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A B S T R A C T

The interaction of ethidium bromide (EB) with mitochondria in human breast and lung car-

cinoma cells was investigated under living conditions, employing a laser scanning confocal

fluorescence microscopy (LSCFM) with a photon counting detection to reduce drastically

the laser power excitation and the fluorescent probe concentration. In sensitive and mul-

tidrug resistant MCF-7 cell lines, which are important model systems for the study of mito-

chondria in tumour cells, two distinct populations of mitochondria were observed, each

characterized by a different EB fluorescence, membrane potential, cellular localization

and morphology. By image analysis, these peripheral mitochondria showed a peculiar mor-

phology, consisting of punctuate organelles (0.8 lm in size) organized in rosette-like assem-

blies. Unexpectedly, an intense EB fluorescence was observed in these mitochondria,

indicating a high accessibility to EB of their mtDNA, which is likely to be in an active rep-

licative or transcriptional state. These results might, therefore, suggest an active biogenesis

and metabolism of the peripheral mitochondria that could be a consequence of the

increased energetic needs of the cells, after their tumour transformation. Indeed, the pool

of peripheral mitochondria, as well as their peculiar morphology and spatial organization,

were found to be a characteristic feature of all the carcinoma cells examined here, but not

of their non-transformed parental MCF10A cells.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Mitochondria not only play a central role in cell physiology

and metabolism, but are also involved in the regulation of cell

proliferation, differentiation and apoptosis, as widely shown

by several studies over the last decades.1 The impairments

of these processes have been found to be the hallmark of neu-

rodegenerative diseases2 and cancer.3 Indeed, altered mito-

chondria regulation of apoptosis1 and cell metabolism4,5 – in

addition to mtDNA mutations,6 were observed in several

types of cancer cells. Whether these dysfunctions are among

the causes or if they are secondary effects of the tumour

transformation is still an open question.
er Ltd. All rights reserved

9; fax: +39 02 6448 3565.
b.it (S.M. Doglia).
Surprisingly, mtDNA seems to be involved in different

ways in the tumour transformation. In particular, in prostate

cancer cells the mtDNA depletion has been recently found to

activate the hypermethylation of nuclear DNA promoters,7 an

epigenetic alteration that is involved in the early development

of cancer.8 Moreover, an overexpression of proteins coded by

mtDNA, due to an enhanced transcription of the mitochon-

drial genome, was reported to occur after the malignant

transformation of human dermal fibroblasts and in

lymphomas.9,10

All these results suggest that mitochondria and mtDNA

play a crucial role in the onset and progression of cancer.

However, in spite of a large number of studies, mitochondria
.
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regulation of cell metabolism and mtDNA activity in tumour

cells are not yet fully understood. To address these issues,

non-invasive fluorescence imaging microscopies could be

very promising, since in recent years these techniques were

proved to be successful tools for the study of mitochondria

in single living cells.11–15 In particular, mtDNA has been

studied in living cells by fluorescence microscopy using ethi-

dium bromide (EB), a DNA intercalating fluorescent probe

known to stain nucleic acids in living cells,16–18 and whose

fluorescence has been found to vary with the conforma-

tional status of DNA.12,17–19 EB is well known to enter living

cells and to stain mitochondria, but it is not a potentiomet-

ric probe, as demonstrated in Refs. [16] and [24]. Instead, its

ability to accumulate in mitochondria is due to its high affin-

ity for RNA and DNA. In the last years EB has been used in

living cells as a probe of mtDNA to study mtDNA structural

changes,12,19 to demonstrate the presence of mtDNA nucle-

oids in mitochondria of human cells,20 and to monitor the

dynamics of nucleoids.21

In a previous work,22 we reported a laser scanning confocal

fluorescence microscopy (LSCFM) study of mitochondria in

carcinoma cells. Working at low power excitation and using

sensitive photon counting detection, it has been possible to

detect mitochondria under living conditions at high spatial

resolution after the staining with rhodamine 123 (R123), a

well-known potentiometric probe of mitochondria.23 Unex-

pectedly, two independent mitochondria populations were

observed in breast carcinoma MCF-7 cells and in lung

carcinoma A549 cells. These two populations were found to

be different in intracellular localization, morphology and

membrane potential.

