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ABSTRACT The occurrence and the mode of opening of the mitochondrial permeability transition pore (MTP) were
investigated directly in intact cells by monitoring the fluorescence of mitochondrial entrapped calcein. When MH1C1 cells and
hepatocytes were loaded with calcein AM, calcein was also present within mitochondria, because (i) its mitochondrial signal
was quenched by the addition of tetramethylrhodamine methyl ester and (ii) calcein-loaded mitochondria could be visualized
after digitonin permeabilization. Under the latter condition, the addition of Ca2� induced a prompt and massive release of the
accumulated calcein, which was prevented by CsA, indicating that calcein release could, in principle, probe MTP opening in
intact cells as well. To study this process, we developed a procedure by which the cytosolic calcein signal was quenched by
Co2�. In hepatocytes and MH1C1 cells coloaded with Co2� and calcein AM, treatment with MTP inducers caused a rapid,
though limited, decrease in mitochondrial calcein fluorescence, which was significantly reduced by CsA. We also observed
a constant and spontaneous decrease in mitochondrial calcein fluorescence, which was completely prevented by CsA. Thus
MTP likely fluctuates rapidly between open and closed states in intact cells.

INTRODUCTION

In isolated mitochondria, conditions have been described
that cause a Ca2�-dependent increase in mitochondrial per-
meability to ions and solutes with molecular masses up to
1500 Da, matrix swelling, and uncoupling of oxidative
phosphorylation. This phenomenon, which has been defined
as permeability transition (Hunter and Haworth, 1979), is
today ascribed to the opening of the mitochondrial transition
pore (MTP), a regulated channel inhibited by submicromo-
lar concentrations of cyclosporin A (CsA) (see Zoratti and
Szabo, 1995). The pore appears to coincide with the mito-
chondrial megachannel, a high-conductance channel identi-
fied by patch-clamp studies of rat liver mitoplasts (Bernardi,
1992; Szabo et al., 1992; Szabo and Zoratti, 1992).

The MTP might also serve the physiological function of
providing mitochondria with a fast pathway for Ca2� re-
lease (Bernardi and Petronilli, 1996; Gunter et al., 1994;
Ichas et al., 1994, 1997). Indirect support for this concept
was obtained by Altschuld et al. (1992), who described a
doubling of 45Ca2� retention by cardiomyocytes incubated
with CsA, and it has been considerably reinforced by recent
results obtained in intact cells, suggesting that pore flicker-
ing may amplify IP3-dependent Ca2� signals arising from
the endoplasmic reticulum (Ichas et al., 1997).

Despite the great interest in the mitochondrial permeabil-
ity transition as a potential effector of cell death (Imberti et

al., 1993; Pastorino et al., 1993; Kroemer et al., 1995,
1997), evidence for its occurrence in vivo remains indirect
and is largely based either on secondary events, such as
mitochondrial depolarization, or on pharmacological tools,
such as the effects of in vitro pore inducers or inhibitors
(like CsA). The shortcomings are obvious, because depo-
larization can be caused by a variety of events (most nota-
bly, increased ATP demand), whereas CsA interferes with
calcineurin-dependent signaling, which like MTP has a
prominent Ca2� dependence (Bennett and Norman, 1986).
In addition, the indirect approaches used so far do not allow
us to address the cellular modulation of MTP, leaving
crucial issues, such as the cause-effect relationship between
pore opening and ��m decrease, unsolved. These consider-
ations explain the intrinsic interest in developing an un-
equivocal tool to measure MTP opening in living cells.

Here we developed a method to assess MTP opening in
calcein-AM-loaded cells through Co2� quenching of cyto-
solic calcein fluorescence. Mitochondrial fluorescence of
calcein shows an abrupt decrease induced by MTP agonists
and a gradual decrease in the absence of any treatment,
which are both inhibited by CsA. These results are consis-
tent with two modes of MTP opening, i.e., transient and
long-lasting. Preliminary accounts of these results have
been published in abstract form (Petronilli et al., 1997,
1998).

MATERIALS AND METHODS

Cell isolation and culture

Rat liver parenchymal cells (hepatocytes) were isolated by collagenase
perfusion according to the method of Seglen (1976), with minor modifi-
cations (Venerando et al., 1994). Yields of 3–4 � 108 cells/liver with
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90–95% viability by trypan blue exclusion were routinely obtained. After
isolation cells were plated onto 22-mm-diameter round coverslips pre-
coated with rat tail collagen, and incubated in Williams’ medium E
supplemented with 10 IU/ml penicillin, 10 �g/ml streptomycin, 0.005
�g/ml gentamycin, 0.02 units/ml insulin, and 10% heat-inactivated fetal
calf serum, at 37°C in an atmosphere of 5% CO2/95% air.

MH1C1 rat hepatoma cells were seeded on uncoated 22-mm-diameter
round glass coverslips and grown in Ham’s F-10 nutrient mixture supple-
mented with 20% fetal calf serum, at 37°C in an atmosphere of 5%
CO2/95% air.

