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Mitochondria in tumor cells studied by laser scanning
confocal microscopy
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Abstract. We present here a confocal fluorescence microscopy study
of mitochondria in sensitive and resistant carcinoma cells by using
two potentiometric probes of mitochondria, rhodamine 123 (R123)
and dimethylaminostyryl-methylpyridiniumiodine. We have found
that active mitochondria in sensitive MCF-7 and multidrug resistant
MCF-7/DX carcinoma cells are very different in localization and mor-
phology. In sensitive cells active mitochondria are found in the peri-
nuclear region, whereas in the multidrug resistance (MDR) subline
they are confined to the cell periphery. Interestingly, the MDR rever-
tant verapamil has been found to restore in MCF-7/DX cells the same
pattern of active mitochondria seen in sensitive cells. We have also
studied R123 in human lung carcinoma A549 cells, which display a
low responsivity to doxorubicin, and overexpress the lung resistance-
related protein. In addition to perinuclear mitochondria, peripheral
mitochondria with weaker fluorescence can be seen in this cell line.
Interestingly, in the two examined carcinoma lines we have been able
to recognize by image analysis a common new star-lobed morphol-
ogy. Our results indicate that in resistant carcinoma cells two popula-
tions of mitochondria coexist with different localization, morphology,
and activity. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1646414]

Keywords: confocal fluorescence microscopy; mitochondria; carcinoma cells; mul-
tidrug resistance; mitochondria morphology; image analysis.

Paper 03027 received Mar. 11, 2003; revised manuscript received Jul. 25, 2003;
accepted for publication Jul. 28, 2003.
,

y

-

g

ast
n-
ra-

mor
es-
-
rom
ent
re

op-
-
ole
s
sis-
con-

ed

ma
of

rug
for
1 Introduction
A major problem in cancer chemotherapy is still resistance
namely the lack of responsivity that tumor cells display to-
ward chemotherapeutic drugs. In the case of multidrug resis
tance~MDR!, a well-characterized form of resistance, tumor
cells exposed to a single drug become resistant to drugs an
molecules of unrelated chemical structures such as anthrac
clines, taxols, vinka alkaloids, and a few fluorescent dyes.

As widely reviewed in the literature,1–4 MDR is a complex
multifactorial phenomenon, correlated with different pheno-
typic alterations, such as the alkalization of the intracellular
pH5,6 and an expanded secretory network.7 MDR cells over-
express one or more glycoproteins, which are responsible fo
an enhanced cellular detoxification. Among these glycopro
teins the 170 kDP-glycoprotein~P-gp 170!, encoded by the
mdr1 gene, has been widely characterized.8–10 It has been
suggested that this protein is an ATP-ase that pumps dru
molecules out of the cell, reducing therefore the intracellular
drug accumulation. Other overexpressed proteins are the 19
kD multidrug resistance associated protein~MRP 1!,11,12

which participates to cellular detoxification through the glu-
tathione pathway,13 and the lung resistance protein~LRP!,
which is probably involved in the outward transport of drugs
from the nucleus.3
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In spite of the large number of studies reported in the l
decade,14,15 the understanding of drug resistance is still i
complete. Little is known about the interactions and the int
cellular localization of drugs in MDR cells,3,16–19 and about
the cell biology of resistant and MDR cells.4,20–22

Recently, it has been suggested that the resistance of tu
cells to anticancer drugs is related to the cell capacity of
caping apoptosis.23 Indeed, in addition to its role in drug ef
flux, P-gp 170 has been shown to protect resistant cells f
apoptosis and in particular from caspase-depend
apoptosis.24–26 New chemotherapeutic agents are therefo
under study to specifically overcome the blocks in the ap
tosis pathway of resistant cells.27–29 In this perspective, atten
tion has been devoted to mitochondria due to their critical r
in apoptosis.30–32The study of mitochondria in tumor cells i
therefore an important subject for the understanding of re
tance. To this end, we have undertaken a laser scanning
focal fluorescence microscopy~LSCFM! study in single liv-
ing cells of rhodamine 123~R123!, a potentiometric vital
probe of mitochondria, whose specificity is well document
in the literature.23,33,34

