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To study the effect of mitochondrial permeability transition
pore (PTP) opening on NAD(P)H localization, intact cells were
exposed to the Ca2� ionophore A23187. PTP opening, mito-
chondrial membrane potential, mitochondrial volume, and
NAD(P)H localization were assessed by time-lapse laser confo-
cal microscopy using the calcein-cobalt technique, tetramethyl-
rhodamine methyl ester, MitoTracker, and NAD(P)H auto-
fluorescence, respectively. Concomitant with PTP opening,
NAD(P)H fluorescence increased outside mitochondria. These
events occurred in all cells andwere prevented by cyclosporinA.
Mitochondrial membrane potential was not systematically col-
lapsed, whereasmitochondrial volumedid not change, confirm-
ing that A23187 induced transient PTP opening in a subpopu-
lation of cells and suggesting that mitochondrial swelling did
not immediately occur after PTP opening in intact cells.
NAD(P)H autofluorescence remained elevated after PTP open-
ing, particularly after membrane potential had been collapsed
by an uncoupler. Extraction of nucleotide for NAD(P)H quanti-
fication confirmed that PTP opening led to an increase in
NAD(P)H content. Because the oxygen consumption rate
decreased, whereas the lactate/pyruvate ratio increased after
PTP opening in intact cells, we conclude that PTP opening
inhibits respiration and dramatically affects the cytosolic redox
potential in intact cells.

The permeability transition pore (PTP)3 is a mitochondrial
channel activated by matrix Ca2� and inhibited by cyclosporin
A (CsA) (1, 2). Although its molecular nature remains a matter
of debate, the role of the PTP in cell death is now well acknowl-
edged, especially when cell death is triggered by oxidative stress
(3–5).
Under normal physiological conditions, the mitochondrial

inner membrane is impermeable to almost all metabolites and
ions. The compounds that enter or leavemitochondria are gen-

erally transported via specific and highly controlled carriers (6).
Consequently, intra- and extramitochondrial environments are
significantly different in ionic composition. PTP opening dra-
matically changes the properties of the inner membrane, mak-
ing it unspecifically permeable to molecules smaller than 1500
Da, which thus equilibrate according to their concentration
gradient (1).
In isolated mitochondria, PTP opening leads to the collapse

of the protonmotive force and the release of matrix NADH (7,
8). When incubated in the standard media used with isolated
organelles, PTP opening leads to mitochondrial swelling
because of the presence of matrix proteins that cannot diffuse
through the open pore, thus creating an oncotic pressure gra-
dient. This oncotic pressure gradient can be eliminated by incu-
bating mitochondria in media containing osmotic molecules
larger than 1500 Da, a particular condition in which PTP open-
ing occurs in the absence of mitochondrial swelling (9). Con-
comitant to this change in permeability, PTP opening in iso-
lated mitochondria also leads to a partial inhibition of
respiratory chain Complex 1 and to a dramatic increase in reac-
tive oxygen species production (10).
It has long been recognized that PTP opening is a reversible

event (11). However, not all the consequences of PTP opening
are reversible. Closure of the pore restores the protonmotive
force and the ionic homeostasis of compounds that are physio-
logically transported, whereas compounds that only diffuse
through an open PTP remain either entrapped or excluded
after they have entered or left mitochondria, respectively (12).
Consequently, PTP closure in isolated mitochondria does not
lead to mitochondrial shrinkage in sucrose- or KCl-based
media (13).
PTP opening in intact cells has been visualized using com-

pounds that do not enter mitochondria unless the PTP is open.
Two different approaches with calcein have been developed. In
experimental conditions where cell loading with calcein ace-
toxymethyl ester does not load mitochondria, calcein fluores-
cence is compartmentalized outside mitochondria, and PTP
opening is visualized by the distribution of calcein inside mito-
chondria (14). In experimental conditions where calcein ace-
toxymethyl ester also loads mitochondria, the fluorescence
fromcytosolic calcein is quenched by the addition of cobalt that
distributes in cells but not in mitochondria. The calcein fluo-
rescence is then compartmentalized within mitochondria until
PTP opening permits the distribution of cobalt inside mito-
chondria, which results in the quenching of calcein fluores-
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cence (15). Whatever the technique, PTP opening thus leads to
the decompartmentalization of calcein fluorescence.
PTP opening in intact cellsmay ormay not lead tomitochon-