Mitochondrial isolation and calcein loading

Rat liver mitochondria were prepared by standard differential centrifuga-
tion as described previously (Costantini et al., 1995). Mitochondrial calcein
loading was performed by incubating a mitochondrial suspension (20
mg/ml, in a buffer containing 250 mM sucrose, 10 mM Tris/3-(N-morpho-
lino)propanesulfonic acid, 0.1 mM EGTA, pH 7.4) with 2 �M calcein AM.
After 15 min of incubation at 25°C, mitochondria were centrifuged at
12,000 � g for 2 min at 4°C, washed with ice-cold medium without
calcein, and finally resuspended in the same medium at a final concentra-
tion of 80 mg mitochondrial protein/ml.

Spectrofluorometry

Spectrofluorometric measurements were performed in a Perkin-Elmer LS5
fluorometer equipped with a thermostatted cuvette mount and magnetic
stirring. Fluorescence emission was monitored at 25°C, using the indicated
excitation and emission wavelengths with slits of 2 and 5 nm, respectively.
To study the interactions between calcein and TMRM within mitochondria,
calcein-AM-loaded rat liver mitochondria (0.25 mg mitochondrial pro-
teins/ml) were incubated in a medium containing 0.25 M sucrose, 5 mM
succinate, 2 �M rotenone, 1 mM Pi, 20 �M EGTA, 20 mM Tris-3-(N-
morpholino)propanesulfonic acid (pH 7.4), and when required, 0.5 �M
TMRM was added.

Cell microinjection

Calcein microinjection into hepatocytes was performed essentially accord-
ing to the method of Rutter et al. (1996). Eppendorf sterile fentotips were
pulled to give an external tip diameter of 0.2–0.5 �m. An Eppendorf 5171
micromanipulator and 5424 pressure injector with a Zeiss Axiovert 100 TV
epifluorescence microscope and 32�, 0.5 NA objective, were used. Cal-
cein free acid (0.25 mg/ml) was microinjected into the cell cytoplasm at a
pressure between 500 and 2000 hPa during an injection period of 0.2–1.0 s.

Calcein staining procedures

Cells were loaded for 15 min with 1 �M calcein AM at 37°C in a modified
Hanks’ balanced solution (Sigma), which was devoid of phenol red and
NaHCO3 and supplemented with 10 mM Na-HEPES (pH 7.3) and then
maintained in the modified Hanks’ balanced solution. When quenching of
cytosolic and nuclear calcein fluorescence was required, 1 mM CoCl2 was
present during calcein loading. The extent of quenching was affected by the
length of time cells spent in culture before experiment. In fact, quenching
was more pronounced when cells were cultured for 2 days rather than 1
day. After attainment of quenching, cells were washed free of calcein and
Co2�, and experimental recordings began after the coverslips were trans-
ferred into an open chamber that was mounted on the stage of an inverted
microscope connected to either a laser or a xenon light source. The extent
of calcein loading can be affected by the activity of the multidrug resis-
tance (MDR) P-glycoprotein (Hollo et al., 1994). Therefore, CsA and
cyclosporin H (CsH), which both inhibit MDR (Dietel et al., 1994), were
added to the cells after calcein and Co2� loading and 30 min before
experimental recording.

Cell permeabilization

Cells were permeabilized with 10 �M digitonin for 10 min in a cytosolic
buffer containing 0.1 M KCl, 1 mM Pi, 1 mM MgCl2, 50 �M EGTA, and
10 mM K-HEPES (pH 7.3). Succinate (5 mM) was used as the oxidizable
substrate.

Epifluorescence and laser confocal microscopy

An inverted microscope (Olympus IMT-2) was equipped for epifluorescent
illumination and included a xenon light source (75 W), a 12-bit digital
cooled CCD camera (Micromax; Princeton Instruments), and appropriate
excitation and emission cubes. Fluorescent cell images obtained with 40�,
1.3 NA and 100�, 1.3 NA oil immersion objectives (Nikon) were collected
over exposure times ranging from 100 to 500 ms. Data were acquired and
analyzed with Metamorph software (Universal Imaging). In the case of
confocal studies, the same objectives were used in a Nikon Diaphot-300,
which was part of the real-time confocal system (RCM 8000; Nikon).
Excitation wavelength/detection filter settings for each of the fluorescent

FIGURE 1 Confocal image of MH1C1 cells (A) and one hepatocyte (B)
loaded with 1 �M calcein-AM. Both cell types showed a diffuse fluores-
cence pattern with rare voids that differ from mitochondria for size,
number, and distribution. Bar, 7 �m.
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dyes were as follows: calcein, 488/525 � 25 nm bandpass; tetramethyl-
rhodamine methyl ester (TMRM) and propidium iodide, 568/585 longpass.
In some experiments calcein and TMRM or propidium iodide fluorescence
emissions were collected simultaneously by using two separate color
channels on the detector assembly (green and red planes of the resulting
RGB images, respectively). Sequential 512 � 484 pixel color (8 bits per
pixel per plane) confocal images were acquired and stored typically at 30-s
intervals.

