame cells that have been previously exposed to CMTMR. Due to the
hiol binding, CMTMR fluorescence represents the highest level of
egativity difference in the mitochondria during exposure to the dye.
stimations of DCM found using CMTMR have been shown to be
roportional to those found in the same cells with other dual fluo-
escing DCM-sensitive probes, like JC-1 (27), and to decrease in
esponse to PTP opening caused by agents like atractyloside (23). 50

n in control vs. senescent EJ-p53 cells. (A, B1) Gray scale, laser
s, and (C, D1) of senescent, EJp53 (2)tet cells stained with CMTMR.
ile B1–B3 and D1–D3 are high power images centered on the cells

R fluorescence in the senescent EJp53 (2)tet cells compared to the
nd D3 (D1 and D3 added) are re-colored and digitally added images
e (1)tet and (2)tet cells but the shift in preponderant mitochondrial

tin remains localized to mitochondria in spite of a DCM shift to lower
ctio
cell
wh
TM
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nM CMTMR was added directly to the media of EJ-p53 cells and the
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C12 cells seeded on coverslips and incubated for 15 min at 37°C.
he CMTMR-containing media was removed and the cells were
insed with cold PBS, followed by immediate fixation with 4% para-
ormaldehyde on ice for 10 minutes. After fixation, the cells were
insed with PBS and the coverslips were mounted onto microscope
lides using Aquamount (GURR, England).
CMTMR fluorescence was imaged using a laser scanning confocal
icroscope (LSCM) as previously described (23, 27) All cells were

maged at the same level of laser intensity, detector sensitivity, and
inhole size in order to insure that CMTMR fluorescence intensity
ould be compared among different coverslips and treatments. The
mages were saved as TIFF files and then analyzed for mitochondrial
uorescence intensity using Metamorph software (Universal Imag-

ng Corporation, West Chester, PA). Cells were chosen randomly and
MTMR fluorescence intensity values were measured from 20–30
ifferent mitochondria/cell 3 10 cells for each treatment from three
ifferent experiments. The values for each treatment were combined
nd presented as frequency distributions (;600 different individual
itochondrial measurements/histogram).

Immunocytochemistry for biotin, a marker of mitochondria. Bi-
tin is covalently linked to four cellular carboxylases (28), three of
hich are located in mitochondria (propional CoA carboxylase,
ethyl-crotonyl-CoA carboxylase, and pyruvate carboxylase). It has

een shown that antibodies against biotin selectively stain mitochon-
ria (29). In previous work (27), we used more than one mitochon-
rial potentiometric dye to insure that subcellular changes in fluo-
escence were in fact generated from mitochondria. In this study,
iotin antibodies were used as a means of ensuring that the subcel-
ular elements showing CMTMR fluorescence were mitochondria.
ells on coverslips, previously incubated with CMTMR and fixed as
escribed above, were permeabilized in 100% methanol at 220°C for
0 sec. Cells were then blocked with 10% normal goat serum (Jack-
on Immunoresearch Laboratories, Inc., West Grove, PA) in PBS at
oom temperature for 20 min. Incubation with an anti-biotin mono-
lonal antibody (Jackson Immunoresearch Laboratories, Inc.), di-
uted 1:100 in 1% goat serum/PBS, was performed at 4°C for 12 h.
fter rinsing with PBS, cells were incubated in secondary antibody,
y5-labelled goat anti-mouse IgG (Jackson Immunoresearch Labo-
atories, Inc.), diluted 1:250 in 1% goat serum/PBS, at room temper-
ture for 1 h in the dark. Finally, coverslips were rinsed in PBS and
hen mounted onto microscope slides using glycerol and sealed with
lear nail polish. The procedure allowed the same mitochondria to be
aser confocal imaged at two different wavelengths for biotin immu-
oreaction and CMTMR sequestration in order to determine whether
itochondria were the only elements with detectable CMTMR fluo-

escence and whether all mitochondria had DCM.

Statistical analysis. To evaluate the data, the individual mea-
urements from different treatment groups were first analyzed using
tatistica software (StatSoft) using the Mann–Whitney U test (see
ef. 27 for details and rationale of using a nonparametric test for the
MTMR data).

