
It has been shown that local laser ablation (0.1 µm2)

of an elongated mitochondrion (5�10 µm) in cultured

fibroblasts depolarizes the whole mitochondrial filament

[1]. It has been concluded that in these cells, mitochondria

exist as electrically coupled organelles and their inner

membranes are continuous along the entire lengths of

mitochondrial filaments. At the same time, under hypoxic

conditions one mitochondrion can consist of several mito�

plasts surrounded by a single outer membrane [2]. What is

the physiological reason for the existence of such struc�

tures? It is known that mitochondria play a key role in pro�

grammed cell death in all organisms including unicellular

fungi (reviewed in [3, 4]). It is also known that an increase

of ion flow across the inner membrane (i.e. upon forma�

tion of Ca2+�dependent permeability pore) can lead to

swelling of the matrix [5]. This in turn can lead to ruptur�

ing of the mitochondrial outer membrane and the exit of

pro�apoptotic proteins into the cytoplasm, thus activating

the programmed cell death cascade (reviewed in [6]). Here

we suggest that matrix fragmentation can promote mito�

chondrial resistance to swelling. Indeed, the maximal vol�

ume of the swollen matrix depends on two factors: first, the

total surface area of the inner membrane (which can be

assumed to stay constant for the duration of the swelling)

and, second, on the number of mitoplasts surrounded by

the outer membrane. Therefore fission of the inner mito�

chondria might serve as a mechanism to reduce the maxi�

mal total volume (Fig. 1a) of mitochondrial matrix and

thus to protect the cell against mitochondrial swelling.

Here we tested whether such structures can be

formed in wild type yeast cells and in the mutants resist�

ant to mitochondria�mediated programmed cell death.

MATERIALS AND METHODS

Yeast strains and culture conditions. The yeast

Saccharomyces cerevisiae strains used in this study are

W303 (mat a) and isogenic strain ∆ysp2 (ysp2::TRP1).

Cells were typically grown in liquid culture up to loga�

rithmic phase (2·106 cells/ml) or to stationary phase (~108

cells/ml). Cells were grown in YEPD (containing 2% glu�

cose) or in YEP�raffinose (containing 2% raffinose)

medium as in [7].

Fluorescent and electron microscopy. Cells of W303

and ∆ysp2 strains were grown up to stationary phase and

then incubated at 5·107 cells/ml concentration in 2%
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Abstract—It was shown that separate fragments of the inner mitochondrial compartment (mitoplasts) can exist under a sin�

gle non�fragmented outer membrane. Here we asked whether fragmentation of the inner mitochondria could prevent rup�

turing of the outer membrane and release of pro�apoptotic molecules from the mitochondrial intermembrane space into the

cytoplasm during mitochondrial swelling. First, we showed that in Saccharomyces cerevisiae yeast addition of amiodarone

causes formation of electrically separate compartments within mitochondrial filaments. Moreover, amiodarone treatment

of ∆ysp2 mutant produced a higher proportion of cells with electrically discontinuous mitochondria than in the wild type,

which correlated with the survival of cells. We confirmed the existence of separated mitoplasts under a single outer mem�

brane using electron microscopy. Mitochondria with fragmented matrixes were also detected in cells of the stationary phase.

Our data suggest that such fragmentation acts as a cellular protective mechanism against stress.
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glycerol solution containing 25 mM Mes, pH 5.5, and

1 µM of fluorescent dye JC�1 for 15 min. After that,

60 µM of amiodarone was added. Local ablations with a

laser were performed using the experimental setup

described by Tolic�Norrelykke et al. [8]. Electron

microscopy was done as in Yang et al. [9]; JC�1 was omit�

ted in the electron microscopy samples.

Mitotracker Green/Mitotracker Orange (Invitrogen,

USA) staining was performed in the YEPD growth medi�

um. Mitochondrial fragmentation and cell death were

induced by 40�µM amiodarone.

For staining of mitochondria with mito�GFP/TMR

(tetramethyl rhodamine) combination, W303 cells were

transformed with pYX223 plasmid pretreated with Nhe1

restriction enzyme. This plasmid encodes GFP (green

fluorescent protein) fused to mitochondrial targeting

sequence [10]. Cells were grown up to late stationary

phase on solid agarized YEP�raffinose/galactose media

(containing 2% raffinose or galactose, respectively) and

transferred into phosphate buffered saline containing

2 µM TMR.