We present here the R123 study in the human carcino
MCF-7 cell line, a good model system for the investigation
mitochondria in tumor cells,35 due to the high uptake of R123
that characterizes this cell line also in presence of multid
resistance. The results obtained for sensitive MCF-7 and
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Villa and Doglia
multidrug resistant MCF-7/DX cells indicate that mitochon-
dria are different for localization, morphology, and activity in
the two cell lines. In addition it has been found that in MDR
cells a drastic rearrangement in the system of active mito
chondria follows the treatment with verapamil, a calcium
channel blocker that is known to revert MDR.36,37 After this
treatment, the pattern of mitochondria seen in sensitive cells i
observed in the ‘‘reverted’’ MDR cells. We also present here
the study of R123 in human lung carcinoma A549, a cell line
known to overexpress the resistance protein LRP and to b
highly unaffected by antitumor drugs.38 We have found that
mitochondria in this cell line share interesting features with
those of multidrug resistant carcinoma MCF-7/DX cells.

To obtain these results, we have taken advantage of th
high sensitivity of the photon counting detection of the fluo-
rescence confocal microscope employed in this study~MRC-
600, Bio-Rad!. This detection has enabled us to image—at the
highest spatial resolution allowed by confocal optics—
mitochondria in their functional state, by reducing the laser
power excitation to values that do not damage cell viability
and functions,17,19 a crucial condition for the study of mito-
chondria in living cells.39 Furthermore, by image analysis we
have characterized the morphology of peripheral mitochon
dria, newly observed in resistant cells.

2 Materials and Methods
2.1 Chemicals
R123, dimethylaminostyryl-methylpyridiniumiodine
~DASPMI!, C6– NBD–ceramide and verapamil were pur-
chased from Molecular Probes~Eugene, OR!, doxorubicin
from Pharmacia-Farmitalia, Nerviano, Italy. The stock solu-
tion concentrations of R123 and DASPMI were determined
by spectrophotometric methods.

2.2 Cell Culture
The human breast carcinoma MCF-7 cell line and its derived
multidrug resistant subline MCF-7/DX were a kind gift of
Professor M. Manfait~Reims University, Reims, France!. To
confirm the data obtained on these cell lines, we repeated th
experiments on the sensitive and resistant MCF-7 cell line
given by Dr. G. Arancia~Istituto Superiore di Sanita`, Roma,
Italy!, who also kindly provided the human lung carcinoma
A549, a cell line that is resistant to doxorubicin. The MCF-
7/DX and A549 cell lines are known to overexpress, respec
tively, the Pgp-170 glycoprotein40 and the LRP.38

Other carcinoma cells were also examined: the huma
ovary adenocarcinoma A2780 cell line and its multidrug re-
sistant sublines A2780/706, A2780/388, A2780/1039, the hu
man colon adenocarcinoma LoVo cell line and its MDR sub-
line LoVo/DX, all kindly given by Dr. Dario Ballinari
~Pharmacia, Milan, Italy!.

The MCF-7, A549, A2780 cells and their MDR sublines
were grown as monolayers in RPMI 1640~Hyclone, Cram-
lington, UK! supplemented with 10% FCS~Hyclone!, 2 mM
L-glutamine, and antibiotics at 37 °C, 5%CO2 . LoVo and
LoVo/DX cells were grown in Ham’s F12K medium with
10% FCS~Hyclone!, 2 mM L-glutamine, and antibiotics at
37 °C, 5%CO2 . The resistant MCF-7/DX cells were cultured
in the presence of 1mM doxorubicin, while the LoVo/DX
386 Journal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2
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cells were maintained in the presence of 170 nM doxorubic
Before the use, resistant cells were grown for at least 2
weeks in drug-free medium.