Considering the crucial role played by mtDNA in cancer

transformation, we examined the interaction of mitochondria

with EB by LSCFM, to explore the status of mtDNA in the

mitochondria populations of carcinoma cells under living

conditions.

We report here the results of this study in the carcinoma

cell lines previously investigated,22 including the human

breast carcinoma MCF-7 cell lines that are a good model sys-

tem for the study of mitochondria in tumour cells23,24. In all

the examined carcinoma cell lines, the two pools of mito-

chondria were characterized by a distinct EB fluorescence

intensity, indicating a different interaction of the dye with

mtDNA. These results also demonstrate that EB cannot be ta-

ken as an overall marker of mtDNA.

2. Materials and methods

2.1. Chemicals

Rhodamine 123 (R123), ethidium bromide (EB) and verapamil

were purchased from Molecular Probes (Eugene, OR). The con-

centration of the stock solutions of R123 and EB were deter-

mined spectrophotometrically.

2.2. Cell cultures

The human breast carcinoma MCF-7 cells and its multidrug

resistant (MDR) subline MCF-7/DX overexpressing the Pgp-

170 glycoprotein were a kind gift of Prof. M. Manfait (Reims
University, Reims, France). The data obtained on these cells

were confirmed repeating the experiments on sensitive and

MDR MCF-7 cell lines from Dr. G. Arancia (Istituto Superiore

di Sanità, Roma, Italy), who also provided the human lung

carcinoma A549 cell line. A549 cells were resistant to doxoru-

bicin and overexpressed the lung resistance-related protein

(LRP).

MCF-7, its resistant subline and A549 cells were grown

in RPMI 1640 (Hyclone, Cramlington, UK) supplemented

with 10% v/v FCS (Hyclone), 2 mM L-glutamine, 100 U/ml

penicillin and 100 lg/ml steptomycin at 37 �C, 5% v/v

CO2.

The immortalized epithelial MCF-10A cells were grown in

DMEM medium (Gibco, Invitrogen) supplemented with 10%

v/v FCS, 10 lg/ml insulin, 0.5 lg/ml hydrocortisol and 20 ng/

ml EGF at 37 �C, 5% v/v CO2 in a humidified atmosphere.

2.3. Sample preparation

Cells were seeded in 35 mm Petri dishes and left to grow up to

50–70% confluence. Then the medium was removed, the cells

were washed twice with phosphate buffer saline (PBS) and

incubated in the growth medium at 37 �C, 5% v/v CO2 in the

presence of the appropriate dye or drug. After incubation,

the cells were again washed twice with PBS. Few microliters

of PBS were left in the Petri dish to avoid cell drying, and a

coverslip was placed over the cells.

For R123 staining, the cells were incubated in a solution of

1 lM R123 for 10 minutes, and, for EB staining, in a 1 lM EB

solution for 30 min. For the double staining experiment the

cells were incubated with 1 lM EB for 30 min. After 20 min a

small volume of R123 stock solution was added to reach the

final concentration of 1 lM in the Petri dish.

For the experiment with verapamil, cells were preincu-

bated for 10 min at 37 �C, 5% v/v CO2 with 100 lM verapamil.

Then a small volume of a solution of R123 or EB was added

to reach the final concentration of 1 lM. Incubation times

were the same as for the staining without verapamil.

2.4. Confocal fluorescence microscopy with photon
counting detection

Mitochondria fluorescence in living cells was studied by laser

scanning confocal microscopy using the Bio-Rad MRC-600

microscope (Bio-Rad, Hemel Hempstead, UK) coupled with

an upright epifluorescence microscope Nikon Optiphot-2 (Ni-

kon, Tokyo, Japan) and equipped with a 60· Nikon Planapo-

chromat oil immersion objective (N.A. = 1.4). Fluorescence

was excited at 488 nm using a 25 mW argon laser and the

emission was detected above 515 nm. The high sensitivity of

photon counting detection was exploited to minimize laser

excitation power (0.1 mW at the entry of the optical head)

and preserve cell viability and functions.22 At this excitation

power a fluorescent signal of less then 10 photon per pixel –

typically of about 3 photons – was detected employing the fast

photon counting of the MRC 600 confocal microscope, well

below the linearity limit of the detection system. The accu-

mulation of 50–100 frames enable to collect images with a re-

duced noise level, even from low fluorescent signals. The

linearity of this detection allows to quantitatively evaluate
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and compare the fluorescence intensity of different images

acquired under the same conditions.