drial depolarization depending on the PTP open time. Obser-
vations where calcein decompartmentalization occurred with-
out mitochondrial depolarization indicate that PTP opening
may be reversible in intact cells (16).
Whether or not PTPopening leads tomitochondrial swelling

in intact cells remains a matter of debate. Concomitant to PTP
opening in intact cells, mitochondrial morphological changes
interpreted as mitochondrial swelling (17, 18) or the absence of
any mitochondrial swelling (19) have both been reported.
Indirect evidence suggests that PTP opening in vivo leads to

the release of mitochondrial NAD(P)� (20). However, mito-
chondrial NAD(P)H release following PTP opening has never
been directly demonstrated in intact cells. Finally, it is not
knownwhether PTP opening inhibits Complex 1 in intact cells,
as it does in isolated mitochondria. In the present work, study-
ing intact cells by time-lapse laser confocal microscopy, we
report that both transient PTP opening (i.e. calcein decompart-
mentalization in the absence of mitochondrial depolarization)
and permanent PTP opening (i.e. calcein decompartmentaliza-
tion with mitochondrial depolarization) led to the appearance
of NAD(P)H outside mitochondria and inhibited the respira-
tory chain but did not induce mitochondrial swelling.

MATERIALS AND METHODS

Cell Culture—Immortalized human microvascular endo-
thelial cells (HMEC-1), a generous gift of Dr. J. J. Feige (Com-
missariat à l’Energie Atomique, Grenoble, France), were main-
tained in MCDB 131 medium supplemented with 15%
heat-inactivated fetal bovine serum, 2 mM L-glutamine, 50
IU/ml penicillin, 50 �g/ml streptomycin, 10 ng/ml epidermal
growth factor, and 1�g/ml hydrocortisone.HMEC-1 cells were
grown to confluence and maintained at 37 °C in humidified
atmosphere (95% air, 5% CO2). Two days before the experi-
ment, cells were harvested, seeded, and grown on glass cover-
slips in the medium described above.
Hepatocytes were isolated according to the method of Berry

and Friend (21), as modified by Groen et al. (22). Hepatocytes
were seeded on collagen type I-coated glass coverslips (5
�g/cm2) in a mixture containing 75% minimum essential
medium and 25% medium 199, supplemented with 10% fetal
bovine serum, 50 IU/ml penicillin, 50 �g/ml streptomycin, 0.2
mg/ml bovine serum albumin, 2mM L-glutamine, and 10�g/ml
insulin. Themediumwas removed after 3 h and replaced by the
same medium, with the exception that fetal bovine serum was
omitted and bovine serum albumin concentration was
increased to 1 mg/ml.
Cell Loading—Cell loading was performed immediately

before the experiment in the presence of 1�MCsA or vehicle in
MCDB 131 medium for HMEC-1 cells or in 75% minimum
essential medium plus 25% medium 199 for hepatocytes. For
calcein/cobalt staining, cells were exposed for 30 min to a
medium supplemented with 8 mM CoCl2 and 0.25 �M calcein
acetoxymethyl ester. For membrane potential determination,
cells were loaded with 10 nM tetramethylrhodamine methyl
ester (TMRM) for 30 min. For the determination of mitochon-

drial volume, cells were loaded with 50 nM MitoTracker Green
for 20 min. After loading, cells were washed free of probes and
further incubated in MCDB 131 medium for HMEC-1 cells or
in 75% minimum essential medium plus 25% medium 199 for
hepatocytes.
Imaging—Cells on glass coverslips were studied by time-