2.3 Sample Preparation
The cells were seeded in 35 mm Petri dishes and allowe
grow, at 37 °C and 5%CO2 , up to 50%–70% confluence. A
this stage the medium was removed and the cells were wa
twice with phosphate buffered saline~PBS! and incubated at
37 °C and 5%CO2 in the growth medium containing the ap
propriate dye or drug for each specific experiment. For R1
staining, cells were incubated for 10 min in 1mM R123 so-
lution. This staining procedure has been optimized in orde
allow cell viability and a high R123 accumulation. This la
requirement is essential to study mitochondria in the MD
sublines, as R123 has been shown to be a substrate for
ward transport in MDR cells. In the case of DASPMI, a co
centration of 10mM was used with an incubation time of 3
min. After incubation, cells were washed twice with PB
Few microliters of PBS were added before the coverslip w
placed on to prevent cell drying.

For the vital staining of the Golgi apparatus41 50 nmol of
C6– NBD–ceramide were dissolved in 10 mL of Hepe
buffered minimal essential medium~HMEM! containing 0.34
mg/mL of defatted BSA. The solution was dialyzed for 12 h
4 °C against 500 mL of HMEM. A final solution of the com
plex C6– NBD–ceramide/BSA at a concentration of 5mM
was used for a 30 min incubation of MCF-7 cells. Cells we
then washed twice before measurements.

For the experiment with FCCP, cells were incubated with
mM R123 for 10 min as described earlier. After washing,
mL of PBS was added to the Petri dish. A LSCFM image w
collected by the Nikon 203 air objective@numerical aperature
(NA)50.4]. Then 50mL of the FCCP stock solution was
added, to reach the final concentration of 100mM.42 Cells
were again imaged 10 min after the addition of FCCP, in
same optical conditions. For the verapamil experiment
MCF-7/DX cells, cells were preincubated in culture mediu
with 100 mM verapamil for 10 min at 37 °C, 5%CO2 . Then
a small volume of a R123 solution was added to reach
final concentration of 1mM. After 10 min of this double in-
cubation in the presence of R123 and verapamil, cells w
washed with PBS. A few microliters of a 100mM verapamil
solution were then added to the cells before the coverslip
placed on. The whole procedure was completed in abou
min. The R123 fluorescence images were then collected
mediately after.

For the experiment on MCF-7/DX cells after a short ver
pamil treatment, cells were incubated in a 100mM verapamil
solution for 10 min as before. Then a R123 solution w
added to the cells at a final concentration of 1mM, removing
immediately the medium in excess without any washing,
order to inspect immediately the cells. The coverslip w
placed on the cells and the measurement was started abo
min after the addition of verapamil.

2.4 Confocal Fluorescence Microscopy
The intracellular distribution of R123, DASPMI, an
C6– NBD–ceramide were studied by laser scanning confo
microscopy using the MRC-600 microscope~Bio-Rad, Hemel
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Mitochondria in tumor cells . . .
Hempstead, UK!. The scanning head of the MRC-600 has
been coupled to an upright epifluorescence microscope Niko
Optiphot-2~Nikon, Tokyo, Japan! with the oil immersion ob-
jective Nikon Planapochromat 603 ~NA 1.4!. A 203 objec-
tive was instead employed when a larger field of view was
required. A 25 mW argon laser was used for fluorescenc
excitation at 488 nm. The fluorescence emission was detecte
through a long pass filter above 515 nm, by the fast photon
counting mode of the MRC-600 microscope. The high sensi
tivity of the photon counting detection has allowed us to em-
ploy a low laser power excitation of 0.1 mW at the entry of
the optical head. This is a crucial condition for the study of
active mitochondria in living cells, since mitochondria are
known to be damaged by light.39,43 In particular, we have
observed that peripheral mitochondria can be seriously dam
aged by continuous irradiation. For their detection it has bee
therefore essential to employ a scanning excitation at low
power.