Image analysis was performed using the LaserPix software

(Bio-Rad). The morphological filter black top hat was used to

detect mitochondria shape and organisation.

3. Results

3.1. Mitochondria in carcinoma MCF-7 cells

The LSCFM images of sensitive human breast carcinoma

MCF-7 cells after EB staining (Fig. 1A) allowed us to identify

two pools of mitochondria in this cell line: mitochondria with

high EB fluorescence at the cell periphery, in the subplasma-

lemma region, and mitochondria with very weak fluorescence

in the central cytoplasm. This result is different from what is

observed for the same cells after R123 staining (Fig 1B), where

only central mitochondria were seen to be highly fluores-

cent.22 Since R123 is a potentiometric probe,23 the two pools

of mitochondria were, therefore, differing in their energetic
Fig. 1 – Fluorescence images of mitochondria in human breast M

(A) after EB staining, while central mitochondria are observed i

mitochondria from A; (D) image analysis of C processed by the bl

EB fluorescence image of peripheral mitochondria; (F) R123 fluore

with peripheral mitochondria in red and central mitochondria i
state, with central mitochondria having a high membrane po-

tential, but not the peripheral ones. We should also note that

nucleoli are stained by EB, as can be seen in Fig. 1A and E.

The spatial relationship between these two pools of mito-

chondria within MCF-7 cells can be better appreciated in

Fig. 1E–G, where the double staining experiment with EB

and R123 is reported. The merged image of Fig. 1G shows

the mitochondria stained with R123 (in green) spreading in

cytoplasm from the perinuclear region, while mitochondria

stained by EB (in red) are confined to the cell periphery. These

mitochondria show a punctate morphology and an unusual

organization that can be better appreciated after image anal-

ysis. To fully exploit the resolution and contrast capacity, the

image analysis has been performed on the data from EB and

R123 single staining experiments of Fig. 1A and B. In order

to highlight the mitochondria profile, the morphological black

top hat filter has been applied. As can be seen in Fig. 1C and D,

peripheral mitochondria are small round organelles - of about

0.8 micron in size (SD = 0.1 lm) – organized in rosette-like

clusters, each formed by few organelles (about 5).
CF-7 carcinoma cells. Peripheral mitochondria can be seen in

n (B) after R123 staining; (C) enlarged image of peripheral

ack top hat filter. EB and R123 double staining experiment: (E)

scence image of central mitochondria and (G) merged image

n green.
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3.2. Mitochondria in multidrug resistant MCF-7/DX
carcinoma cells

In the MCF-7/DX cells the pattern of EB (Fig. 2A) and R123 fluo-

rescence (Fig. 2B) was very different from that observed in the

parental sensitive cells, since both probes stained only

peripheral mitochondria but not central ones. As shown in

Fig. 2I, the merged image (in yellow) is due to the overlapping

of the EB fluorescence image (in red) with that of R123 (in

green) (Fig. 2G and Fig. 2H). The intense R123 and EB fluores-

cence of peripheral mitochondria indicated, respectively, that

these mitochondria have a high membrane potential and dis-

play a strong binding to EB (Fig. 2A and B). Since EB colocalizes

with R123 that is a well established marker of mitochondria,

this experiment further confirms that EB is a probe of mito-

chondria in living cells. The morphology and organization of

these peripheral mitochondria were better resolved by image

analysis of the data obtained from single staining experi-
Fig. 2 – Fluorescence images of mitochondria in multidrug-resis

images of mitochondria in (A) after EB and in (B) after R123 staini

(C) enlarged image of mitochondria from A; (D) enlarged image o

analysis of D, after black top hat filter. EB and R123 double stain

fluorescence image and (I) merged image showing the colocalis
ments (Fig. 2C–F). In this cell line, the same pattern of punc-

tate organelles, organized in rosette like clusters, was

obtained for peripheral mitochondria.