ESULTS

Biotin immunoreactivity co-localizes with CMTMR
taining in mitochondria. Figure 1 shows typical la-
er scanning confocal microscope (LSCM) images of
MTMR fluorescence and biotin immunoreactivity in
C12 cells maintained in NGF- and serum-supported,
/S 1 N (Fig. 1A1–A3) and in NGF- and serum-
ithdrawn, M/O (Fig. 1B1–B3) conditions. Coloring

he CMTMR fluorescence red (Figs. 1A1; 1B1) and the
iotin immunofluorescence green (Figs. 1A2; 1B2) fol-
owed by digital addition of the images (Figs. 1A3; 1B3)
howed that relative levels of CMTMR fluorescence
126
nd biotin concentration varied between different mi-
ochondria in the trophically supported and the trophi-
ally withdrawn PC12 cells. However, the subcellular
oci of CMTMR fluorescence were always superimposed
ith biotin immunoreactivity. In contrast, biotin im-
unoreaction was present in subcellular structures
ithout CMTMR fluorescence suggesting that those
itochondria had lost DCM but retained biotin immu-
oreactivity. Thus, CMTMR fluorescence (Fig. 1A1,
B1) was co-localized with biotin immunoreaction (Fig.
A2, 1B2) showing that the CMTMR-fluorescing ele-
ents were mitochondria.

p53-overexpressing, senescent cells exhibit decreased
CM. Using CMTMR fluorescence to reflect DCM to-
ether with biotin immunoreactivity to label mito-
hondria, we performed double labeling experiments
n EJ-p53 cells. Figure 2 shows typical laser con-
ocal micrographs of CMTMR fluorescence in control,
J-p53 (1)tet cells (Figs. 2A, 2B1), and in p53-
verexpressing, senescent EJ-p53 (2)tet cells (Figs.
C, 2D1). CMTMR fluorescence was considerably re-
uced in the senescent EJ-p53 (2)tet cells compared to
he control EJ-p53 (1)tet cells (compare Figs. 2A and
C and also Figs. 2B1 and 2D1). Despite the lower
MTMR fluorescence in senescent (2)tet cells, the lev-
ls of biotin immunofluorescence were similar in the
2)tet and (1)tet cells (compare Figs. 2B2 and 2D2).
imilar to that for the PC12 cells (Fig. 1), red (CMTMR
uorescence)-green (biotin immunoreaction) re-color-

ng and combination of the images showed that
MTMR fluorescing elements were mitochondria in

he EJ-p53 cells (Figs. 2B3, 2D3) and that relative
evels of CMTMR fluorescence and biotin immunoreac-
ion varied between different mitochondria in the con-
rol, EJ-p53 (1)tet cells and the senescent, EJ-p53
2)tet cells.

In situ laser scanning confocal microscope (LSCM)
easurements of CMTMR fluorescence reflect DCM.
efore we performed quantitative analyses of the
MTMR fluorescence in pre-apoptotic and senescent
ells vs. control, we first examined the relationship
etween CMTMR fluorescence and PTP opening in in
itu mitochondria imaged using LSCM. To accomplish
his, we measured CMTMR fluorescence in neuronally
ifferentiated PC12 cells treated with varying concen-
rations of atractyloside (ATR), which opens the PTP
nd dissipates the transmembrane proton gradient
nd, therefore, decreases DCM (30, 31). Figures 3A1, A2
how the CMTMR fluorescence in PC12 cells exposed
o increasing concentrations of ATR. The addition of
TR to these cells caused a concentration-dependent
ecrease in mitochondrial CMTMR fluorescence and,
herefore, established that LSCM-measured CMTMR
uorescence varies inversely with PTP opening and the
issipation of DCM.
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NGF and serum withdrawn PC12 cells show de-
reased DCM, which is increased by treatment with
yclosporin A. Similar to that previously reported
27), the pre-apoptotic PC12 cells, which had been
GF- and serum-withdrawn by placement in M/O 6
ours previously (Fig. 3B2), showed a shift in the dis-
ribution of CMTMR fluorescence, and therefore DCM,
o significantly lower levels (P . 0.001) than those for
ells, which were similarly washed to remove serum
nd NGF but were then replaced in M/S1N (Fig. 3B1).
e then determined whether DCM in the PC12 cells

ould be affected by CSA, which facilitates closure of
he PTP and thereby increases DCM (22, 23). We
reated the washed PC12 cells in M/S 1 N and M/O
ith 1027 M CSA for 6 h. Treatment of the PC12 cells

FIG. 3. CMTMR estimation of DCM in neuronally differentiated P
nd other distributions represent the mean and standard deviation
ents of CMTMR fluorescence in neuronally differentiated PC12 c

tractyloside (ATR). The thick line in A1 shows a typical CMTMR flu
ddition of increasing concentrations of ATR, which dissipates DC
rogressive shift of the DCM distributions to lower levels (thin line in
n increasing proportion of mitochondria having dissipated their DC
hese data demonstrate the DCM sensitivity of CMTMR fluoresc
uorescence for control PC12 cells that were replaced into serum and
pre-apoptotic) PC12 cells (M/O, B2-thick line). The decrease in D
ithdrawn PC12 cells (M/O, B3) compared to the control cells that w
f apoptosis (see refs. 12 and 27). CSA at 1027 M increased CMTMR fl
GF-withdrawn cells (B2-thick line). (C1, C2) Distributions of CMTM