lapse laser confocal microscopy at 37 °C in a humidified atmo-
sphere (95% air, 5% CO2) using a microscope equipped with a
perfusion chamber (POC chamber, LaCon, Erbach, Germany)
and an incubation system (O2-CO2-°C, PeCon, Erbach, Ger-
many). Images were collected with a Leica TCS SP2 Acoustico
Optical Beam Splitter (AOBS) inverted laser scanning confocal
microscope equipped with a Coherent 351–364 UV laser using
a �63 water immersion objective (HCX PL APO 63.0 � 1.20
water corrected). Laser excitation was 351–364 nm for
NAD(P)H, 488 nm for calcein or MitoTracker Green, and 543
nm for TMRM. Fluorescence emission adjusted with AOBS
was 390–486 nm for NAD(P)H, 506–541 nm for calcein, 565–
645 nm for TMRM, and 501–542 nm for MitoTracker Green.
Confocal pinhole (Airy units) was 1 for calcein and TMRM.
Because NAD(P)H is less fluorescent, the pinhole aperture was
increased to 2.62. The same aperture was used with Mito-
Tracker Green to perform volume comparison. Image acquisi-
tion conditions were kept constant during each experiment.
Each experiment was performed on a randomly chosen field
containing 15–25 cells.
The images of calcein and TMRM were not electronically

manipulated. NADH autofluorescence images were improved
by linear contrast enhancement followed by fine filter (Kernel
3 � 3) and deconvolution by calculated point spread function
using the Volocity software. The MitoTracker Green images
were improved using the ImageJ software as described in Ref.
23 using a “top-hat” spatial filter. This filter is particularly
suited to extract intense peaks upon background, depending
on the criteria of size and shape. Therefore, this allows the
removal of noise and a precise definition of the mitochon-
drial morphology.
Image quantification was performed using the ImageJ and

Volocity software for area, volume, and fluorescence intensity
quantification. Because the fluorescence intensity depends on
the number of cells, whereas the percentage of changes of
fluorescence does not, the fluorescence was arbitrarily set at
100 at the beginning of each experiment. This was done to
facilitate the comparison of changes in fluorescence between
the different experiments.
Oxygraphy—Hepatocyte oxygen consumptionwasmeasured

polarographically at 37 °C using a Clark-type electrode. The
incubation medium was a Krebs-Henseleit-bicarbonate buffer
at pH 7.4 containing 1.4 mM Ca2� and 10mM lactate plus 1 mM
pyruvate.
Quantification of NADH—For the quantification of total

hepatocyte NAD(P)H content, nucleotides were extracted as
described in Ref. 24. For the quantification of mitochondrial
NAD(P)H content, nucleotides were extracted using the digi-
tonin fractionation method as described by in Ref. 25, except
that the quenching phase under the oil was replaced by 2 M
KOH. After extraction, NAD(P)H was immediately measured
by fluorometry.
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Lactate/Pyruvate Ratio—Hepatocytes were incubated in
30-ml stopped plastic vials in a shaking water bath at 37 °C. The
incubation medium (5 ml) was a Krebs-Henseleit-bicarbonate
buffer in equilibriumwith a gas phase containing O2/CO2 (95%
O2 and 5% CO2), pH 7.4, supplemented with 1.4 mM Ca2� and
20 mM dihydroxyacetone. When indicated, 700-�l samples of
the cell suspension were taken, quenched in HClO4 (0.4 g/liter
final concentration), and neutralized with 2 M KOH, 0.3 M

MOPS. Lactate and pyruvate were measured enzymatically as
described in Bergmeyer (26).
Isolated Mitochondria—Rat liver mitochondria were pre-

pared according to standard differential centrifugation proce-
dures in amediumcontaining 250mM sucrose, 10mMTris-HCl
(pH 7.4), and 0.1 mM EGTA-Tris. Mitochondrial volume
changes (light scattering at 520 nm) and NAD(P)H fluores-
cence (excitation-emission, 340-460 nm) were measured
simultaneously using a PTI Quantamaster C61 spectroflu-
orometer equipped with magnetic stirring and thermostatic
controls.

Reagents—Calcein acetoxymethyl ester, TMRM, and Mito-
tracker Green were from Molecular Probes, whereas all other
chemicals were from Sigma.