Unexpectedly, the treatment of MCF-7/DX cells with verap-

amil – a well-known revertant of multidrug resistance and a

calcium channel blocker24,25 – allowed us to detect a pool of

mitochondria in the central cytoplasm region, as reported

and discussed in our previous R123 study22. Indeed, in the

presence of this revertant, the pattern of EB and R123 fluores-

cence was changed (Fig. 3): peripheral mitochondria kept

their high EB fluorescence (Fig. 3A) but loosed their R123 fluo-

rescence (Fig. 3B), while a population of central mitochondria

with elongated morphology acquired a strong R123 and a

weak – but appreciable – EB fluorescence (Fig. 3B and A). Un-

der these conditions, a strong EB staining of the nucleolar

area (Fig. 3A) became evident. The merged image from the

double staining experiment with EB (Fig. 3C) and R123

(Fig. 3D) shows peripheral mitochondria and nucleoli in red
tant human breast MCF-7/DX carcinoma cells. Fluorescence

ng. Only peripheral mitochondria are observed in both cases.

f mitochondria from B. (E) image analysis of C and (F) image

ing experiment: (G) EB fluorescence image; (H) R123

ation of the two probes on peripheral mitochondria.



Fig. 3 – Fluorescence images of mitochondria in MCF-7/DX carcinoma cells treated with verapamil. Mitochondria stained in

the presence of verapamil by EB in (A) and by R123 in (B).The two images indicate that the fluorescence pattern of sensitive

cells is restored in the presence of the MDR revertant. EB and R123 double staining experiment: (C) EB fluorescence of

peripheral mitochondria, (D) R123 fluorescence of central mitochondria and (E) merged image with peripheral mitochondria

in red and central mitochondria in green, displaying the spatial localisation of the two mitochondria populations as in

sensitive MCF-7 cells.
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(EB) and central mitochondria in green (R123) (Fig. 3E), a fluo-

rescence pattern similar to that seen in sensitive MCF-7 cells

(Fig. 1G).

These results, therefore, confirm the presence of two pools

of mitochondria with different energetic state, localization

and morphology in multidrug resistant MCF-7/DX cells. In

addition, it also indicates that verapamil is able to change

the membrane potential of the two populations and to restore

the functional state of mitochondria observed in sensitive

MCF-7 cells. Interestingly, in the same MCF-7/DX cell line

verapamil restored the high Ca2+ uptake of sensitive cells,

as reported by De Bernardi and Brooker.24

These results demonstrate that two distinct populations of

mitochondria, are present both in MCF-7 and in MCF-7/DX

carcinoma cells, with different membrane potential, cellular

localization, morphology and different EB fluorescence

pattern.
3.3. Mitochondria in immortalized MCF-10A cells

In order to investigate if two populations of mitochondria also

existed in the immortalised epithelial MCF-10A cell line, a

good model system for non-malignant epithelial cells, we

studied the intracellular distribution of EB and R123 by a dou-

ble staining experiment (Fig. 4A–C). As shown in Fig. 4A and B,

only one population of mitochondria was present in these

non-tumour cells. No punctate mitochondria with high EB

fluorescence and rosette-like organisation were seen at the

cell periphery, opposite to what was found for carcinoma

cells. It is interesting to note that in MCF-10A cells EB fluores-

cence was not homogenously distributed within central

mitochondria, where highly fluorescent spots were observed.

These round spots, with a diameter of about 0.8 lm, can be

identified as mitochondria nucleoids, which are assemblies

of mtDNA and associated proteins, already found in



Fig. 4 – Mitochondria in MCF-10A cells. EB and R123 double

staining experiment: (A) fluorescence image of mitochon-

dria after EB staining and (B) after R123 staining. (C) Merged

image with EB stained mitochondria in red and R123

stained mitochondria in green. Only the population of

central mitochondria is observed in these non-malignant

cells. While R123 fluorescence is evenly distributed along

each organelle, well-defined spots can be recognised after

EB staining within central mitochondria (A).
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mitochondria of several cell lines.20,26 In addition, in this cell

line nucleoli were also stained by EB, as can be seen in the

merged image of Fig. 4C.

