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Most mitochondrial DNA (mtDNA) alterations associated
with human disorders are heteroplasmic, i.e. mutant mtDNA
molecules coexist with normal ones within the cell. We ad-
dressed the possibility of intermitochondrial exchanges through
histologic analyses of cybrid clones with increasing proportion of
the MELAS (A3243G) mtDNA transfer RNA point mutation.
MtDNA-dependent cytochrome c oxidase activity and protein
composition as well as mitochondrial membrane potential ap-
peared heterogeneous in individual cells from clonal heteroplas-
mic cell populations on the basis of confocal and electron
microscopy. The number of defective cells increased with in-
creasing mutation load. We conclude that in the presence of a
heteroplasmic mtDNA mutation in the cell type that we studied,
intermitochondrial molecular exchanges cannot provide an effi-
cient even distribution of the complementing molecules such as

wild-type mtDNA, transfer RNA, or protein. Mitochondria in
these heteroplasmic cells cannot, therefore, be considered a
single functional unit. (Pediatr Res 48: 143–150, 2000)

Abbreviations
MELAS, mitochondrial myopathy, encephalopathy, lactic
acidosis, and strokelike episodes
mtDNA, mitochondrial DNA
COX, cytochrome c oxidase
tRNA, transfer RNA
rho0 cells, cells that are totally depleted of their mtDNA
rho1 cells, cells that have normal mtDNA
rho- cells, cells that have mtDNA carrying a large-size
deletion

Mitochondria are unique organelles in their double genetic
origin. The vast majority of their proteins are encoded by
nuclear DNA, but 13 essential subunits of the respiratory chain
are encoded on mtDNA and transcribed and translated within
mitochondria (1). Since 1988, numerous mtDNA alterations
(deletions, duplications, and point mutations) have been de-
scribed in association with very diverse human disorders (2).
Most of these mtDNA alterations are heteroplasmic, that is,
mutant mtDNA molecules coexist with normal ones leading to

the possibility of direct complementation between wild-type
and mutant mtDNA molecules (3).

Cybrid clones are cells obtained by fusion between human
rho0 cell lines (HeLa or osteosarcoma cells totally depleted of
mtDNA) and enucleated cells from patients with an mtDNA
alteration. They provide valuable tools for investigation of
mtDNA defects excluding the influence of nuclear DNA-
encoded factors. Direct complementation between wild-type
and mutant mtDNA molecules was demonstrated in such cy-
brid cells by the translation of an abnormal peptide encoded on
mutant mtDNA through use of wild-type mtDNA tRNA (4, 5).
However, whether the complementation events could occur
only in heteroplasmic mitochondria or also between mitochon-
dria was still highly debated. It led to the proposals of two
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almost opposite models of mitochondrial compartment. In one
of them, each mitochondrion is functionally independent and
exchanges very little, if any, genetic information with other
mitochondria of the same cell. This model was favored by the
segregation behavior of mtDNA in hybrid and cybrid models
(6) and in successive generations of mammals (7). It was also
supported by the absence of direct complementation between
two tRNA point mutations introduced separately in the same
cybrid clones, contrasting with the extensive direct comple-
mentation between wild-type and mutant mtDNA when both
mtDNA species coexisted since the mutation event (8). On the
other hand, a mitochondrial compartment with efficient molec-
ular exchanges between mitochondria was deduced from wild-
type mtDNA complementation by chloramphenicol-resistant
mtDNA in hybrid and cybrid models (9), and by rapid diffusion
of ethidium bromide-stained mtDNA to the whole mitochon-
drial network in cybrids between rho0 and rho1 HeLa cells
(10). This was recently reinforced by the occurrence of
complementation between rho- and rho1/chloramphenicol-
resistant mtDNA (5) or between two different pathogenic
mutant mtDNA (11) that were, in both experiments, introduced
separately into the same cybrids.