RESULTS AND DISCUSSION

Formation of separated mitoplasts under the intact

outer membrane can be detected by visualization of mito�

chondrial depolarization. If the matrix is non�fragment�

ed, a local damage to the inner membrane will lead to

depolarization of the entire mitochondrial filament. In

case the outer membrane covers several electrically sepa�

rate compartments, a local damage will depolarize only a

part of the filament (Fig. 1b). Thus we tested mitochon�

drial depolarization after local laser ablations in wild type

cells and also in a mutant resistant to mitochondria�

mediated death, ∆ysp2 [11, 12]. Yeast cells were stained

with mitochondrial dye JC�1 and then treated with amio�

darone at 30�µM concentration. We showed earlier that

amiodarone�induced killing of yeast cells is accompanied

by (and depends on) mitochondrial hyperpolarization

[11]. As JC�1 accumulation in mitochondria is mem�

brane potential�dependent, amiodarone addition leads to

an increase in JC�1 staining.

We also confirmed our earlier observations [12] that

after amiodarone addition mitochondria stay filamentous

for 10 min and then fragment. At the same time, the ysp2

deletion inhibits amiodarone�induced fragmentation; in

the mutant mitochondria remain in filaments until

30 min following amiodarone treatment ([12] and

unpublished data). We subjected mitochondria of both

cell types to local laser ablations. After short incubation

times with amiodarone (10 min or less) mitochondria in

the wild type cells and in the mutant responded in the

same way to local laser damages: we detected long�dis�

tance loss of JC�1 staining (Fig. 2). Interestingly, longer

incubation times (10�30 min) of ∆ysp2 cells with amio�

darone lead to JC�1 loss which seemed to be limited to

the area of laser ablation (Fig. 2). Semi�quantitative

analysis of these data is presented in table. As it was tech�

nically difficult to measure precisely the lengths of depo�

larized stretches, we divided all laser ablations into two

categories: ones causing long�distance depolarization and

ones causing local depolarization of mitochondrial fila�

ments. Figure 2 shows that the mitochondrial matrix of

the mutant strain (unlike the wild type) fragments faster

than the outer mitochondrial membrane. This supports

the idea that delayed fragmentation of the outer mem�

brane (relative to the matrix) in the mutant is responsible

for amiodarone resistance.

Next we tried another way of testing our hypothesis.

If matrix fragmentation takes place, then the values of

mitochondrial membrane potential may vary in different

parts of the same mitochondrion (Fig. 1b). Thus the exis�

Fig. 1. Model of a mitochondrion containing several mitoplasts

surrounded by a single outer membrane. a) Mitoplast fragmenta�

tion reduces the maximal volume of the matrix. b) Non�uniform

distribution of membrane potential along mitochondrial filament

indicates matrix fragmentation.
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tence of mitochondria with non�uniform distribution of

membrane potential (“mosaic mitochondria”) would

indicate the presence of separate mitoplasts surrounded

by the outer membrane. To look for such structures we

stained mitochondria of amiodarone�treated cells with

two dyes—Mitotracker Green, which stains mitochondria

independently of membrane potential, and potential�

dependent dye Mitotracker Orange. The untreated cells

displayed weak mitochondrial accumulation of both dyes

(not shown). In the presence of amiodarone approxi�

mately 10% of ∆ysp2 cells displayed “mosaic” mitochon�

dria—filamentous mitochondria (Mitotracker Green

staining) containing a limited number of energized com�

partments (Mitotracker Orange staining) (Fig. 3a; see

color insert). This experiment and the laser ablations data

support the idea that amiodarone treatment causes for�

mation of mitochondria with fragmented matrixes.

Similar experiments were performed using fluores�

cent compound JC�1. This dye accumulates in mito�

chondria depending on the membrane potential. At high

concentration, JC�1 forms aggregates with emission

spectrum in a long�wavelength range thus allowing esti�

mation of the value of membrane potential. We found that

JC�1 staining displayed the most reproducible results

when performed on cells grown to stationary phase. Thus

we treated stationary phase cultures with amiodarone and

Fig. 2. Local laser damage indicates existence of electrically separated compartments within the mitochondrial filament. JC�1 fluorescence

before and after laser damage (the damage spot is marked by an arrow). Bar, 5 µm.

Wild type cells ∆ysp2

5 10 5 10 min

Fig. 4. Mitochondria of S. cerevisiae wild type cells visualized by

electron microscopy.

0.5 µm
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counted cells containing mosaic mitochondria. As shown

by Fig. 3b, the mutant strain contained a much higher

percentage of cells with mosaic mitochondria than the

wild type. At the same time, the death rate was higher in

the wild type strain. The percentages of dead cells were

estimated by propidium iodide accumulation (Fig. 3b)

and by counting the colony forming units (not shown).

Interestingly, a minor percentage (~1%; data not

presented) of untreated cells in stationary cultures con�

tained mosaic mitochondria (Fig. 3c). Similar data were

reported for heat�shocked cells [13]. This indicates that

amiodarone is not a unique inducer of mitochondrial

matrix fragmentation.

Data obtained using fluorescent microscopy support

the existence of mitochondria with fragmented matrixes.