The R123 distribution in the cell lines MCF-7, MCF-7/
DX, and A549 was found to be fully reproducible under con-
dition of cell viability ~over 500 cells examined in 10 inde-
pendent experiments for the MCF-7 cell lines!.

2.5 Image Analysis
In order to see the morphology of the two different pools of
mitochondria, image processing has been performed by usin
the LaserPix program from Bio-Rad~Hemel Hempstead,
UK!. Two morphological filters have been used: thewhite top
hat filter and theblack top hatfilter. The white top hatfilter
emphasizes the brighter structures and, by enhancing the co
trast it makes possible to see the organelle shape. Theblack
top hat displays only the structures contour, setting to black
the fluorescent core of the structure itself. The effect of this
latter filter can be well appreciated when a gray scale inver
sion is applied. In this work we have used the following filters
setting: Kernelsize5737; passes51; strength510.

3 Results
3.1 Different Mitochondria in Sensitive and
Multidrug Resistant Cells
The intracellular distribution of rhodamine 123 has been stud
ied by LSCFM in sensitive and multidrug resistant MCF-7
carcinoma cells. In sensitive cells@Fig. 1~a!#, highly fluores-
cent mitochondria are observed in the cytoplasm with the ex
clusion of the Golgi region as described in the literature.33,34,43

To better visualize this localization we have studied in MCF-7
cells the distribution ofC6– NBD–ceramide@see Fig. 1~b!#, a
vital stain of the Golgi system. By comparing Figs. 1~a! and
1~b!, it is possible to see that mitochondria are crowded
around the nucleus and spread toward the cell periphery. The
display polymorphic structures, with spherical, tubular, and
bean-like shapes.35,44,45This morphology will be better appre-
ciated after the image analysis reported in the next paragrap

In multidrug resistant MCF-7/DX cells, instead, an unex-
pected result is found~Fig. 2!. In these cells no active mito-
chondria are observed in the central cytoplasm, but only in th
subplasmalemmal region, where they constantly display
‘‘punctate’’ pattern. As will be shown by the image analysis in
the next paragraph, these peripheral mitochondria exhibit
peculiar morphology with a star-lobed organization. The over-
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all R123 fluorescence intensity of these mitochondria
MCF-7/DX cells is reduced by a factor of 2 compared wi
that of mitochondria in sensitive cells. This is an expec
result since R123 has been shown to be a substrate for
enhanced MDR efflux mechanism.16,18 We should also note
that MCF-7/DX cells have a different morphology compar
with sensitive cells, forming looser colonies and displayi
several filopodia. In the next section we will discuss the p
sible meaning of these morphological characteristics.

Fig. 1 Fluorescence images of sensitive human breast carcinoma
MCF-7 cells: (a) active mitochondria stained by rhodamine 123 and
(b) the Golgi apparatus stained by the vital fluorescent probe
C6 –NBD-ceramide.

Fig. 2 Fluorescence images of rhodamine 123 in multidrug resistant
MCF-7/DX cells.
rnal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2 387
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Villa and Doglia
Fig. 3 Fluorescence images of DASPMI, a potentiometric probe of
mitochondria, (a) in human breast carcinoma sensitive MCF-7 cells,
and (b) in multidrug resistant MCF-7/DX cells.
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The differences in the mitochondria of MCF-7 and MCF-
7/DX cells have been confirmed by a different potentiometric
probe, DASPMI. Again active mitochondria are observed
through the whole cytoplasm in sensitive cells@Fig. 3~a!#,
whereas in resistant cells they are confined in the cell periph
ery @Fig. 3~b!#.