3.4. Mitochondria in A549 carcinoma cells

We also examined the intracellular distribution of EB in the

human lung carcinoma A549 cells (Fig. 5 and Fig. 6), which

are known to overexpress the lung resistant protein LRP.

Two mitochondria populations were detected by the EB

staining experiment presented in Fig. 5A, where both central

and peripheral mitochondria display a high EB fluorescence.

Using R123, the presence of two pools of mitochondria was
confirmed, displaying a different R123 fluorescence intensity

and, therefore, a different membrane potential (Fig. 5D).

These two populations corresponded to those observed in

the breast carcinoma cells: elongated mitochondria in the

bulk cytoplasm and punctate mitochondria at the cell

periphery. Interestingly, the morphology of the latter mito-

chondria is very similar to that reported in Fig. 1C and D

and Fig. 2C–F, therefore indicating that the peculiar

morphology and spatial organization of peripheral mito-

chondria were common features of all the examined carci-

noma cells.

Furthermore, EB fluorescent spots of about 0.8 lm in size

can be clearly seen within central mitochondria, as in the

case of MCF-10A cells (Fig. 4A). Again these spots, which dis-

play a fluorescence intensity varying one from the other (Figs.

5A and 6A and B), can be identified as mitochondria nucle-

oids.20,26 A rather uniform fluorescence (Fig. 5D) was instead

observed in these mitochondria after R123 staining. There-

fore, in the merged image of the double staining experiment

(Fig. 6A and B), EB fluorescent nucleoids (red) were clearly vis-

ible over the R123 fluorescence (green) evenly distributed in

the organelles. In addition, also nucleoli were strongly fluo-

rescent after EB staining (Figs. 5A and 6A).

In Fig 6C, we report the EB and R123 merged image to bet-

ter highlight the localization of peripheral mitochondria in

A549 cells. This image clearly shows that peripheral mito-

chondria, stained by EB and R123, are also distributed along

thin filaments that are seen to protrude from the plasma

membrane toward neighboring cells. This pattern of fila-

ments decorated by punctate mitochondria was also seen in

multidrug resistant MCF-7/DX cells (Fig. 2G–I) Interestingly,

it has been recently discovered a new cell-to-cell communica-

tion consisting of thin membranous tubular structures, con-

taining F-actin filaments as major cytoskeleton

component.27 The function of these tunneling nanotubes

(TNT) is to allow intercellular signaling and transport of cellu-

lar components, including mitochondria.27

As conclusive remark, we note that the different fluores-

cence patterns of the two probes, observed in A549 cells as

well as in MCF-7 cells, reflected the different interaction of

EB and R123, respectively, with mtDNA and with the mito-

chondria membrane potential. These results indicate that

complementary mitochondria probes should be used to fully

characterize the complete mitochondria system of living

cells.

4. Discussion

Using EB as a mtDNA probe and R123 as a potentiometric

marker, we studied mitochondria in carcinoma cells under

living condition by LSCFM with photon counting detection.

In all the examined carcinoma cell lines, we detected two dis-

tinct mitochondria populations characterized by a different

intracellular localization, morphology and membrane poten-

tial: a population of elongated mitochondria in the bulk cyto-

plasm and a population of punctate mitochondria organized

in rosette-like assemblies at the cell periphery. In addition,

the two mitochondria populations were characterized by a

different EB fluorescence, with peripheral mitochondria dis-

playing a strong intensity.