Data analysis

Using the data acquisition software, we identified clusters of several
mitochondria (10–20) as regions of interest (ROIs), and background was
identified as an area without cells. Subsequently, in most of the experi-
ments sequential digital images were obtained every 30 s for 30–60 min,
and the average fluorescence intensity for all of the ROIs and background
was recorded for subsequent analysis. Calcein fluorescence intensity was
analyzed as the changes in both individual ROIs and all of the ROIs, minus
background, for each coverslip. Because the initial values of fluorescence
intensities were different in the various ROIs, average fluorescence is
reported as the percentage of the initial values.

RESULTS

Mitochondrial accumulation of calcein

Primary cultures of rat hepatocytes or MH1C1 rat hepatoma
cells were loaded with a wide range of calcein AM concen-
trations (0.1–2 �M). Both cell types displayed a diffuse
pattern of cytosolic fluorescence, irrespective of the dura-
tion of the loading procedure (Fig. 1). In our hands, a small
number of cells showed rare fluorescence voids, which
differed from mitochondria for size, number, and distribu-
tion. Similar voids were also obtained in cells loaded with
other dyes, such as the fluorescein derivative BCECF AM
(results not shown). These images, however, cannot reveal
whether mitochondria contain calcein. Even assuming that
rapid cytosolic deesterification of calcein AM prevents fill-
ing of mitochondria with calcein AM (followed by hydro-
lysis and probe entrapment), it appears unlikely that mito-
chondria can be detected, given the bright cytosolic signal.
Furthermore, in confocal microscopy, fluorescence spread-
ing magnifies the size of emitting objects, while reducing
that of dark spots.

This problem was experimentally addressed by cell mi-
croinjection with unesterified calcein, which is not perme-

able to mitochondria (results not shown). Fig. 2 A shows
that the fluorescence pattern obtained in these protocols
mimicked that observed in calcein-AM-loaded cells, includ-
ing the rare fluorescence voids that unambiguously differed
from the distribution of mitochondria, as judged from
TMRM coloading (Fig. 2 B).

These results cannot rule out the possibility that mito-
chondria were in fact filled with calcein when cells were
loaded with calcein AM. In principle, this can be assessed
by selective quenching of the mitochondrial calcein signal.
With this aim in mind, we studied the in vitro interaction
between calcein and TMRM, which is electrophoresed into
the mitochondrial matrix by ��m (Ehrenberg et al., 1988).
Fig. 3 A shows that the fluorescence emission of 50 �M
calcein in aqueous solution was totally quenched by
equimolar amounts of TMRM. Under these conditions the
emission peak of TMRM increased, suggesting that an
energy transfer process was taking place, possibly reflecting
complex formation (Fig. 3 B). Fig. 3 C documents that a
similar interaction could be observed in rat liver mitochon-
dria loaded with calcein AM. Indeed, calcein emission was
decreased by TMRM addition, and it was restored by un-
coupling agents that cause TMRM release from mitochon-
dria. On the other hand, Fig. 3 D shows that calcein did not
affect the typical fluorescence variations that can be ob-
served by monitoring TMRM accumulation and release at
longer wavelengths. In the absence of calcein, the excita-
tion-emission couple used to monitor calcein fluorescence
did not show any change when mitochondria were incu-
bated with TMRM (not shown). Finally, when mitochondria
were incubated with the unesterified form of calcein, which
is not membrane permeant, the fluorescence emission was
not modified by TMRM addition (results not shown), indi-
cating that calcein quenching requires TMRM in its imme-
diate vicinity, i.e., in the same cellular compartment.

To study whether calcein and TMRM also interact in
mitochondria within intact cells, cultured hepatoma cells
were loaded with 1 �M calcein AM and then exposed to
increasing concentrations of TMRM. The images in the left
column of Fig. 4 show the confocal images obtained by
attributing a green color to calcein and a red color to TMRM
(A and C, respectively). Note that yellow areas indicate

FIGURE 2 Confocal image of a single hepato-
cyte injected with calcein free acid (A) and then
loaded with TMRM (B). The green and red com-
ponents of the images indicate calcein and
TMRM fluorescence, respectively. Dark round
voids in calcein fluorescence images could be
detected, which did not correspond to mitochon-
dria, as indicated by the lack of filling with
TMRM. Note that after TMRM had been accu-
mulated, no additional dark voids appeared in the
calcein signal. Bar, 7 �m.

Petronilli et al. Permeability Transition Pore in Intact Cells 727



colocalization of the red and green signals. The images in
the right column show calcein fluorescence only, as ob-
tained by subtracting the red component from the images
shown on the left (Fig. 4, B and D, respectively). TMRM at
low concentration (0.1 �M) did not modify the diffuse
cellular calcein staining (Fig. 4, A and B), which was
observed in the absence of TMRM (e.g., Fig. 1). When the
concentration of TMRM was increased to 3 �M, on the
other hand, calcein fluorescence displayed a different pat-
tern, with dark holes corresponding to mitochondria, as

clearly documented by comparing C and D in Fig. 4. Thus
it appears that voids in calcein fluorescence can be gener-
ated by its interaction with TMRM within mitochondria.