Clinical status of human disorders associated with hetero-
plasmic mtDNA mutations is greatly dependent on the residual
amount of wild-type mtDNA molecules. No clinical symptom
or biochemical respiratory chain defect is detected above a
relatively low threshold of wild-type mtDNA proportion (12).
Therapeutic approaches to human disorders are, therefore,
trying to modify the relative proportion of wild-type and
mutant mtDNA (13). In that prospect, the real efficiency of
intermitochondrial molecular exchanges is an essential param-
eter to establish because it will influence the fate of any
induced increase of wild-type mtDNA. If mitochondria ex-
changed very little with each other, mitochondrial functions
would be heterogeneous within a heteroplasmic cell. Random
cytoplasmic partition of the cell mitochondrial population dur-
ing mitoses would lead to heterogeneous cells with respect to
their mitochondrial respiratory function. Any small induced
change in the wild-type mtDNA proportion would, therefore,
rapidly be segregated. On the other hand, if wild-type and
mutated mtDNA molecules distributed evenly throughout a
mitochondrial compartment behaving as a single dynamic unit,
mitochondrial respiratory function would be homogeneous
within each cell. Any induced increase in wild-type mtDNA
proportion would be distributed to the whole cell, transmitted
equally to daughter cells and maintained through successive
mitoses.

We addressed the dynamics of intermitochondrial exchanges
by the analysis of the functional behavior of heteroplasmic
cells. We used histologic techniques because this strategy
allowed us to study individual cells and to reach subcellular
level with confocal and electron microscopy. Complementa-
tion was analyzed through the restoration of mtDNA-
dependent parameters such as COX (EC 1.9.3.1) activity, the
presence of mtDNA-encoded COX subunit 2, and, more indi-
rectly, the quality of the mitochondrial membrane potential.
COX activity in individual mitochondria was also studied by
electron microscopic cytochemistry. As a cellular model, we

chose cybrid clones with various proportions of the MELAS
mutation (A3243G) involving the mtDNA leucine tRNA gene.
MELAS is an acronym for mitochondrial encephalopathy,
lactic acidosis, and strokelike episodes. It describes a severe
clinical syndrome among human mitochondrial diseases that
was associated with the presence of the A3243G mutation of
the mtDNA leucine tRNA gene in the vast majority of the
patients that presented with the MELAS syndrome. The mu-
tation was later associated with diverse clinical phenotypes
such as isolated ophthalmoplegia or diabetes and deafness (12).
The A3243G mutation is probably the most frequent mtDNA
pathogenic point mutation in human pathology. Functional
consequences of the mutation have been well studied in cybrid
cells and are relatively mild, rendering relatively easy the
analysis of cells with diverse mutation loads (14). Extensive
direct complementation between wild-type and mutant mtDNA
molecules has been demonstrated in these cells. The wild-type
mtDNA threshold allowing a normal cell respiration rate was
below 10% (14). We show that, in these cells, mitochondrial
functions depending on the mtDNA were heterogeneous be-
tween cells spread out from clonal populations and between
mitochondria from an individual cell. Intermitochondrial ex-
changes appeared, therefore, unable to distribute the comple-
menting molecules evenly in the whole cell.

METHODS

Cybrid clones. Cybrids clones were a generous gift from Dr.
E.A. Shoubridge (Montreal Neurologic Institute, Quebec, Can-
ada). They were obtained by fusing rho0 cells from the osteo-
sarcoma cell line 143B.TK2 with cytoplasts from clonal pri-

Figure 1. Quantitation of mutant mtDNA using ApaI restriction. Five percent
acrylamide gel stained with ethidium bromide. 1– 5, Clone with 50, 95, 90, 35,
and 0% mutation proportion, respectively. MW, Molecular weight markers are
lDNA HindIII and FX174 HaeIII fragments. The presence of the A3243G
mutation introduces a new restriction site that cleaves the 292 bp of the
amplified mtDNA fragments in two fragments of 177 and 115 bp (indicated in
base pairs on the left side of the Figure). Radiolabeling during the last PCR
cycle and quantitation of restricted radioactive fragments avoid underestima-
tion of the mutant proportion due to the nondigestion of heteroduplex mole-
cules.
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mary myoblasts established from a patient carrying the
A3243G mtDNA tRNAleucine(UUR) point mutation (MELAS
mutation) (15). Five different clones were cultured as described
in DMEM enriched with 100 mg/mL pyruvate and 50 mg/mL
uridine (15). Their initial mutation proportion was 0, 55, 80,
96, and 99%. MtDNA point mutation proportion was measured
before each experiment on total cellular DNA by using ApaI
restriction analysis of mtDNA amplified by the technique of
the last radioactive PCR cycle (16). Uncut and digested frag-
ments were counted with a b-imager. The proportion of the
mutation was expressed as percent of total mtDNA.

Histologic Analyses

For histochemical and immunohistochemical analyses,
50,000 cells were plated on a coverslip, grown for 48 h,
washed with PBS pH 7.4, and air-dried for 20 min.