We have verified the effect of a proton ionophore on R123
fluorescence in MCF-7 and MCF-7/DX cells. Since potentio-
metric probes are accumulated and retained by the mitochon
dria membrane potential, no mitochondria fluorescence is ex
pected when the potential is dissipated. Indeed, no R12
fluorescence was detected in both cell lines after the treatme
with the uncoupler FCCP~data not shown!. This experiment
confirms that the two potentiometric probes stain active mito
chondria in sensitive and MDR cells. We have also studied th
intracellular fluorescence of R123 in human colon adenocar
cinoma LoVo cells and in human ovarian carcinoma A2780
cells, as well as in their MDR sublines. In these two sensitive
cell lines, active mitochondria were found in the central re-
gion of the cytoplasm, displaying the morphology seen in
sensitive MCF-7 cells~data not shown!. None of these cells
showed punctate mitochondria in the subplasmalemmal re
gion. In the LoVo and A2780 MDR sublines, no R123 intra-
cellular fluorescence was instead observed, a result that mig
be due to a very efficient R123 efflux in these MDR carci-
noma cells. Apparently, MCF-7/DX cells have, also in pres-
ence of MDR, a high R123 retention that could explain the
388 Journal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2
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staining of peripheral mitochondria, not observed under
same conditions in the LoVo and A2780 MDR cell lines.
order to overcome this difficulty we have examined resist
cells not expressing Pgp-170.

We have, therefore, studied the R123 fluorescence in
man lung carcinoma A549 cells. These cells, which displa
low responsivity to doxorubicin,38 are characterized by the
overexpression of the LRP. As can be seen in Fig. 4, t
display highly fluorescent mitochondria in the perinuclear
gion of the cytoplasm. These mitochondria are similar
localization and morphology to those observed in sensit
MCF-7 cells@Fig. 1~a!#. In addition, a system of mitochondri
can be seen in the cell periphery~Fig. 4!, with an average
fluorescence intensity 4–5 times weaker than that of cen
mitochondria. Also in this case, to visualize the morpholo
of these peripheral mitochondria, we have performed the
age analysis that is reported in the next paragraph.

3.2 Morphology of Central and Peripheral
Mitochondria
In order to compare the morphology of the central and peri
eral mitochondria, image analysis procedures have been
plied to the confocal R123 fluorescent images of MCF-7 a
A549 cells~Figs. 1, 2, and 4!. The morphological filterswhite
top hat and black top hat~LaserPix, Bio-Rad! have been used
for this study. A high magnification image of a sensitiv
MCF-7 cell and its image analysis are shown in Fig. 5. T
well-known filamentous, bean-shaped and polymorphic m
phology of mitochondria33,34,45can be easily identified by the
direct inspection of the fluorescent data@Fig. 5~a!#, but it is
better appreciated after filter treatments@Figs. 5~c!–5~e!#.

In Figs. 6~a! and 6~b! the apical region of MCF-7/DX cells
is reported. Here the morphology of the less fluorescent
ripheral mitochondria is significantly improved by image fi
tering @Figs. 6~c!–6~e!#. This image analysis shows a sta
lobed organization not yet reported for mitochondria in livin
cells.

The same analysis has been performed on the R123 fl
rescence image of an A549 cell reported in Fig. 4. Here
morphology of peripheral mitochondria is hardly appreciat
by a visual inspection of the data in Fig. 4, due to their lo
fluorescence intensity. The application of theblack top hat
filter allows to recognize a star-lobed organization also in t
case. Surprisingly, it is identical to that found for periphe
mitochondria in resistant MCF-7/DX cells.

3.3 Two Populations of Mitochondria Coexist in
MCF-7/DX Cells
To explore what happens to the peripheral mitochondria w
an MDR revertant is supplied to MCF-7/DX cells, we ha
studied the effect of verapamil, a well-known revertant
multidrug resistance. As can be seen from Fig. 7, when re
tant MCF-7/DX cells are incubated with R123 in the presen
of verapamil, a drastic change in the fluorescence distribu
is observed: peripheral mitochondria disappear and a poo
mitochondria similar to that of sensitive cells becomes flu
rescent, with an intensity at the level of sensitive cells.