RESULTS

HMEC-1 cells coloaded with calcein plus cobalt displayed a
fluorescence compatible with a mitochondrial calcein distribu-
tion (Fig. 1). Cells were exposed to the Ca2� ionophore A23187
and, as expected (16), a decompartmentalization of the calcein
fluorescence occurred (Fig. 1, upper panel, left). No change in
the pattern of calcein distribution was observed in the
absence of Ca2� ionophore (not shown). Note that the
A23187-induced calcein decompartmentalization was par-
tial in some cells (i.e. some mitochondria remained fluores-
cent). However, total or partial calcein decompartmentaliza-
tion occurred in every cell, suggesting that this protocol led
to PTP opening in every HMEC-1 cell but not in all mito-
chondria. In the presence of CsA, PTP opening requires
more Ca2� (27). Because the Ca2� load increases with time

FIGURE 1. Double channel imaging of PTP opening and NAD(P)H autofluorescence. HMEC-1 cells coloaded with 0.25 �M calcein-AM and 8 mM CoCl2 (Co)
in the absence or presence of 1 �M CsA were exposed to 0.05 �M A23187. The fluorescence of calcein (green) and NAD(P)H (blue) was imaged simultaneously
every 3 min. NAD(P)H quantification (arbitrary units (AU)) was calculated with the Volocity software using a threshold value of 50, which corresponded to the
highest fluorescence outside cells. Area represents the sum of all the pixels above the threshold in the image shown. Fluorescence represents the whole
fluorescence of the pixels with fluorescence intensity above the threshold in the presented image. Bar, 44 �m.
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under our conditions, CsA is expected to retard PTP opening
(16). As shown in Fig. 1, the decompartmentalization of the
calcein fluorescence was dramatically delayed when cells
where incubated in the presence of CsA (Fig. 1, upper panel,
right).
NAD(P)H autofluorescence was measured in parallel in the

same cells (Fig. 1, lower panels). As expected, NAD(P)H was
mainly localized within mitochondria before A23187 addition
(see also Figs. 2 and 3). Concomitant to calcein decompartmen-
talization, A23187 addition led to an increase in NAD(P)H
autofluorescence in terms of both intensity and surface distri-
bution. The effect of A23187 on NAD(P)H fluorescence was
prevented by CsA (Fig. 1), and the same behavior was also
observed in the absence of calcein plus cobalt (not shown).
These data indicate thatA23187-induced PTPopening affected
the localization and fluorescence of NAD(P)H in HMEC-1
cells.
To test whether the increase in NAD(P)H fluorescence area

was due to mitochondrial swelling, HMEC-1 cells loaded with

MitoTracker Green were observed in three dimensions by con-
focal microscopy while being exposed to the same concentra-
tion of A23187. MitoTracker Green accumulates in polarized
mitochondria, where it reacts with thiols to form aldehyde-
fixable conjugates. Because most of the MitoTracker Green
remains inmitochondria after depolarization (28), this is a suit-
able probe for analysis of mitochondrial morphology in condi-
tions in which membrane potential may change.
As shown in Fig. 2 (upper panels), although the mitochon-

drial network morphology changed with time (because of the
physiological processes of fusion, fission, and movement),
A23187-induced PTP opening did not affect MitoTracker
Green volume (i.e. the entire mitochondrial volume). As
expected, PTP opening led to an increase in the total NAD(P)H
fluorescence in terms of both intensity and volume distribution
(result not shown). However, the mitochondrial NAD(P)H
autofluorescence remained almost unchanged (Fig. 2, middle
panels), whereas the NAD(P)H autofluorescence outside mito-
chondria dramatically increased (Fig. 2, lower panels).

FIGURE 2. Three-dimensional double channel imaging of NAD(P)H autofluorescence and mitochondrial volume. HMEC-1 cells loaded with 50 nM