MTP-dependent mitochondrial release of calcein
in permeabilized cells

To test whether calcein was trapped inside mitochondria,
primary cultures of hepatocytes were loaded with 1 �M
calcein AM, followed by cell permeabilization with digito-
nin. This procedure revealed the existence of clusters of
round fluorescent bodies (Fig. 5). Despite the loss of the
typical spindle shape characteristic of mitochondria in situ,
these bodies were identified as mitochondria by their ability
to accumulate TMRM upon energization (not shown). To
test whether intramitochondrial calcein could be released
through the MTP, permeabilized cells were energized with
succinate both in the absence (Fig. 5, A and B) and in the
presence (Fig. 5, C and D) of 1 �M CsA. After the baseline
images had been taken, 200 �M CaCl2 was added and
sequential images were collected at various time intervals.
Ca2� loading caused a marked decrease in mitochondrial
calcein fluorescence that was substantially prevented by
CsA (Fig. 5). Indeed, CsA reduced both the rate and the
extent of calcein fluorescence decrease induced by Ca2�, as
monitored by plotting the averaged fluorescence intensities
versus time (Fig. 5). From this kinetic analysis it appears
that the rate of mitochondrial calcein release in permeabil-
ized cells after MTP opening closely matches that observed
in isolated mitochondria by means of classical swelling
measurements. The results of Fig. 5 thus represent a direct
visualization of the consequences of MTP opening and
establish an unambiguous assay of MTP in permeabilized
cells.

Co2� quenching of cytosolic calcein allows
visualization of mitochondria in situ

Because mitochondrial calcein release can visualize MTP
opening in single mitochondria, we developed a procedure
for selective quenching of the cytosolic calcein signal in
intact cells based on the well-known capacity of several
metal ions to reduce or abolish calcein emission (Wallach
and Steck, 1963). This approach has already been success-
fully employed in monitoring changes in mitochondrial
Ca2� in isolated cardiomyocytes after the cytosolic emis-
sion of Indo 1 is quenched with Mn2� (Miyata et al., 1991).
Calcein emission is reduced by Mn2� and completely abol-
ished by Co2� and Cu2�. Because Cu2� addition is likely to
promote peroxidative processes, which are harmful to the
cell and can favor MTP opening, we focused on Co2�,
which is not transported by the mitochondrial Ca2�

uniporter (Basso et al., manuscript in preparation). When
cells were coloaded with calcein AM and CoCl2, calcein
fluorescence was quenched in both cytosolic and nuclear

FIGURE 3 Interactions between calcein and TMRM in aqueous solution
and in mitochondria. The fluorescence emission of an aqueous calcein
solution (50 �M) was totally quenched by equimolar amounts of TMRM
(A), whereas the emission peak of TMRM was increased (B). The fluores-
cence signal of energized mitochondria loaded with calcein AM (see
Materials and Methods) was quenched by the uptake of TMRM and
returned close to baseline values upon the release of TMRM induced by
depolarization with FCCP (C). Calcein-loaded mitochondria were able to
take up TMRM and release it upon depolarization (D). RLM, rat liver
mitochondria.
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compartments, resulting in the appearance of glowing bod-
ies against a dark background (Fig. 6).

These images could be obtained with the confocal micro-
scope (Fig. 6 A) or with a conventional fluorescence micro-
scope equipped with a cooled CCD camera (Fig. 6 B). The
latter setup proved to be essential in minimizing the photo-
toxicity resulting from the intracellular accumulation of
fluorescent molecules, which is exacerbated by irradiation
with laser sources. The calcein fluorescent bodies visualized
after Co2� quenching (Fig. 7 A) were identified as mito-
chondria by the subsequent addition of TMRM (Fig. 7 B).
Furthermore, and as observed in isolated mitochondria, the
mitochondrial fluorescence of calcein was quenched by
TMRM, as shown by the antiparallel changes in the two
fluorescence emissions induced by FCCP (Fig. 7 C).

Probing MTP opening in intact cells

MH1C1 cells loaded with Co2� and calcein AM were
imaged after external Co2� was removed. The addition of
A23187, a Ca2� ionophore, induced an abrupt decrease in
mitochondrial calcein fluorescence (Fig. 8). A similar result
(not shown), although to a smaller extent, was obtained by
treating cells with t-butylhydroperoxide or phenylarsine ox-
ide, which are both well-characterized inducers of MTP