COX histochemistry. Preincubation was performed at room
temperature during 15 min in 50 mM Tris-HCl pH 7.6, 28
mg/100 mL cobalt chloride (CoCl2:6H2O), 0.5% DMSO, and
10% sucrose. After one wash in 0.1 M sodium phosphate pH
7.6, 10% sucrose, cells were incubated during 6 h at 37°C in
0.1 M sodium phosphate pH 7.6, 10% sucrose, 1 mg/mL
cytochrome c type IV (Sigma Chemical Co.), 1 mg/mL DAB
hydrochloride, 0.25% DMSO, and 20 mg/mL catalase. After
another wash in 0.1 M sodium phosphate pH 7.6, 10% sucrose
followed by PBS and distilled water, cells were mounted in

warm gelatin and analyzed with optic microscopy. More than
400 cells were evaluated on black and white pictures to deter-
mine the fraction of COX-positive cells.

Succinate dehydrogenase (SDH) histochemistry. SDH his-
tochemistry was performed as described (16).

Immunofluorescence of COX subunits: mtDNA-encoded
subunit 2 (COX2) and nuclear DNA-encoded subunit 4
(COX4). Cells were preincubated 1 h at 37°C in 150 mM NaCl,
25 mM Tris HCl pH 7.4, and 0.01% saponin (TBSS) with 5%
normal goat serum. Incubation medium was TBSS with 1%
BSA. Primary antibodies were rabbit polyclonal anti-COX2
and mouse monoclonal anti-COX4 (17). They were used to-
gether during 1 h at 37°C at a dilution of 1/200 and 1/100,
respectively. Secondary antibodies were FITC-coupled anti-
mouse and CY3-coupled anti-rabbit antibodies from Jackson
(Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, U.S.A.). They were used together during 1 h at 37°C at a
dilution of 1/100 and 1/200, respectively. Images of the im-
munostained cells were acquired on a Leica TCS 4D confocal
microscope, transferred to Adobe Photoshop (Adobe Systems
Inc., Mountain View, CA, U.S.A.), and printed in an EPSON
Stylus color 800 high-resolution printer (EPSON, France).
More than 400 cells were evaluated on confocal images to
determine the fraction of positive cells.

Mitochondrial membrane potential analysis. Fifty thousand
cells were plated on a coverslip, grown for 48 h, washed with

Figure 2. Histochemical analysis of COX activity. (A) Clone with no detectable mutation, (B) 35% mutation, (C) 70% mutation, and (D) 80% mutation.
Arrowhead in (A) points to a COX deficient cell. Bar 5 10 mm.
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PBS, and incubated for 30 min at 37°C in 5% CO2 with 12
mg/mL JC1 in DMEM (18). After two washes in PBS, cells
were mounted on microscope slides with a cavity and kept at
37°C until their analysis. The confocal images (Z series) and
quantitative analyses were performed as described for immu-
nofluorescence.

Ultrastructural Analyses

One hundred thousand cells were plated on a coverslip and
grown for 48 h.

Morphology. Cells were treated at room temperature; they
were washed with PBS, fixed in 2.5% glutaraldehyde in 0.1 M
sodium phosphate, 0.1 M potassium phosphate pH 7.4 for 15
min, washed with PBS, postfixed in 1% reduced osmium
tetroxide in PBS, washed in PBS, washed in water, dehydrated
in a graded series of acetone, and flat embedded at 60°C in
Epon Polybed. Ultrathin sections (70 nm) were sectioned on a
Leica Ultracut UCT (Vienna, Austria) with a diamond knife
(Drukker, Holland), contrasted with uranyl acetate and lead
citrate, and observed in a transmission electron microscope
(Philips CM 120) operating at 80 kV.

COX cytochemistry. Cells were treated at room temperature;
they were washed with PBS, fixed for 30 min in 2% parafor-
maldehyde in PBS, and washed with 50 mM Tris HCl pH 7.6,

10% glucose. Incubation was performed as for COX histo-
chemistry but during 3 h and without the preincubation step.
After one wash in 50 mM Tris HCl pH 7.6, 10% glucose, cells
were treated as for ultrastructural morphology.

RESULTS

Using ApaI restriction, we measured the mutation proportion
of the cell populations before each analysis (Fig. 1). In our
culture conditions, the clones tended to lose their mutant
mtDNA but at a very slow rate. The mean variation in mutant
mtDNA proportion was 20.8% per day with a range from
22.6 to 12.9% on 22 measurements. Shift of heteroplasmy
between cell plating and analysis (maximum 48 h) was then
negligible, and mutation proportion compared with observed
histologic behavior of the cells.