MitoTracker Green were exposed to 0.05 �M A23187. The fluorescence of NAD(P)H (blue) and MitoTracker (green) was imaged every 3 min in 11 optical sections
with 0.3-�m z-step. NAD(P)H images were split in two images using ImageJ software, one that colocalizes with MitoTracker (i.e. mitochondrial NAD(P)H) and
the other that does not colocalize with MitoTracker (i.e. extra mitochondrial NAD(P)H). The presented images represent three-dimensional reconstructions of
the 11 optical sections performed with the Volocity software. Volume represents the sum of all the voxels above a threshold value of 3 for MitoTracker.
Fluorescence represents the fluorescence intensity of all the voxels above a threshold value of 3 and 50 for MitoTracker and NAD(P)H, respectively. Bar, 10 �m.
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To study the relationship between NAD(P)H localization
and mitochondrial membrane potential, HMEC-1 cells loaded
with TMRM were exposed to the same concentration of
A23187. Although PTP opening affected NAD(P)H fluores-
cence in every cell, it decreased mitochondrial membrane
potential in a subpopulation of cells only (Fig. 3, left panels). As
expected, NAD(P)H and TMRM signals did not change when
CsA prevented PTP opening (Fig. 3, right panels). These data
indicate that our protocol induced PTP opening in every
HMEC-1 cell. However, PTP opening was permanent only in
cells in which membrane potential was collapsed, whereas it was
transient in cells that maintained their membrane potential.
Because membrane potential and NAD(P)H redox potential

are known to be in thermodynamic equilibrium via Complex 1,
one would expect that NAD(P)H fluorescence decreases with
membrane potential, but this was not the case (Fig. 3, left pan-
els). To clarify this issue, HMEC-1 cells loaded with TMRM
were exposed to the uncoupler FCCP in control condition, in
the presence of rotenone, or after A23187-induced PTP open-
ing (Fig. 4). As expected, mitochondrial depolarization was fol-
lowed by a dramatic decrease in NAD(P)H fluorescence in nor-
mal conditions (Fig. 4, upper panel), whereas NAD(P)H
fluorescence did not change and remained compartmentalized

after mitochondrial depolarization when Complex 1 was inhib-
ited with rotenone (Fig. 4, middle panel). Interestingly,
NAD(P)H fluorescence did not fall after either transient or per-
manent PTP opening and was not affected when membrane
potential was collapsed by FCCP (Fig. 4, lower panel). These
results indicate that membrane potential and NAD(P)H redox
potential were no longer in thermodynamic equilibrium after
PTP opening.
NAD(P)H autofluorescence depends on the concentration

and redox status of pyridine nucleotides aswell as on themicro-
environment (29). To test whether the increase in NAD(P)H
fluorescence intensity was due to a change in NAD(P)H con-
tent, nucleotides were extracted from cells for subsequent
quantification. Because this experiment required a large
amount of cells, this experiment was performed on isolated
hepatocytes. As shown in Fig. 5, A and B, we first checked
that A23187 induced an increase in NAD(P)H autofluores-
cence in hepatocytes. NAD(P)H extraction was then per-
formed in parallel experiments. As shown in Fig. 5C, the
NAD(P)H fluorescence spectrum measured 15 min after
A23187 addition was dramatically higher than that after 1
min, whereas it remained constant over time in the absence
of A23187 (not shown). This observation confirms that PTP

FIGURE 3. Double channel imaging of NAD(P)H autofluorescence and mitochondrial electrical membrane potential. HMEC-1 cells loaded with 10 nM

TMRM in the absence or presence of 1 �M CsA were exposed to 0.05 �M A23187. The fluorescence of NAD(P)H (blue) and TMRM (red) was imaged simulta-
neously every 3 min. Bar, 44 �m. NAD(P)H fluorescence (quantified as in Fig. 1) increased from 100 (AU) at 0 min to 226 (AU) at 6 min in the absence of CsA,
whereas it increased from 100 (AU) at 0 min to 114 (AU) at 6 min in the presence of CsA.
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opening increases NAD(P)H content in intact cells, as sug-
gested by confocal imaging.
To test whether such an increase in NAD(P)H content

occurred inmitochondria, in cytosol, or in both compartments,
NAD(P)H extraction was performed after cell fractionation.
A23187 addition did not significantly affect mitochondrial
NAD(P)H content (not shown), suggesting that PTP opening
increases cytosolic NAD(P)H content.
Because NAD(P)H can be either free or bound on proteins,

we finallymeasured the lactate/pyruvate ratio, which is in equilib-
riumwith the free cytosolic NADH. As shown in Fig. 5D, A23187
addition dramatically increased the lactate/pyruvate ratio, which
remained unchanged in the control condition (not shown).
As seen in Fig. 5B, NAD(P)H fluorescence increased, whereas