opening in isolated mitochondria (Beatrice et al., 1984;
Bernardi, 1992). At variance with the complete release of
calcein, which is produced by MTP opening in isolated
mitochondria and permeabilized cells, intact cells always
retained appreciable amounts of calcein (Fig. 8). The pos-
sibility of passive membrane binding was addressed by
treating Co2� and calcein-AM-coloaded hepatoma cells
with 30 �M alamethicin, a pore-forming antibiotic (Latorre
and Alvarez, 1981). The occurrence of membrane perme-
abilization was monitored by nuclear staining with pro-
pidium iodide, which is cell impermeant under control con-
ditions (Darzynkiewicz et al., 1982; Gores et al., 1988) (Fig.
9 A). Alamethicin pore formation caused a precipitous and
complete release of calcein from cells concomitantly with
the entry of propidium iodide (Fig. 9 B), indicating that
mitochondrial calcein retention cannot be explained by pas-
sive binding. On the other hand, the decrease in the mito-
chondrial fluorescence of calcein induced by ionophore
addition can be attributed to MTP opening, because it was
significantly reduced by CsA. This effect was specific,
because CsH, a CsA analog that does not inhibit MTP in
isolated mitochondria (Nicolli et al., 1996), was ineffective.

It is of interest that a quantitative analysis of the mito-
chondrial calcein fluorescence versus time revealed a con-
stant decrease in untreated cells, i.e., without the addition of

FIGURE 4 Confocal images of MH1C1
cells coloaded with TMRM and calcein
AM. The green and red components of the
images indicate calcein and TMRM fluo-
rescence, respectively. (A and C) Both cal-
cein and TMRM fluorescence (green and
red, respectively). (B and D) Only calcein
fluorescence, as obtained by eliminating
the red component from the images in A
and C. MH1C1 cells were loaded with 1
�M calcein-AM in the presence of 0.1 �M
TMRM (A and B). A diffuse calcein fluo-
rescence pattern appeared with rare voids.
TMRM loading was then increased by
adding 3 �M TMRM (C and D). After
accumulation of high concentrations of
TMRM, mitochondria assumed a round
shape (red in C), and calcein fluorescence
showed a punctate pattern with dark holes
corresponding to mitochondria (D). Bar,
10 �m.

Petronilli et al. Permeability Transition Pore in Intact Cells 729



pore inducers. This process was independent of the sam-
pling rate (Fig. 10), ruling out a phototoxic effect. Strik-
ingly, in CsA-treated cells the fluorescence signal of mito-
chondrial calcein was stable with time and significantly
different from that recorded in both untreated and CsH-
treated cells (Figs. 8 and 10), suggesting that the MTP may
fluctuate between open and closed states in intact cells.

DISCUSSION

The present paper describes a direct method for probing
MTP opening at the single-cell level by monitoring the
mitochondrial fluorescence of calcein. By using this proce-
dure, we could detect transient and long-lasting openings of
MTP in the absence or presence of inducers, respectively.

Strategies for the direct monitoring of MTP

In principle, MTP could be studied directly by following the
entry of a molecule that is not able to cross the inner
mitochondrial membrane. The spectrum of suitable mole-
cules is limited by the following minimum requirements: (i)
molecular mass less than 1.5 kDa; (ii) little or no hydro-
phobicity to minimize membrane binding; (iii) lack of uti-
lization as a substrate by mitochondrial enzymes.

Among the available fluorescent molecules, calcein has
been selected as the probe of choice to detect pore opening
with imaging techniques (Nieminen et al., 1995). Calcein

has a suitable molecular mass (622 Da) and, despite its
aromatic core, is highly hydrophylic because of its six
negative and two positive charges at pH � 7 (Wallach and
Steck, 1963). Because of its negligible membrane binding,
it has been used to investigate membrane fusion processes
(Kendall and MacDonald, 1982; Perin and MacDonald,
1989; Woodbury and Hall, 1988) as well as membrane
transport and intactness (Benachir and Lafleur, 1995; Braut
Boucher et al., 1995; Hollo et al., 1994). Although it is cell
impermeant, calcein can be easily loaded into cells by using
its acetomethyl ester form. Finally, calcein does not undergo
Ca2�-dependent changes in fluorescence at physiological
pH (Wallach and Steck, 1963), although its emission can be
quenched by several metals, including Co2�, at any pH
value (Kendall and MacDonald, 1982; Wallach and Steck,
1963).

Mitochondrial calcein as a probe for MTP

Our study reveals that calcein is trapped inside mitochon-
dria after loading of hepatocytes and MH1C1 cells (this
paper) and NRK and HeLa cells (not shown) with its ace-
toxymethyl ester. Indeed: (i) fluorescence voids appeared in
calcein-AM-loaded cells upon further addition of TMRM,
indicating calcein quenching within mitochondria; (ii) a
distinct punctate fluorescence persisted after digitonin treat-
ment of calcein-AM-loaded cells (these fluorescence spots
could unequivocally be identified as mitochondria by co-

FIGURE 5 Effect of CsA on the release of mitochondrial calcein in permeabilized hepatocytes. Calcein-loaded hepatocytes were permeabilized and
energized with succinate (see Materials and Methods). After the baseline confocal images had been collected (A and C), 200 �M CaCl2 was added, and
sequential images were collected at 30-s intervals. In the absence of CsA, Ca2� loading caused a marked decrease in mitochondrial calcein fluorescence,
which was almost complete after 3 min (B). In the presence of CsA, the decrease in mitochondrial calcein fluorescence after Ca2� loading was negligible
(D), indicating that the marked fluorescence decrease was caused by calcein exit through MTP. Bar, 10 �m. The plot shows the time course of fluorescence
changes induced by Ca2� addition. Data are the mean of 10 ROIs expressed as the percentage of the initial values.