This result could be explained in two alternative way
One possibility is that verapamil might induce a dislocation
peripheral mitochondria toward the center of the cell and



Mitochondria in tumor cells . . .
Fig. 4 (a) Fluorescence image of rhodamine 123 in human lung carcinoma A549 cells. In addition to highly fluorescent central mitochondria,
mitochondria with a lower fluorescence are also present in the periphery of the cell. (b) Enlarged image of peripheral mitochondria. (c) The
fluorescence image b has been processed by the black top hat filter (LaserPix software, Bio-Rad). (d) The processed image c after gray scale
inversion.
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change in their morphology. Alternatively, two different popu-
lations of mitochondria could coexist in the cell. If this is the
case, central mitochondria might be present in resistant cell
although not active.

To discriminate between these two cases, R123 fluores
cence distribution has been studied in resistant cells after
short treatment with verapamil, as explained in Sec. 2. A se
ries ofz-section images has been collected in order to explor
the peripheral and central regions of the cytoplasm, where th
two types of mitochondria are expected to be found. As can b
seen in Fig. 8, at the initial stage of the experiment, after 12
min of verapamil incubation, both peripheral and central mi-
tochondria are simultaneously fluorescent. Peripheral mito
chondria are localized in the apical region@Fig. 8~a!# while
central mitochondria are evident in the adhesion plane 4mm
below @Fig. 8~b!#. At longer times~about 45 min after the
addition of verapamil and 30 min after the addition of R123!
the fluorescence of peripheral mitochondria disappears an
only central mitochondria remain fluorescent as already ob
served in the experiment of Fig. 7. In a control experiment
performed in absence of verapamil but under the same R12
Jou
,

-

incubation conditions~30 min!, only peripheral mitochondria
were observed. This excludes that the staining of central
tochondria could be due to a longer R123 incubation time

This experiment, therefore, seems to indicate that t
populations of mitochondria are simultaneously present
multidrug resistant MCF-7/DX cells: a peripheral populatio
of active mitochondria and a central population of mitocho
dria with no membrane potential, not detectable by poten
metric probes. In these cells verapamil seems to induc
dissipation of membrane potential in peripheral mitochond
and to reset the potential of central mitochondria to the le
of sensitive cells.

4 Discussion
In this study we have shown that active mitochondria in s
sitive and multidrug resistant MCF-7 carcinoma cells are s
prisingly different in localization and morphology. We hav
found that in sensitive MCF-7 cells active mitochondria i
vade the whole cytoplasm from the perinuclear region to
cell periphery and display a polymorphic morphology as d
rnal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2 389
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Fig. 5 (a) Fluorescence image of rhodamine 123 in a single sensitive MCF-7 cell. (b) Enlarged view of central mitochondria. Image analysis of b is
performed: in (c) by the white top hat filter and in (d) by the black top hat filter (LaserPix software, Bio-Rad); (e) same image as in d after gray scale
inversion.
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scribed in the literature.39,46,47In multidrug resistant cells ac-
tive mitochondria are instead localized in the subplasmalem
mal region, constantly displaying a homogeneous pattern o
star-lobed structures~Fig. 6!. No mitochondria are instead ob-
served in the inner cytoplasm of multidrug resistant MCF-7/
DX. Since R123 is a MDR substrate, the lack of R123 fluo-
rescence on central mitochondria in MCF-7/DX cells might
be simply due to the efficient outward Pgp-170 transpor
which is active in MDR cells. In this hypothesis, Pgp-170
activity would lower the intracellular R123 concentration,
particularly in the perinuclear region, therefore limiting the
staining of mitochondria. However, in MCF-7/DX cells, as
indicated by Figs. 7 and 8, central mitochondria reach the
vicinity of the subplasmalemmal region and are contiguous to
the fluorescent peripheral mitochondria: they have, conse
quently, access to the dye. The lack of R123 fluorescence o
central mitochondria in these cells seems, therefore, to refle
the absence of membrane potential. Moreover, we have foun
that the MDR revertant verapamil is able to switch the mem-
brane potential of the two pools of mitochondria, leading to
390 Journal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2
f
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the deenergization of peripheral mitochondria and to the a
vation of mitochondria in the bulk cytoplasm of MCF-7/DX
cells.