At the same time, one can think of alternative explana�

tions of the data. First, the mosaic staining of mitochon�

dria might reflect nonspecific accumulation of dyes in

lipid droplets located next to the mitochondria. To test

this possibility we repeated JC�1 staining of amiodarone�

treated cells and then added uncoupler FCCP (1 µM). It

appeared that in this case the mosaic staining was lost.

Thus we can rule out membrane potential�independent

accumulation of JC�1.

Next we studied the structural details of mitochon�

dria in the wild type and in ∆ysp2 cells using electron

microscopy. Figures 4 and 5 show typical mitochondria of

the wild type and the mutant cells from stationary cul�

tures. Mitochondria of both cell types are elongated with

sparse cristae oriented at approximately 90° relative to the

longitudinal axis of the mitochondrion. A 10�min incuba�

tion of both cell types with 50�µM amiodarone caused

Fig. 5. Mitochondria of S. cerevisiae ∆ysp2 cells visualized by

electron microscopy.

0.2 µm

Fig. 6. Electron microscopy photographs of wild type cells incu�

bated for 10 min with 50�µM amiodarone. Arrow shows cristae in

the newly formed structures.

0.5 µm

Fig. 7. Electron microscopy photographs of ∆ysp2 cells incubat�

ed for 10 min with 50�µM amiodarone. a�f) Serial sections show�

ing a single mitochondrial cluster.
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dramatic changes in their mitochondrial structure.

Amiodarone caused wild type cells to accumulate large

double membrane structures consisting of several com�

partments (Fig. 6). Some of these compartments display

typical cristae. It is possible that these structures form as

a result of mitochondrial fusion.

Amiodarone triggered similar changes in the mito�

chondria of the mutant cells (Fig. 7). Serial section recon�

struction shows that amiodarone caused formation of

large mitochondrial clusters containing several mitoplasts

surrounded by a single outer membrane (Fig. 7, a�f).

Longer incubation time with amiodarone (20 min)

caused mitochondrial damage in both the wild type and

∆ysp2 cells (Figs. 8 and 9, respectively). Mitochondrial

outer membranes appear to be ruptured, and a large num�

ber of single membrane vesicles (fragmented mitochon�

drial inner membrane) can be seen in the cytoplasm.

It is important to mention that similar changes were

observed in mitochondria of in the ∆ysp2 cells from deep

stationary culture (three days on solid medium). Figure

10 shows a cell from this preparation containing a mito�

chondrion with more than 10 separated mitoplasts. Serial

section reconstruction analysis showed that the mitoplasts

are indeed topologically separate (data not shown).

Presumably in this case matrix fragmentation is a part of

the cell conservation mechanism: from laboratory prac�

tice it is known that when grown on solid media cells from

deep stationary cultures are highly resistant to a wide

variety of stresses.

Currently it is accepted that mitochondrial fragmen�

tation is a key step in activation of the cell suicide cascade

[2, 14, 15]. For instance, inactivation of Drp1 and Fis1

proteins prevents mitochondrial fission and apoptosis in

many cell types [16�18]. At the same time, the reasons for

that are still not exactly clear. Our data allow us to put for�

ward a simple hypothesis which links programmed cell

death and mitochondrial fragmentation. We suggest that

fragmentation of mitochondrial matrixes leads to the for�

mation of mitochondria resistant to swelling. This resist�

ance is due to a decrease in the maximum possible volume

of the matrix. The same structure might form as a result of

fission of outer membranes in the absence of fission of the

inner ones. Our data suggest that both processes take place.

Recently it has been reported that fragmentation of

mitochondrial matrixes (vesicularization) also takes place

during etoposide�induced apoptosis of HeLa cells [19].

The authors suggest that this is a step in the apoptotic cas�

Fig. 8. Electron microscopy photographs of wild type cells incu�

bated for 20 min with 50�µM amiodarone. Mitochondria disinte�

grate into separated mitoplasts.

0.5 µm

Fig. 9. Electron microscopy photographs of ∆ysp2 cells incubated

for 20 min with 50�µM amiodarone. Intact mitochondria are

absent; multiple mitoplasts can be seen.

0.5 µm
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cade necessary to accelerate fragmentation of the mito�

chondrial network. Our data indicate that fragmentation

of the inner mitochondrial membranes is not a step in the

apoptotic cascade but rather a defensive response acting

to protect the cell from mitochondria�mediated death.

The above data obtained on HeLa cells together with our

observations ([11, 12] and this work) are consistent with

this hypothesis, but they are not sufficient to prove it. We

have shown that ysp2 deletion increases the percentage of

mosaic mitochondria and cell resistance to mitochondri�

al stresses. Currently we are testing other known muta�

tions affecting mitochondrial fission and fusion and look�

ing for correlations between the accumulation of mosaic

mitochondria and stress resistance.
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