730 Biophysical Journal Volume 76 February 1999



loading of TMRM after permeabilization; not shown); (iii)
after Co2�- quenching, the residual fluorescence of calcein
colocalized with and was quenched by TMRM (Fig. 7).

In a previous report (Nieminen et al., 1995) fluorescence
voids in the calcein signal were identified as mitochondria
by colocalization with TMRM. Treatment with agents
known to induce a permeability transition in isolated mito-
chondria caused the appearance of calcein fluorescence
within these voids, suggesting that a permeability transition
had occurred in the intact cells. We suspect that intramito-
chondrial calcein fluorescence is masked when cells are
coloaded with TMRM because of fluorescence quenching.
In this scenario, the appearance of mitochondrial calcein

fluorescence at the onset of depolarization would depend on
the release of TMRM, resulting in dequenching of intrami-
tochondrial calcein. In any case, the clear mitochondrial
localization of calcein demonstrated here and the quenching
of its fluorescence signal by TMRM (Figs. 3, 4, and 7)
demand proper controls in dual-labeling experiments before
deductions can be made about the status of intramitochon-
drial calcein, and therefore about MTP opening.

The experiments performed on permeabilized cells
showed that Ca2� addition induced a CsA-sensitive loss of
calcein fluorescence (Fig. 5), suggesting that calcein release
can be used to monitor MTP activity. To detect the changes
in mitochondrial calcein fluorescence in intact cells, the
cytosolic signal was selectively quenched by Co2�. After
this procedure, cells in the absence of any stimuli showed a
gradual and spontaneous fluorescence decrease, which is
suggestive of transient pore openings under resting condi-
tions (Figs. 8 and 10). On the other hand, treatments known
to open the MTP in vitro induced a prompt decline in the
mitochondrial fluorescence (Fig. 8). Based on the experi-
mental evidence obtained in permeabilized cells (Fig. 5),
calcein release likely contributes to the decrease in mito-
chondrial fluorescence induced by Ca2� ionophores in
Co2�-quenched cells. However, this technique cannot dis-
criminate between calcein release and Co2� entry as the
mechanism underlying the spontaneous decrease in the mi-
tochondrial fluorescence of calcein. Nevertheless, the inhi-
bition by CsA and the lack of any significant effects by CsH
strongly suggest that the changes in mitochondrial calcein
fluorescence reflect MTP openings. Taken together, these
data provide a simple, direct assay of mitochondrial perme-
abilization to solutes that should find widespread applica-
tions in the monitoring of mitochondrial function in situ.

Despite its potential, the calcein-Co2� technique presents
several shortcomings. Although it is not transported by the
Ca2� uniporter (Basso et al., manuscript in preparation),
Co2� inhibits Ca2� uptake and slightly decreases respira-
tion. It must be realized, however, that most cytosolic Co2�

is bound to calcein, and that the MTP appears to respond
normally to its modulators, both after permeabilization and
in the intact cells (Figs. 5 and 8, respectively).

MTP opening in situ

An appreciable decrease in the mitochondrial calcein signal
could only be observed when cells were treated with Ca2�

ionophores, whereas smaller changes were obtained with
oxidants, and uncouplers were ineffective (results not
shown). Because the MTP is voltage-dependent (Bernardi et
al., 1994), the latter result may appear surprising, because
one would expect MTP opening upon depolarization in situ.
Yet, not only does depolarization require rather high con-
centrations of matrix Ca2�, a condition that may not be
easily achieved in vivo; it also generates conditions (matrix
acidification and increased concentrations of ADP and
Mg2�) that powerfully inhibit the pore and thus counteract
the effect of the voltage drop (Petronilli et al., 1993).

FIGURE 6 Co2� quenching of cytosolic and nuclear calcein fluores-
cence. MH1C1 cells (A) and hepatocytes (B) were loaded with calcein-AM
in the presence of 1 mM Co2� and visualized by laser confocal (A; bar, 6.5
�m) and epifluorescence (B; bar, 10 �m) microscopy, respectively. This
procedure caused a profound quenching of cytosolic and nuclear fluorescence.
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Thus, and predictably for the needs of energy conserva-
tion, in the intact cell the complex balance between inducers
and inhibitors appears to favor the closed pore state, making
its prolonged opening an uncommon event. We note that a
considerable amount of calcein is retained by mitochondria
in intact cells after the large efflux induced by Ca2� iono-
phores. This finding suggests that in intact cells the extent or
the duration of pore opening is limited even after the pro-
cess has been started, at variance with the complete release
observed in isolated mitochondria and permeabilized cells.