As a relevant parameter of the mtDNA-dependent respira-
tory function, we analyzed COX histochemistry. This was
performed on a total of 16 cell preparations from the five initial
clones. Examples of clonal cell population without detectable
mutation (Fig. 2A) are shown together with clones with 35
(Fig. 2B), 70 (Fig. 2C), and 80% mutation proportion (Fig.
2D). All preparations showed intercellular heterogeneity of
COX activity. SDH histochemistry was performed as an inter-
nal control of nuclear-encoded cell respiratory functions. It

Figure 3. Immunofluorescent detection of two COX subunits: mtDNA-encoded COX subunit 2 (COX2, red signal) and nuclear DNA-encoded COX subunit
4 (COX4, green signal). Colocalization of both the green and red fluorescence signals in normal mitochondria gives a yellow signal. (A) Merged confocal images
of COX2 and COX4 signals in a clone with no detectable mutation, (B) 85% mutation, and (C) 90% mutation. (D) is a higher magnification of (B). Bars 5 5mm.
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showed an intense activity on the same cell preparations used
for COX histochemistry, demonstrating that the observed re-
duction of COX activity was not due to a decrease in the
number of mitochondrial organelles (not shown).

As the MELAS mutation involves an mtDNA tRNA gene,
another relevant parameter to study was the presence of an
mtDNA-encoded protein. We performed immunohistochemi-
cal detection of two COX subunits, one encoded by mtDNA
(COX2) and the other by nuclear DNA (COX4). This was done
on a total of 16 cell preparations from the five initial clones and
shown in three representative clones (Fig. 3). Normal cells
appeared as yellow due to the strict colocalization of both
green and red fluorescent signals emitted by COX4 and COX2,
respectively (Fig. 3A). Intercellular heterogeneity appeared
only above the threshold of 80% mutation proportion. Normal
cells coexisted with cells that showed a partial defect in COX2
with some yellow mitochondrial spots in a mostly green mi-
tochondrial population as shown in Fig. 3B (arrow) but also
with cells with a profound defect in COX2 showing only green
mitochondrial fluorescence (Fig. 3C). Intracellular mitochon-

drial heterogeneity was shown on partially defective cells
(arrow in Fig. 3D).

Maintenance of the mitochondrial membrane potential is
linked to respiratory chain function but is not totally dependent
upon its functionality, as, for example, mitochondrial mem-
brane potential is partially maintained in rho0 cells (10). This
parameter was, therefore, interesting to study because it is
more loosely coupled to mtDNA function. Furthermore, fixa-
tion artifacts may be avoided by the use of the vital lipophilic
cation JC1 that aggregates in a potential-dependent manner.
Aggregation of JC1 is accompanied by a shift of its fluores-
cence from green to red fluorescence, allowing direct evalua-
tion of membrane potential (18). JC1 fluorescence was studied
in four clones that had, respectively, 0, 62, 85, and 90%
mutation proportion at the time of the analysis (Fig. 4). Rep-
resentative images were chosen from the clone without detect-
able mutation (Fig. 4A) and from the clone with the highest
mutation load (Fig. 4B). Higher magnification of theses clones
is shown in Figure 4, C and D. Intercellular heterogeneity was
obvious in all clones studied, and the images allowed us to

Figure 4. Mitochondrial membrane potential analysis using JC1. Merged confocal images after JC1 coloration (A) in a clone containing no detectable mutation
and (B) in a clone with 90% mutation. Three cell types were defined: one normal type showing numerous brightly red J-aggregates (arrowhead), one intermediate
type with less than five J-aggregates per cell (small arrowhead), and one deficient type without J-aggregates (arrow). (C) and (D) are higher magnification of
(A) and (B), respectively. Bars 5 5 mm.
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distinguish three distinctive cell types: one with numerous
brightly red aggregates (arrowhead, Fig. 4D), one lacking
aggregates (arrow, Fig. 4D), and one with less than five
aggregate clusters per cell (small arrowhead, Fig. 4D). Intra-
cellular heterogeneity was obvious in cells with less than five
aggregates in which few mitochondria emitted bright red flu-
orescence among a majority of mitochondria emitting only a
green signal.