Fig. 5 – Mitochondria in A549 carcinoma cells. Central and peripheral mitochondria stained by EB in (A); enlarged image of

peripheral mitochondria from A in (B) and its image analysis in (C) after black top hat filter. Central and peripheral

mitochondria stained by R123 in (D); enlarged image of peripheral mitochondria from D in (E) and its image analysis in (F)

after black top hat filter. Image analysis shows an identical morphology for peripheral mitochondria stained by the two

probes.
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Interestingly, the presence of the peripheral mitochondria

population with high EB fluorescence was found to be a

peculiar feature of carcinoma cells, since in immortalized

epithelial MCF-10A cells – a good experimental system of

non-malignant human breast epithelial cells28 – only a single

mitochondria population with elongated morphology was

detected in the bulk cytoplasm.

Concerning these findings, it should be noted that while it

is well known that the intensity of R123 fluorescence is re-

lated to the mitochondria membrane potential, the very dif-

ferent EB fluorescence intensity observed for the two

mitochondria populations in breast carcinoma cells was an

unexpected result, since EB was considered an overall marker

of mitochondria in living cells due to its binding to

mtDNA.12,16 Our results, instead, indicated that while periph-

eral mitochondria were highly fluorescent in all the examined

carcinoma cells after EB staining, central mitochondria dis-

played only a very weak fluorescence. Actually, we should re-

call that EB, when intercalated in double29 and triple30 DNA

helices, displays a much higher fluorescence yield than when

free in aqueous solution. Therefore, the strong fluorescence

intensity of EB in mitochondria could be taken as evidence

of its intercalation in mtDNA, while the absence of EB fluores-

cence might result from a lack of mtDNA accessibility. Similar

differences in EB accessibility have been recently reported for

nuclear DNA in living proliferating S2 monkey kidney cells,18
where, by fluorescence lifetime and anisotropy decay mea-

surements, only a few regions of nuclear DNA were found to

be accessible to EB intercalation. The authors of this study

suggested that the accessible sites could correspond to inter-

nucleosomal regions, where DNA is free from histones and

proteins, as well as to regions of DNA in active replication

and/or transcription. Indeed, in carcinoma cells, we observed

a high EB fluorescence in nucleoli (Figs. 1A, 3A and E, 4C, 5A

and 6A), where histone-free DNA can be found in active

transcription.

Concerning mtDNA, it is important to recall that a strong

interaction of EB with replicating mtDNA in living cells has

been reported in literature over the years. In particular, EB

was found to inhibit the synthesis of mtDNA in living cells

by affecting DNA polymerase c or by deleting RNA primers

necessary to initiate the mtDNA replication.31–33 Also the

transcription and translation of mtDNA genes were inhibited

in the presence of EB.33,34 Furthermore, a long term EB treat-

ment was widely used to obtain q� cells, human cell lines

lacking mtDNA.35

All these studies suggest that, similarly to what happens

in nuclear DNA18, EB in mitochondria may interact by interca-

lation only with actively replicating and transcribing mtDNA.

If this would be the case, the strong EB fluorescence from

peripheral mitochondria of MCF-7 and MCF-7/DX cells might

indicate the interaction of EB with mtDNA molecules which



Fig. 6 – EB and R123 double staining images of mitochondria

in A549 carcinoma cells. (A) Merged image double staining

experiment and (B) high magnification image of central

mitochondria from (A). EB and R123 display a different

fluorescence pattern: highly EB fluorescent nucleoids (red)

are seen within each organelle, while the fluorescence of

R123 (green) is homogenously distributed along the entire

mitochondrion. In (C), a double staining image of A549 cells,

displaying the two pools of mitochondria highlights the

intracellular distribution of peripheral mitochondria also

along filaments protruding from the membrane and bridg-

ing neighbouring cells.
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are in active transcription and/or replication. On the contrary,

the absence of EB fluorescence in central mitochondria would

suggest that their mtDNA – not accessible to EB – is not in ac-

tive replication or transcription. Interestingly, a weak EB fluo-

rescence in central mitochondria was observed in MCF-7/DX

cells after the treatment with verapamil, suggesting that this

MDR revertant, which restores the membrane potential of

central mitochondria as in sensitive cells, also affects the

activation of mtDNA for replication and transcription.