Since these two pools of mitochondria are alternativ
active, they appear to be independent and unconnected.
results seem, therefore, to suggest that two population
mitochondria are simultaneously present in resistant MC
7/DX cells: peripheral mitochondria, which are found to
active and central mitochondria with no membrane potent

Furthermore, we have also shown that the presence
mitochondria population in the cell periphery is not limited
multidrug resistant MCF-7/DX cells expressing Pgp-170.
deed, we have observed peripheral mitochondria with
same peculiar morphology also in human lung carcino
A549 cells, a cell line with a low responsivity to doxorubic
that overexpresses LRP instead of Pgp-170.

A question then arises on the functional role of the tw
mitochondria populations in resistant carcinoma cells. In th
last years it has become clear that mitochondria play an
portant role in cell calcium homeostasis48 and apoptosis.30–32
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Fig. 6 (a) Confocal fluorescence image of rhodamine 123 in multidrug resistant MCF-7/DX cells. (b) An enlarged view of peripheral mitochondria.
Image analysis of B is performed: in (c) by the white top hat filter (LaserPix software, Bio-Rad) and in (d) by the black top hat filter; (e) same image
as in d after gray scale inversion.

Fig. 7 Rhodamine 123 fluorescence in multidrug resistant MCF-7/DX
cells after verapamil incubation. This treatment induces a drastic
change in the system of active mitochondria: (a) in the adhesion plane
peripheral mitochondria are absent; only central mitochondria are
seen through the cytoplasm, as in sensitive MCF-7 cells; (b) peripheral
subplasmalemmal mitochondria are absent also in the apical plane.

Fig. 8 Rhodamine 123 fluorescence in multidrug resistant MCF-7/DX
cells after a short treatment with verapamil (10 min). Central and pe-
ripheral mitochondria are simultaneously active: (a) peripheral mito-
chondria are observed in the apical plane; (b) both central and pe-
ripheral mitochondria can be seen in the adhesion plane.
Jou
rnal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2 391
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Villa and Doglia
As extensively observed in various cell types,49,50 mitochon-
dria are often found close to the endoplasmic reticulum~ER!,
i.e., close to the main intracellular calcium store, where they
participate to the calcium signaling from the ER.51 However,
by electron microscopy Lawrie et al.52 have shown that in
excitable endothelial ECV-304 cells a consistent group of mi-
tochondria is distributed near the plasma membrane. Thes
authors have suggested that mitochondria cluster in this pe
ripheral localization to buffer the highCa21 concentration
created by the calcium influx that characterizes excitable
cells. In living pancreatic acinar cells53 three populations of
mitochondria have been seen to participate independently t
the local energy supply andCa21 sequestration, each popula-
tion being active in a different cell compartment, where they
have different functional roles. Near the plasma membrane
for example, peripheral mitochondria are involved in the
store-operated calcium entry, while mitochondria in the peri-
granular region supply ATP for secretion.

In immature retinal oligodendrocytes a LSCFM study of
rhodamine 12354 has interestingly shown that active mito-
chondria are confined only to the tips of the cellular pro-
cesses. However, when these cells were observed by electr
microscopy, i.e., by a technique that detects mitochondria in
dependently of their membrane potential, mitochondria were
found evenly distributed through the cytoplasm. These result
indicate that in these immature cells, similarly to what is
found in our MCF-7/DX cells, two mitochondria populations
are present: an active population at the cell periphery, and
population with no membrane potential in the central peri-
nuclear region. In this case, it was suggested that the periph
eral concentration of active mitochondria might be necessar
for the energy supply required by the rapid growing of the
processes and forCa21 signaling. These earlier investigations
all clearly illustrate that the localization of mitochondria is set
to meet the different functional needs of the cell. In particular,
the role of peripheral mitochondria is to accumulate calcium
at the mouth of plasma membraneCa21 channels and to sup-
ply energy for cell motility and secretion. Central mitochon-
dria are instead involved in calcium signaling from the ER
and in the cell apoptotic pathways, as recently discussed i
the literature.31,32,49