C2). CMTMR fluorescence was decreased in the senescent EJ-p53 (2
t the same time point (C1-thick line). CSA at 1027 increased CMTM
n C1) but did not alter the reduced CMTMR fluorescence for EJ-p5
127
n both the trophically supported condition (M/S 1 N)
nd those in the trophically withdrawn/pre-apoptotic
ondition (M/O) with 1027 M CSA shifted the CMTMR
uorescence distribution to higher levels (compare
igs. 3B1, (1) vs. (2) CSA, p , 0.05 and Figs. 3B2, (1)
s. (2) CSA, p , 0.01), in a manner similar to that
reviously reported for PC12 cells (23) and other cells
ith decreased DCM (22, 23).

CMTMR fluorescence as estimate of DCM is decreased
n senescent EJ-p53 cells. Distributions of DCM, as
stimated by measurements of mitochondrial CMTMR
uorescence, were significantly shifted to lower levels

n senescent EJ-p53 (2)tet cells as compared to control,
J-p53 (1)tet cells (compare distribution in Fig. 3C1 to

2 cells and in EJ-p53 cells. Numerical values superimposed on these
each distribution. (A1, A2) Distributions of in situ LSCM measure-
stained with CMTMR and treated with varying concentrations of

scence distribution in PC12 cells supported by serum and NGF. The
y inducing sustained opening of the mitochondrial PTP, causes a
and the thick and thin line in A2. These results are consistent with

ue to an increasing probability of sustained PTP opening. Moreover,
e measured with LSCM. (B1, B2) Distributions of the CMTMR
F (M/S1N, B1-thick line) compared to serum- and NGF-withdrawn
as estimated by CMTMR fluorescence for the serum- and NGF-
replaced into serum and NGF is typical of cells in the early phases

rescence for both the control cells (B1-thin line) and the serum- and
uorescence for EJ-p53 (1)tet (C1) and senescent EJ-p53 (2)tet cells
t cells at 5 days (C2-thick line) compared to the EJ-p53 (1)tet cells
uorescence in the EJ-p53 (1)tet cells (compare thick and thin lines
)tet cells (compare thick and thin lines in C2).
C1
for
ells
ore
M b
A1

M d
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ere
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hat in Fig. 3C2, p , 0.001). Furthermore, there was a
arrower distribution of CMTMR fluorescence in the
enescent EJ-p53 (2)tet cells (Fig. 3C2). Of note, we
ave found similarly decreased levels of DCM, as mea-
ured by CMTMR fluorescence, in human diploid fibro-
last IMR-90 cells undergoing natural senescence
data not shown).

CSA treatment does not block the dissipation of DCM

bserved in senescent EJ-p53 cells. Given the similar-
ty in the pre-apoptotic PC12 cells and the senescent
J-p53 (2)tet cells in terms of decreased DCM com-
ared to control, we wanted to analyze the effect of
SA on DCM in EJ-p53 cells. We treated EJ-p53 (1)tet
nd (2)tet cells, with 1027 M CSA for 12 h. Similar to
he results reported above with PC12 cells, the CSA
reatment caused a significant shift of the CMTMR
uorescence distributions to higher levels in control
ells, EJ-p53 (1)tet, (compare Figs. 3C1, (1) vs. (2)
SA, p , 0.05). However, CSA did not significantly
lter the CMTMR fluorescence distribution in the se-
escent EJ-p53 (2)tet cells (compare Figs. 3C2, (1) vs.
2) CSA, p . 0.05).

FIG. 4. Temporal progression of decreased DCM and reduced CSA
enescent EJ-p53 (2)tet cells at days 1 through 5 after the removal of t

CSA and the thin line is for untreated cells. Note the gradual shift
oupled with a gradual loss of the increased in CMTMR fluorescence in
n terms of time frame to that previously reported for the progression o
128
Decreased DCM and decreased responsiveness to CSA
re temporally correlated with the commitment to se-
escence in EJ-p53 cells. We also performed a time
ourse experiment in which EJ-p53 cells were treated
ith CSA at different time points after the removal of

et induction of p53. Figure 4 shows the progressive
ecrease in the CMTMR fluorescence for EJ-p53 (2)tet
ell mitochondria, which became significant at day 2,
hen compared to the distribution for the EJ-p53