Similarly, in A549 cells the different EB fluorescence inten-

sity of nucleoids in central mitochondria may be related to a

different number of actively replicating and/or transcribing

mtDNA molecules, in agreement with the findings that in

each nucleoid mtDNA replicates independently, and that

nucleoids can be also synthetically or transcriptionally

inactive.21,26,36

Similarly, a non-uniform fluorescence intensity of nucle-

oids has been reported for mitochondria in mouse living cells

stained by ditercalinium chloride37, an intercalating dye

which shares several properties with EB. Interestingly, these

authors suggested that highly fluorescent nucleoids could

contain a higher number of mtDNA molecules in active repli-

cation and/or transcription.
The presence of active mtDNA only in peripheral mito-

chondria of the breast carcinoma cells examined here seems,

therefore, to indicate that an enhanced biogenesis and/or an

enhanced transcription is at work in this mitochondria popu-

lation. Considering that peripheral mitochondria have been

observed only in carcinoma cells, but not in immortalized epi-

thelial MCF-A cells, their enhanced mtDNA activity might be

related to the tumorigenic potential of carcinoma cells.38

In addition, it is interesting to note that, as recently re-

ported in literature,39–42 the morphology and intracellular

localization of mitochondria is related to their functions

and bioenergetic activity in the cell. The different membrane

potential and morphology of central and peripheral mito-

chondria in sensitive and in multidrug resistant MCF-7DX

carcinoma cells can be, therefore, taken as an indication of

a different bioenergetic status of the two cell lines. Indeed,

an increased energy requirement is expected for MCF-7/DX

carcinoma cells, since in presence of MDR these cells were

found to be characterized by a higher motility, invasivity

and metastatic capacity than their parental sensitive MCF-

7 cells.43–45 Interestingly, as shown in Fig. 2B, the presence

of peripheral mitochondria with active membrane potential

is correlated with the fibroblast-like morphology that carci-

noma cells acquire in the presence of multidrug resistance

and at the onset of the metastatic progression.22,46 In addi-

tion, we should note that in resistant cells peripheral mito-

chondria have been also observed along protruding

filaments joining neighbouring cells, as shown in Figs. 2I

and 6C. It has been recently suggested that these structures

formed when connected cells start to migrate.27 Further-

more, the presence of multiple pools of mitochondria in a

single cell has been recently found to play a fundamental

role in shaping intracellular Ca2+ signaling.47,48 Since an ac-

tive membrane potential is required for mitochondrial cal-

cium uptake, our results can also suggest that sensitive

and multidrug resistant MCF-7 cells might differ in their cal-

cium homeostasis and signalling.49 The high membrane po-

tential of peripheral mitochondria in multidrug resistant

cells could then indicate, similarly to what observed for pan-

creatic acinar cells,39 that this pool of mitochondria, close to

the plasma membrane, might be involved in the Ca2+ uptake

and buffering required for the different energetic metabo-

lism of these transformed cells.

In this study we therefore report the presence of two dis-

tinct populations of mitochondria in human breast and lung

carcinoma cell lines, characterized by a different EB fluores-

cence, membrane potential, cellular localization and mor-

phology. An important variation in the fluorescence

intensity of EB in the two mitochondria populations might re-

flect a different EB accessibility to mtDNA, which in turn

could be related to its transcription and replication status.

These results, first of all, indicate that EB cannot be taken

as an overall marker of mtDNA, and that complementary

mitochondria probes should be used to characterize the

whole system of mitochondria in living cells. Additionally,

as shown here by EB and R123 staining, the detection of differ-

ent mitochondria populations at single cell level in carcinoma

cells could offer a powerful tool for understanding the role of

mitochondria in the tumour transformation. Indeed, the pres-

ence of peripheral mitochondria, which has been found to be
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a peculiar feature only of transformed cells, could be required

by the different energetic needs of the tumour phenotype.

To better understand the EB fluorescence response of

mitochondria, further LSCFM and molecular biology experi-

ments are now in progress on other cell lines where the

mtDNA activity can be modulated by external effectors. In

this way, it might be possible to examine if the level of EB fluo-

rescence intensity can be used – as a complementary tool – to

monitor the mtDNA transcription and replication in living

cells.
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