Most investigators consider MTP opening in vivo an
irreversible event leading to energy dissipation and cell
death. Recent results obtained both in intact cells (Ichas et
al., 1997) and in single isolated mitochondria (Hüser et al.,
1998), however, suggest that the pore opens transiently (i.e.,
reversibly) and may mediate a fast Ca2� release process.
Transient openings of the MTP might thus result in minor
changes in ��m, which would be without any detrimental
effect on cell viability. ��m oscillations have been observed
in various cell types (Loew et al., 1993; O’Rourke et al.,
1994), and it is tempting to speculate that these are linked to
transient MTP openings, although we never detected oscil-
lations in ��m, as monitored by TMRM fluorescence (data

FIGURE 7 Mitochondrial colocalization of calcein and TMRM fluores-
cence in Co2�-treated cells. MH1C1 cells coloaded with Co2� and cal-
cein-AM were treated with 0.2 �M TMRM and imaged by confocal
microscopy. The calcein and TMRM fluorescence components of the
image are shown in A and B, respectively. Bar, 7 �m. (C) Fluorescence
levels of the two probes before and 1 min after the addition of 2 �M FCCP.
The uncoupler treatment caused an increase in mitochondrial calcein
fluorescence concomitant with TMRM release (C).

FIGURE 8 Effect of CsA and CsH on the changes of mitochondrial
calcein fluorescence in intact cells. MH1C1 cells coloaded with Co2� and
calcein AM were imaged, and frames were collected at 30-s intervals in the
absence (control, f) and in the presence of either 1.5 �M CsA (�) or 1.5
�M CsH (‚). Where indicated (2), 2 �M A23187 was added. Mitochon-
drial fluorescence changes were analyzed as described in Materials and
Methods. Values are means � SD of different experiments (control, n � 5;
CsA, n � 6; CsH, n � 3). *, Significantly different from control cells
(unpaired t-test, p � 0.01). Note that before the rapid decrease induced by
the Ca2� ionophore, the mitochondrial fluorescence of calcein showed a
spontaneous decrease that was significantly prevented by cyclosporin A.
Conversely, the values for CsH-treated cells were not significantly differ-
ent from control values.
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not shown), despite the spontaneous decrease in mitochon-
drial calcein fluorescence. However, TMRM is not adequate
to detect changes in ��m in the millisecond range, which is

well above the time required for the open-closed transition
of MTP (Szabo and Zoratti, 1991). The fact that TMRM
fluorescence does not change over time indicates that the
gradual decrease in calcein fluorescence is related to tran-
sient MTP activity, because a prolonged or irreversible
opening should have resulted in a ��m drop.

The results of the present work thus support the existence
of reversible MTP openings of short duration, which are
consistent with a physiological role for the permeability
transition. Furthermore, they indicate that powerful inhibi-
tory systems prevent long-lasting, potentially irreversible
openings, which could be lethal. How these inhibitory sys-
tems may be overcome in accidental and programmed cell
death remains a key question that the calcein-entrapment
technique may help to resolve.
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Hüser, J., C. E. Rechenmacher, and L. A. Blatter. 1998. Imaging the
permeability pore transition in single mitochondria. Biophys. J. 74:
2129–2137.

Ichas, F., L. S. Jouaville, and J. P. Mazat. 1997. Mitochondria are excitable
organelles capable of generating and conveying electrical and calcium
signals. Cell. 89:1145–1153.

Ichas, F., L. S. Jouaville, S. S. Sidash, J. P. Mazat, and E. L. Holmuhame-
dov. 1994. Mitochondrial calcium spiking: a transduction mechanism
based on calcium-induced permeability transition involved in cell cal-
cium signalling. FEBS Lett. 348:211–215.

Imberti, R., A. L. Nieminen, B. Herman, and J. J. Lemasters. 1993.
Mitochondrial and glycolytic dysfunction in lethal injury to hepatocytes
by t-butylhydroperoxide: protection by fructose, cyclosporin A and
trifluoperazine. J. Pharmacol. Exp. Ther. 265:392–400.

Kendall, D. A., and R. C. MacDonald. 1982. A fluorescence assay to
monitor vesicle fusion and lysis. J. Biol. Chem. 257:13892–13895.

Kroemer, G., P. Petit, N. Zamzami, J. L. Vayssiere, and B. Mignotte. 1995.
The biochemistry of programmed cell death. FASEB J. 9:1277–1287.

Kroemer, G., N. Zamzami, and S. A. Susin. 1997. Mitochondrial control of
apoptosis. Immunol. Today. 18:44–51.

Latorre, R., and O. Alvarez. 1981. Voltage-dependent channels in planar
lipid bilayer membranes. Physiol. Rev. 61:77–150.

Loew, L. M., R. A. Tuft, W. Carrington, and F. S. Fay. 1993. Imaging in
five dimensions: time-dependent membrane potentials in individual mi-
tochondria. Biophys. J. 65:2396–2407.