In this perspective, we suggest that the two populations o
mitochondria in multidrug resistant MCF-7/DX carcinoma
cells have different roles. Peripheral mitochondria might sup
ply ATP for cell detoxification and motility. Indeed a higher
motility and invasivity generally characterizes multidrug re-
sistant carcinoma cells compared with their parental sensitiv
cells.55 In addition, our resistant MCF-7/DX cells display the
characteristic morphology of the invasive phenotype, namely
a fusiform shape and filopodia.56,57 Interestingly, it has been
recently shown by De Larco et al.58 that doxorubicin, even
after a short treatment, permanently increases the invasiv
potential of MCF-7 cells. After this treatment, sensitive cells
undergo an epithelial-to-fibroblastic transition. They acquire a
fusiform morphology and the ability to migrate and induce
metastasis, characteristic features of tumor progression. Sin
our multidrug resistant MCF-7/DX cells were grown in pres-
ence of doxorubicin, it is possible that also in our case the
exposition to the drug was responsible for inducing the meta
static phenotype. In this context, it is interesting to point out
that verapamil, which we have found to deactivate periphera
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mitochondria in MCF-7/DX cells, is known to inhibit tumo
invasion and metastasis.59 Verapamil has been also seen
block cell migration in epidermal dendritic cells expressi
Pgp-170.60 Peripheral mitochondria, therefore, seem to hav
role in the motility and invasivity of carcinoma cells.

We have also reported here the presence of peripheral
tochondria with low membrane potential in lung carcinom
A549, a cell line that is normally noninvasive, but that c
undergo a metastatic transformation when exposed to gen
and metabolic stresses.56,57 We suggest that the presence
peripheral mitochondria with low activity in these cells mig
be an indication of their capacity to become invasive a
metastatic.

Concerning central mitochondria, we have found that th
are active in sensitive cells, but not in multidrug resista
MCF-7/DX cells. This selective deactivation might reflect
alteration of ER calcium signaling as recently seen by Coll
et al.61 in HeLa cells. In human hepatocarcinoma HepG
cells, Ca21 signals from ER to central mitochondria hav
been shown to trigger apoptosis in presence of proper ap
totic agents.62 The deactivation of central mitochondria i
MCF-7/DX cells could, therefore, interfere with the cell ap
ptotic pathways and contribute to the cell drug resistance.
suggestion is consistent with the recent finding that tumor
resistance is often due to blocks in the cell apopto
pathways.23,25,26It should also be mentioned that the overe
pression of Pgp-170 directly protects resistant tumor c
from caspase-dependent apoptosis,24–26 an apoptotic pathway
which can be activated by anticancer drugs. The protec
role of Pgp-170 against apoptotic death has been suggest
occur also in other cellular systems known to express P
such as stem cells and immune cells.26,63 In these cells, the
apoptotic agents might be removed by the efflux activity
Pgp-170.26 Taking into account all these results, we sugg
that in multidrug resistant MCF-7/DX cells the lack of activ
ity of central mitochondria and the antiapoptotic action
Pgp-170 might both contribute to drug resistance by block
the cell apoptotic pathways. The possible correlation betw
these two protective mechanisms remains at present an
question.

The two populations of mitochondria that we have fou
in resistant MCF7/DX cells with different energetic stat
morphology, and localization, seem therefore to be involv
in different cellular processes. Further studies of the fu
tional roles of mitochondria in carcinoma cells might then
useful for a better understanding of resistance and tumor
gression. They might also help to find new strategies in can
therapy and detection.
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