The proportion of deficient cells appeared to roughly follow
that of mutant mtDNA molecules for the three characteristics
that were analyzed but with different apparent thresholds (Fig.
5). Cells defective in their COX activity were noted above 50%
mutation proportion (Fig. 5A) when cells defective in their
mtDNA-encoded COX2 subunit were present only above 80%
mutation proportion (Fig. 5B). Variations in the mitochondrial

membrane potential were noted above 60% mutation propor-
tion, the number of cells with numerous aggregates decreased,
and that with less than five aggregate clusters increased, but
there was very little increase of cells lacking aggregates up to
90% mutation proportion (Fig. 5C).

Individual mitochondria COX activity was analyzed in four
clones using equivalent cell density, plating duration, and the
same fixing and staining solutions. The clones had, respec-
tively, 0, 52, 77, and 84% mutation proportion at the time of
the analysis. Intracellular heterogeneity of individual mito-
chondria COX activity was evidenced in all the clones with
coexistence of COX active (with DAB precipitate) and COX-
deficient mitochondria (Fig. 6). COX-deficient mitochondria
were often difficult to recognize and hampered the exact eval-
uation of their proportion. However, ultrastructural morpho-
logic analysis of the clones had shown a similar number of
mitochondria in the four clones (data not shown), whereas the
number of COX active mitochondria clearly decreased with
increasing mutation proportion. Deficient mitochondria were
very rare in the clone with no detectable mutation (arrow, Fig.
6A). In the cells from the clone with a mutant load of 52%, only
a few mitochondria showed a COX defect with altered mor-
phology, swelling and a disruption of the cristae (arrows and
arrowhead, Fig. 5B). Other mitochondria in these cells showed
COX activity but with a lower density of DAB precipitate
density than in mitochondria from the clone without detectable
mutation when both clones were incubated in parallel experi-
ments. In the two clones with the highest mutation proportion,
COX-defective mitochondria represented the majority of the
mitochondria (Fig. 5, C and D), but the distribution of the COX
defect appeared different. In the clone with 77% mutant load,
very few mitochondria showed COX activity (arrowheads, Fig.
6C), whereas a vast majority of them appeared as totally
defective and morphologically altered (arrows, Fig. 6C). In the
clone with 84% mutant load, most mitochondria showed some
COX activity but only in a small part of the organelle (arrows,
Fig. 6D).

DISCUSSION

We chose to use histologic techniques because they allow us
to analyze, in parallel experiments, many complementary as-
pects of the mitochondrial functions on a relatively small
number of cells. Our results show that individual cells derived
from heteroplasmic clonal cell populations are heterogeneous
with respect to their mtDNA-dependent mitochondrial func-
tions: COX activity, steady state amount of mtDNA-encoded
COX2 subunit, and mitochondrial membrane potential. This
intercellular phenotype heterogeneity is interpreted as the re-
sult of stochastic mitotic segregation of heterogeneous intra-
cellular mitochondrial populations. Indeed, intracellular mito-
chondrial heterogeneity was directly seen during subcellular
analysis of the mitochondrial membrane potential and COX2
subunit expression by confocal microscopy. Such direct visu-
alization was impossible with light microscopy used in COX
histochemistry. However, cells with positive but reduced COX
histochemical activity were present in clones that appeared
totally normal with SDH histochemical analysis. This could be

Figure 5. Correlation between mutation proportion and diverse mitochon-
drial characteristics. (A) Percentage of cells with positive COX activity, (B)
percentage of cells with presence of both COX2 and COX4 fluorescent signals
as shown in Figure 3, (C) percentage of the different cell types with respect to
their mitochondrial membrane potential (as shown in Fig. 4): JC111 5 cells
with normal membrane potential shown by the presence of numerous brightly
red J-aggregates, JC11 5 intermediate cell type characterized by the presence
of a reduced number of J-aggregates (,5 per cell), JC12 5 deficient cells with
only green mitochondria without visible J-aggregates, total JC1 positive 5
sum of the JC11 and JC111 cells. Sum of the total JC1 positive cells and
JC12 cells 5 100% of the cells.
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interpreted as evidence for the presence of SDH-positive/COX-
negative mitochondria in these cells and, therefore, as indica-
tive of intracellular mitochondrial heterogeneity. Ultrastruc-
tural analysis confirmed COX activity heterogeneity among
different mitochondria from the same cell. The diversity of the
analytic procedures (histochemistry, immunohistochemistry,
living cell staining, and cytochemistry) allowed us to vary the
fixation procedures and, therefore, their possible artifacts. The
number of defective cells in their mtDNA-dependent parame-
ters followed roughly the mutant load (Fig. 5), thus implying
that their defect was due to the mtDNA mutation. This was
strengthened by the concomitant preservation of SDH activity
or COX4 subunit steady state amount that does not depend on
the mtDNA.