Miyata, H., H. S. Silverman, S. J. Sollott, E. G. Lakatta, M. D. Stern, and
R. G. Hansford. 1991. Measurement of mitochondrial free Ca2� con-
centration in living single rat cardiac myocytes. Am. J. Physiol. 261:
H1123–H1134.

Nicolli, A., E. Basso, V. Petronilli, R. M. Wenger, and P. Bernardi. 1996.
Interactions of cyclophilin with the mitochondrial inner membrane and
regulation of the permeability transition pore, and cyclosporin A-sensi-
tive channel. J. Biol. Chem. 271:2185–2192.

Nieminen, A. L., A. K. Saylor, S. A. Tesfai, B. Herman, and J. J.
Lemasters. 1995. Contribution of the mitochondrial permeability tran-
sition to lethal injury after exposure of hepatocytes to t-butylhydroper-
oxide. Biochem. J. 307:99–106.

O’Rourke, B., B. M. Ramza, and E. Marban. 1994. Oscillations of mem-
brane current and excitability driven by metabolic oscillations in heart
cells. Science. 265:962–966.

Pastorino, J. G., J. W. Snyder, A. Serroni, J. B. Hoek, and J. L. Farber.
1993. Cyclosporin and carnitine prevent the anoxic death of cultured
hepatocytes by inhibiting the mitochondrial permeability transition.
J. Biol. Chem. 268:13791–13798.

Perin, M. S., and R. C. MacDonald. 1989. Fusion of synaptic vesicle
membranes with planar bilayer membranes. Biophys. J. 55:973–986.

Petronilli, V., P. Bernardi, M. Canton, R. Colonna, G. Miotto, and F. Di
Lisa. 1998. Direct evidence of the mitochondrial permeability transition
pore (MTP) in single living cells. Biophys. J. 74:A383 (Abstr.).

Petronilli, V., C. Cola, S. Massari, R. Colonna, and P. Bernardi. 1993.
Physiological effectors modify voltage sensing by the cyclosporin A-
sensitive permeability transition pore of mitochondria. J. Biol. Chem.
268:21939–21945.

Petronilli, V., G. Miotto, R. Colonna, P. Bernardi, and F. Di Lisa. 1997.
Tetramethylrodamine (TMRM) quenching of calcein fluorescence limits
the evaluation of intracellular distribution of calcein. Biophys. J. 70:
A210 (Abstr.).

Rutter, G. A., P. Burnett, R. Rizzuto, M. Brini, M. Murgia, T. Pozzan, J. M.
Tavare, and R. M. Denton. 1996. Subcellular imaging of intramitochon-
drial Ca2� with recombinant targeted aequorin: significance for the
regulation of pyruvate dehydrogenase activity. Proc. Natl. Acad. Sci.
USA. 93:5489–5494.

Seglen, P. O. 1976. Preparation of isolated rat liver cells. Methods Cell
Biol. 13:29–83.

Szabo, I., P. Bernardi, and M. Zoratti. 1992. Modulation of the mitochon-
drial megachannel by divalent cations and protons. J. Biol. Chem.
267:2940–2946.

Szabo, I., and M. Zoratti. 1991. The giant channel of the inner mitochon-
drial membrane is inhibited by cyclosporin A. J. Biol. Chem. 266:
3376–3379.

Szabo, I., and M. Zoratti. 1992. The mitochondrial megachannel is the
permeability transition pore. J. Bioenerg. Biomembr. 24:111–117.

Venerando, R., G. Miotto, M. Kadowaki, N. Siliprandi, and G. E. Morti-
more. 1994. Multiphasic control of proteolysis by leucine and alanine in
the isolated rat hepatocyte. Am. J. Physiol. 266:C455–C461.

Wallach, D. F. H., and T. L. Steck. 1963. Fluorescence techniques in the
microdetermination of metals in biological materials. Anal. Chem. 35:
1035–1044.

Woodbury, D. J., and J. E. Hall. 1988. Role of channels in the fusion of
vesicles with a planar bilayer. Biophys. J. 54:1053–1063.

Zoratti, M., and I. Szabo. 1995. The mitochondrial permeability transition.
Biochim. Biophys. Acta. 1241:139–176.

734 Biophysical Journal Volume 76 February 1999


	Transient and Long-Lasting Openings of the Mitochondrial Permeability Transition Pore Can Be Monitored Directly in Intact Cells by Changes in Mitochondrial Calcein Fluorescence
	Introduction
	Materials and methods
	Cell isolation and culture
	Mitochondrial isolation and calcein loading
	Spectrofluorometry
	Cell microinjection
	Calcein staining procedures
	Cell permeabilization
	Epifluorescence and laser confocal microscopy
	Data analysis

	Results
	Mitochondrial accumulation of calcein
	MTP-dependent mitochondrial release of calcein in permeabilized cells
	Co2+ quenching of cytosolic calcein allows visualization of mitochondria in situ
	Probing MTP opening in intact cells

	Discussion
	Strategies for the direct monitoring of MTP
	Mitochondrial calcein as a probe for MTP
	MTP opening in situ

	References