TMRMfluorescence decreased after PTP opening in hepatocytes.
Moreover, chemical uncoupling dramatically decreased TMRM
fluorescence but slightly decreasedNAD(P)H fluorescence,which

remained higher than that observed before PTP opening. In other
words, as seen in HMEC-1 cells, membrane potential and
NAD(P)Hredoxpotentialwereno longer in thermodynamicequi-
librium after PTP opening in hepatocytes as well.
Because this dissociation can be observed after respiratory

chain inhibition, the oxygen consumption rate of hepatocytes
was measured. In comparison with the control, A23187 led to a
mild stimulation followed by a marked inhibition of oxygen
consumption (Fig. 5E).

To clarify how the increase in extramitochondrial NAD(P)H
could be generated after PTP opening, we next measured the
NAD(P)H fluorescence of isolated rat liver mitochondria dur-
ing Ca2�-induced PTP opening. As previously shown, PTP
opening in vitro led to mitochondrial swelling and NAD(P)H
oxidation (Fig. 6A, trace a). Under those conditions of incuba-
tion, mitochondrial pyridine nucleotides are released outside
mitochondria, which decreases the availability of NAD� for

FIGURE 4. PTP opening dissociates redox and electrical membrane potentials. HMEC-1 cells loaded with 10 nM TMRM were exposed to vehicle (Control), 1
�M rotenone, or 0.05 �M A23187 for 6 min (omitted for clarity). The presented images correspond to the fluorescence of NAD(P)H (blue) and TMRM (red) imaged
simultaneously before (0 min) and 2 min after the addition of 600 nM FCCP. NAD(P)H and TMRM quantification was calculated with the Volocity software.
Fluorescence (AU) represents the whole fluorescence of the pixels with fluorescence intensity higher than a threshold value of 3 and 50 for TMRM and NAD(P)H,
respectively. Bar, 44 �m.
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matrix dehydrogenases. This sets a limit for NADH synthesis,
which becomes lower than NADH consumption; as a conse-
quence, NAD(P)H fluorescence decreases.
As shown in Fig. 6A (trace b), the addition of NAD� after

PTP opening led to an increase in NAD(P)H fluorescence,
which finally exceeded the NAD(P)H fluorescence observed
before PTP opening. When PTP opening was triggered in the
presence of NAD�, the drop in NAD(P)H fluorescence was
restricted and transient (Fig. 6A, trace c), and the final
NAD(P)H fluorescence was higher than before PTP opening
had occurred.
In parallel experiments, mitochondrial samples were with-

held and immediately centrifuged to measure extramitochon-
drial NAD(P)H. As shown in Fig. 6B, extramitochondrial
NAD(P)H concentration increased after PTP opening once
NAD� had been added. NAD(P)H did not appear outsidemito-
chondria when NAD� was added in the absence of PTP open-
ing (data not shown). These data indicate that after PTP open-
ing in the presence ofNAD�, the following occurred: (i) NADH
production exceeded NADH consumption, and (ii) the NADH
produced by matrix dehydrogenase left mitochondria.

DISCUSSION

In this work, we have shown that A23187-induced PTP
opening was followed by (i) the appearance of NAD(P)H

outside mitochondria in the
absence of obvious mitochondrial
swelling and (ii) the rupture of
the thermodynamic equilibrium
between NAD(P)H redox poten-
tial and membrane potential. The
appearance of NAD(P)H outside
mitochondria after PTP opening
suggests that part of NAD(P)H has
left mitochondria. This is consistent
with its concentration gradient and
in accordance with results obtained
with isolated mitochondria. Alter-
natively, a number of electrons from
mitochondrial NAD(P)H may have
left mitochondria to reduce cytoso-
lic NAD(P)� via enzymatic reac-
tions after contact between the
cytosolic and the mitochondrial
pools of pyridine nucleotides. These
two mechanisms are non-mutually
exclusive and, in both cases, PTP
opening dramatically increases the
cytosolic NAD(P)H content.
After PTP opening in intact cells,

not only doesNAD(P)H appear out-
side mitochondria, but the total flu-
orescence ofNAD(P)Hdramatically
increases (Figs. 1–3 and 5). The
spectral quantification of cell
extracts confirmed that NAD(P)H
content increases after PTPopening
(Fig. 5). Experiments performed

with isolated mitochondria show that NADH is synthesized
and exported outside mitochondria when PTP opening occurs
in the presence of a physiological concentration (26) of NAD�

(Fig. 6). Under normal conditions, NAD(P)�-reducing and
NAD(P)H-oxidizing processes are finely tuned. For example,
the addition of rotenone (i.e. the inhibition of themainNADH-
oxidizing pathway) slightly increases NADHmatrix concentra-
tion, which in turn inhibits mitochondrial dehydrogenases that
produce NADH. After PTP opening in intact cells, NADH oxi-
dation decreased (because oxygen consumption decreased; Fig.
5), but this was not followed by an inhibition of the NAD(P)�-
reducing pathways (because NAD(P)H content increased; Figs.
1–3 and 5).Wehypothesize that this lack of inhibitionwasmost
probably because NADH did not accumulate in the matrix but
either escaped from mitochondria or “exported” its reducing
potential via the open PTP. The results in Fig. 6 support this
hypothesis.
The results in Figs. 3–5 show thatNAD(P)Hwas not oxidized

anymore in depolarized mitochondria after PTP opening, sug-
gesting that PTP opening had inhibited the respiratory chain.
This was confirmed by the direct measurement of the oxygen
consumption rate in intact hepatocytes (Fig. 5E). In isolated
mitochondria, PTP opening inhibits Complex 1 activity via two
mechanisms. Firstly, PTP opening leads to the release of pyri-
dine nucleotides, which decreases the availability of NADH for

FIGURE 5. PTP opening increases cellular NAD(P)H content and inhibits cell respiration in isolated hepa-
tocytes. A and B, double channel imaging of NAD(P)H autofluorescence and mitochondrial electrical mem-
brane potential of isolated hepatocytes loaded with 10 nM TMRM and exposed to 0.75 nmol of A23187/mg of
hepatocytes (dry weight). The fluorescence of NAD(P)H (blue) and TMRM (red) was imaged simultaneously
every 3 min. Bar, 44 �m. B, quantification was performed with the Volocity software as in Fig. 4. C, excitation-
emission spectra of NAD(P)H extracted from isolated hepatocytes incubated in a Krebs-Henseleit-bicarbonate
buffer at pH 7.4 containing 1.4 mM Ca2� and 10 mM lactate plus 1 mM pyruvate, 1 and 15 min after the addition
of 0.75 nmol of A23187/mg of hepatocytes (dry weight). D, the lactate/pyruvate ratio of hepatocytes incubated
in a Krebs-Henseleit-bicarbonate buffer containing 1.4 mM Ca2� and 20 mM dihydroxyacetone in the presence
of 0.75 nmol of A23187/mg of hepatocytes (dry weight). Results are mean � S.E. (error bars), n � 3. E, oxygen
consumption rate of isolated hepatocytes incubated as in panel C in the presence (a) or absence (b) of 0.75
nmol of A23187/mg of hepatocytes (dry weight).
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Complex 1 (7). Secondly, PTP opening partly decreases the
rotenone-sensitive NADH decylubiquinone reductase activity
(i.e. Complex 1 activity), possibly via a conformational change
of Complex 1 (10). Note that PTP opening does not inhibit the
other complexes of the respiratory chain in isolated mitochon-
dria (10). In intact cells, an indirect inhibition of Complex 1 due
to a decrease in NADH availability is not expected to occur
because NAD(P)H content increased after PTP opening (Fig.
5C). Therefore, the inhibition of respiration observed in intact
cells after PTP opening suggests that PTP opening inhibits
Complex 1 in intact cells, as it does in isolated mitochondria.
These findings led to the question as to whether transient