1)tet cells (p , 0.05), and progressively decreased
ver the following three days. As also shown in Fig. 4,
t days 1 and 2 following the removal of tet from the
J-p53 cells, there was a small but significant (p’s ,
.05) increase in CMTMR fluorescence in response to
SA treatment (no CSA-thin line; (1) CSA-thick line),
ut there was not a significant increase at days 3, 4 or
(p’s . 0.05). Of note, the senescence phenotype in

J-p53 (2)tet cells is irreversible by 2-3 days after tet
s removed(1). Thus, both the decreased DCM distribu-
ion and the loss of capacity of CSA to increase DCM in
he EJ-p53 (2)tet cells are temporally correlated with
he commitment to senescence in EJ-p53 cells.

onsiveness in EJ-p53 (2)tet cells. Distributions for estimated DCM in
n each pair of distributions, the thick line is for cells treated with 1027

MTMR fluorescence to lower levels for each successive day in (2)tet
ed by the CSA treatment. The progression of these changes is similar
e senescent phenotype in the EJ-p53 (2)tet cells (1).
resp
et. I
of C
duc
f th
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ISCUSSION

Our results indicate that a decrease in DCM is char-
cteristic of cells entering senescence after p53 overex-
ression. The decrease seems similar to that previously
ound in several types of aging cells (3–9). It is uncer-
ain as to how p53 overexpression might dissipate
CM. Decreases in DCM can result from ionic redistri-
ution across the inner mitochondrial membrane, eg.
n increase in intramitochondrial Ca21 levels (27); de-
reases in outward proton pumping across the inner
itochondrial membrane, such as that caused by tox-

ns to the mitochondrial respiratory complexes (23, 32);
gents which increase the lipid permeability of the
nner mitochondrial membrane (33); or factors which
romote sustained opening of the PTP (23, 34).
The PTP consists of a number of proteins, including

he adenine nucleotide translocator (ANT), a voltage-
ependent anion channel (VDAC), hexokinase, creat-
ne kinase, and a peripheral benzodiazepine binding
rotein (see ref. 13 for a review of the components of
he PTP and the factors or agents that influence its
pening and closing). A decrease in DCM with a con-
omitant decrease in the proton gradient across the
nner mitochondrial membrane causes cyclophilin D to
ind to ANT with subsequent opening of the PTP (21,
4, 25). Recent evidence suggests that ANT is involved
n the formation of the pore (35–38).

Both the decrease in DCM and the inability of CSA to
ncrease DCM in the p53-induced senescent cells could
esult from p53 or one of several p53-induced gene
roducts directly or indirectly interfering with ANT or
nother element of the PTP. For example, the anti-
poptotic oncoprotein, BCL-2, localizes to the outer
itochondrial membrane where it facilitates PTP clo-

ure (39–41). Conversely, the pro-apoptotic molecule
AX binds to ANT and increases PTP permeability

42–43). p53 induces an increase in BAX synthesis and
decrease in BCL-2 synthesis in many cells entering

poptosis (44–45). We have also detected an increase
n BAX expression in EJ-p53 (2)tet cells after p53 is
nduced (Lee and Sugrue, unpublished observations).
hus, increased BAX levels resulting from p53 overex-
ression might explain the decreased DCM and de-
reased CSA responsiveness in the senescent EJ-p53
2)tet cells. That is, the decrease in DCM could result
rom proton leakage across the PTP modulated by
AX. Alternatively, the recent report of decreased ex-
ression of ANT in senescent human diploid fibroblasts
ells in culture (46) might be expected to result in
ecreased or absent CSA responsiveness and thereby,
elp to explain our findings.
We have previously demonstrated that EJ-p53 cells

o not become irreversibly committed to the senescent
rogram until 2–3 days after tet removal with concom-
tant p53 expression (1). Temporally, the decrease in
CM and the decreased CSA-responsiveness observed
129
n EJ-p53 cells occurs gradually over the same time
eriod as the commitment to senescence. Given that
he appearance of the decreased DCM and the decrease
n CSA responsiveness are concomitant with the estab-
ishment of the senescence phenotype, it is possible
hat these mitochondrial changes contribute to the
ausal factors that establish the senescence phenotype.
espite the temporal correlation, it can also be argued

hat the decrease in DCM and the decrease in CSA
esponsiveness are merely a result of senescence and
re not contributors to its evolution. Experiments in
hich DCM and/or PTP components are chronically
anipulated pharmacologically or genetically will be

equired to determine whether components of the mi-
ochondrial membrane megachannel contribute to se-
escence in EJ-p53 (2)tet cells.
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