In most of our experiments, there was a mutant mtDNA
threshold below which no defect could be observed. Previous
estimations of this complementation threshold have been ob-
tained at the cell population level by biochemical techniques
such as polarography (14, 19). It was significantly higher than

the threshold that we see using histologic analyses of comple-
mentation, because individual deficient cells are easily detected
when their impact on the whole cell population would be
ignored. The observed threshold level depended, however, on
the analyzed parameter. Detection efficiency varies greatly
among techniques and explains part of this discrepancy. COX
histochemistry has a low sensitivity. Cells will, therefore,
appear as deficient even in the presence of a significant residual
activity. On the contrary, fluorescence detection is very sensi-
tive, and cells with a partial decrease of the protein will give a
still strong signal that will be difficult to differentiate from
normal. On the other hand, the mutant mtDNA threshold may
also reflect true differences in the mtDNA-dependence of
different mitochondrial functions. COX activity and COX subunit
2 steady state level were chosen because they appeared as sensi-
tive indicators of mtDNA translation defects in the investigation
of human mitochondrial disorders (16, 20). COX catalytic sub-
units (COX1, 2, and 3) are encoded on mtDNA, and they have
high transcription and translation steady states (21, 22). This

Figure 6. Ultrastructural analysis of COX activity using cytochemistry. (A) Clone with no detectable mutation, (B) with 52% mutation, (C) with 77% mutation,
and (D) with 84% mutation. In (A), most mitochondria show normal morphology and COX labeling; few mitochondria with abnormal morphology and defective
COX activity are detected. In (B), mitochondria with defective COX activity and altered morphology are indicated by an arrow (swelling) and an arrowhead
(cristae disruption). In (C), the arrowhead points to a COX-positive mitochondrion, and arrows point to mitochondria without detectable COX activity. In (D),
arrows point to the few COX-positive cristae in swollen mitochondria. Bars 5 1 mm
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probably explains the high sensitivity of both COX activity and
COX2 subunit to mtDNA alterations. Mitochondrial membrane
potential is less sensitive to mtDNA alterations.

The rapid segregation of heterogeneous cells from clonal
populations that we observed contrasted with the relative sta-
bility of the heteroplasmy measured at the level of the whole
cell population. This discrepancy is well explained by the
highly permissive conditions of culture that allowed a normal
growth curve even for severely respiratory-deficient cells.

The possibility of intermitochondrial complementation has
been recently demonstrated using cybrids in which two patho-
genic mutations were introduced separately (5, 11). In these
experiments, however, intermitochondrial molecular ex-
changes appeared as very slow and/or very inefficient because
of the very low number of complementing clones (5), the
necessity to use highly permissive culture conditions to obtain
them (11), and the presence of a roughly equal amount of the
two complementing mtDNA populations (11). In the situation
encountered in human pathology, wild-type and mutant
mtDNA coexisted since the mutation event. In this situation,
complementing cybrid clones are relatively easy to obtain even
under selective culture conditions, and complementation oc-
curs in the presence of very low proportions of wild-type
mtDNA. Our histologic approach allowed us, however, to
show that even in that latter situation, intermitochondrial mo-
lecular exchanges cannot distribute complementing molecules
such as the wild-type mtDNA, tRNA, or proteins evenly to the
whole cell. Diffusion of molecules between mitochondria ap-
pears, therefore, as the likely determining factor underlying
most of the experimental controversies (5, 8, 10, 11) among
which the differences in complementation efficiency with the
initial localization of the complementing mtDNA molecules.
Diffusion characteristics of mitochondrial components are be-
ginning to be unraveled in yeast (23), but they are essentially
unknown in humans. Their determination deserves, however,
our full attention not only because the exchange of components
between mitochondrial deals with a fundamental issue in cell
biology but also because of potential consequences regarding
therapeutic approaches to human diseases associated with het-
eroplasmic mtDNA mutations.

The osteosarcoma cybrid clones used in the present study
represent a very useful model to study mitochondrial genetics.
However, whether their mitochondrial compartment behavior
is representative of that of other human cells remains disput-
able. Similar analyses of other human cell types are needed to
assess this point.
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