PTP opening (i.e. calcein and NAD(P)H decompartmental-
ization in the absence of mitochondrial depolarization) cor-
responded to a continuous channel flickering or to one single
reversible opening. Careful examination of the kinetic of
NAD(P)H fluorescence indicates that the observed increase
was a continuous process that reached a plateau 15–30 min
after A23187 addition (not shown). Because this lengthy
process is not compatible with one single reversible opening,
this observation indirectly suggests that the transient PTP
opening observed in this study corresponds to a continuous
channel flickering.
It must be emphasized that transient PTP opening had per-

manent consequences in intact cells. As shown in Fig. 4, the
addition of FCCP did not decrease NAD(P)H fluorescence in
cells where transient PTP openings had taken place, indicating
that the respiratory chain was also inhibited in that condition.
Therefore, the double channel imaging of NAD(P)H autofluo-
rescence and mitochondrial electrical membrane potential

before and after uncoupling repre-
sents a new technical approach to
easily distinguish transient and per-
manent PTP opening on the same
cell population.
The inhibition of the respiratory

chain in isolatedmitochondria leads
to mitochondrial depolarization
unless mitochondria are incubated
in the presence of ATP. In that par-
ticular condition, the uptake of ATP
via the adenine nucleotide translo-
cator and its hydrolysis via the F1F0-
ATPase maintain the membrane
potential. In intact cells, the inhibi-
tion of Complex 1 by rotenone did
not abolish mitochondrial mem-
brane potential (Fig. 4) unless
ATPase was inhibited by oligomy-
cin (data not shown). This indicates
that, during the time course of our
experiments, glycolysis provided
enough ATP to sustain the mito-
chondrial membrane potential
when Complex 1 was inhibited.
Considering on one hand the

cytosolic oncotic pressure in intact
cells and the fact that PTP opening

does not lead to mitochondrial swelling in the absence of
oncotic pressure gradient on the other hand, PTP opening is
not expected to lead to an immediatemitochondrial swelling in
intact cells because there is no oncotic pressure gradient in that
particular condition. This gradient increases secondarily when
cytosolic proteins undergo degradation by proteolysis or are
released through a leaky plasma membrane. In other words,
PTP-dependent mitochondrial swelling (e.g. Ref. 30) should be
regarded as a delayed consequence of PTP opening. Consistent
with this view, the results in Figs. 1 and 2 indicate that the
diffusion of cobalt inside mitochondria and the appearance of
NAD(P)H outside mitochondria occurred without obvious
mitochondrial swelling. This observation is in accordance with
previous reports that suggest that PTP opening does not imme-
diately induce a largemitochondrial swelling in intact cells (19).

CONCLUSION

By analogy with what occurs in isolated mitochondria, it
has initially been proposed that PTP opening in intact cells
leads to the collapse of the proton-motive force, disruption
of ionic homeostasis, mitochondrial swelling, and massive
ATP hydrolysis by the ATPase. This first scenario was then
supplemented by the observation that PTP opening in intact
cells may not systematically lead to mitochondrial depolar-
ization (16) or mitochondrial swelling (19), whereas it
induced a dramatic increase in reactive oxygen species pro-
duction (31).
The present work shows that because PTP opening inhib-

its mitochondrial NADH-consuming processes on one hand
and allows the export of the reducing power of NAD(P)H

FIGURE 6. PTP opening increases extramitochondrial NAD(P)H content in isolated mitochondria incu-
bated in the presence of NAD�. A, mitochondrial volume (upper panel) and NAD(P)H fluorescence (lower
panel) of isolated mitochondria. The incubation medium contained 250 mM sucrose, 10 �M EGTA, 20 mM

Tris-HCl, 5 mM Tris-Pi, 5 mM glutamate-Tris, 2.5 mM malate-Tris. The final volume was 2 ml, pH 7.4, at 30 °C.
Experiments began with the addition of 1 mg of mitochondria. Where indicated, 500 �M Ca2� (all traces) and 1
mM NAD� (traces b and c) were added. B, excitation-emission spectra of extramitochondrial NAD(P)H. The
experiment in panel A, trace b, was reproduced. 30 s before and 30 s and 3 and 6 min after the addition of 1 mM

NAD�, 400 �l of suspension were removed and immediately centrifuged (8000 � g, 30 s). The supernatant was
withheld for NAD(P)H measurement.
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outside mitochondria on the other hand, it dramatically
affects the redox potential of the cytosol. A focus for future
study is whether this sequence of events plays a key role in
the potentially deleterious consequences of PTP opening in
intact cells.
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