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Here we investigated the pathogenesis of deletion mutant mitochondrial (mt)DNA by generating
mice with mutant mtDNA carrying a 4696-basepair deletion (AmtDNA4696), and by using cy-
tochrome c oxidase (COX) electron micrographs to identify COX activity at the individual mito-
chondrial level. All mitochondria in tissues with AmtDNA4696 showed normal COX activity until
AmtDNA4696 accumulated predominantly; this prevented mice from expressing disease pheno-
types. Moreover, we did not observe coexistence of COX-positive and -negative mitochondria
within single cells. These results indicate the occurrence of inter-mitochondrial complementation
through exchange of genetic contents between exogenously introduced mitochondria with
AmtDNA4696 and host mitochondria with normal mtDNA. This complementation shows a mito-
chondria-specific mechanism for avoiding expression of deletion-mutant mtDNA, and opens the
possibility of a gene therapy in which mitochondria possessing full-length DNA are introduced.

Mice with a pathogenic mutant mitochondrial (mt)DNA
could provide an ideal system for investigating how mutant
mtDNA is transmitted to subsequent generations and distrib-
uted in various tissues, a process resulting in mitochondrial
diseases of various clinical phenotypes'. Many lines of mice
have been generated with mitochondrial disorders that result
from disruption of nuclear DNA-coded factors that are related
to mitochondrial function®*. However, no procedures are
available to generate disease models by direct introduction of
artificially mutated mouse mtDNA into mouse cells or em-
bryos. The only procedures to introduce exogenous mtDNA
are microinjection of mitochondria or cell-fusion techniques.
Therefore, mice with mitochondrial dysfunction might be
generated either by introducing mitochondria from different
species’® or mouse mitochondria with mutant mtDNAs that
had accumulated in somatic tissues’. We recently generated
mice with mitochondrial dysfunction by introducing mito-
chondria with somatic mutant mtDNA into mouse zygotes®.
We introduced mouse mutant mtDNA with a 4696-bp dele-
tion (AmtDNA4696) accumulated in somatic cells into mouse
cells without mtDNA (p° mouse cells) by isolating Cy4696 cy-
brids with various proportions of AmtDNA4696. We then in-
troduced respiration-deficient mitochondria with only
AmtDNA4696 into mouse zygotes using electrofusion with
the enucleated Cy4696 cybrids. In contrast with mtDNA in
mitochondria from sperm® or spermatid’, AmtDNA4696 in
mitochondria from somatic cells was not rejected by the em-
bryos, and the AmtDNA4696 and/or a partially duplicated
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form was transmitted maternally from FO mice to produce
F2-F3 mice with 60-85% AmtDNA4696.

To delineate the precise mechanisms of the early pathogen-
esis of AmtDNA4696 (Fig. 1a), we used cytochrome c oxidase
(COX) electron micrographs, which can identify respiratory
enzyme COX activity at the individual mitochondrial level.
In six-month-old F3 male mice containing various propor-
tions of AmtDNA4696 in their tissues, we found extensive in
vivo genetic complementation between exogenously intro-
duced COX™ mitochondria with AmtDNA4696, and recipient
COX* mitochondria with wild-type mtDNA. This is the first
report to show the occurrence of extensive in vivo inter-mito-
chondrial complementation, which prevented mice from ex-
pressing disease phenotypes by accumulated AmtDNA4696.
Our findings extend the conventional concept of mitochon-
drial complementation from in vitro to in vivo, and from intra-
to inter-mitochondria, which corresponds to a mitochondria-
specific system for preventing mice from expressing various
mtDNA lesions.

COX activity of mitochondria in cybrids with AmtDNA4696

We examined the precise distribution and expression profiles
of AmtDNA4696 at the levels of tissues, cells and mitochon-
dria using Southern-blot and PCR analyses, COX histochem-
istry and COX electron micrographs. As the COX activity of
individual mitochondria can be identified on COX electron
micrographs, we could determine whether exogenously intro-
duced AmtDNA4696 and recipient wild-type mtDNA are dis-
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Fig. 1 Characterization of AmtDNA4696
in somatic cybrids. a, Gene map of
AmMtDNA4696. The deleted region ex-
tended from nucleotide position 7,759 in g,
the tRNAY* gene to 12,454 in the NDS

gene. Wild-type mtDNA possesses one oT E
Xhol and one Sac site, whereas
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AmtDNA4696 possesses one Xhol site but S
no Sacl site, which is included in the

deleted region. Regions A (1,751-3,803)

and B (8,410-8,964) indicate probes used

for Southern-blot analysis. Note that AmtDNA4696 has lost
the B region. b, Biochemical estimation of COX activity. @,
Cy4696 cybrids possessing various proportions of
AmtDNA4696; O, Cy4696 cybrids with 60, 79 and 88%
AmtDNA4696 (as indicated by numbers within graph). ¢,
COX electron micrographs. Cy4696 cybrids possessing 60,
79 and 88% AMtDNA4696 were used for analysis of COX
activity. Cy4696 cybrids possessing 0% AmtDNA4696 and
parental p® mouse cells were used as positive and negative
controls, respectively. Scale bar, T um.
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tributed uniformly throughout mitochondria or segregated
and confined into different organelles within single cells.
This information would help in understanding how exoge-
nously introduced AmtDNA4696 expresses disease pheno-
types in various tissues.

First, we confirmed the reliability of COX electron micro-
graphs by the use of Cy4696 cybrids with only wild-type
mtDNA and respiration-deficient p° mouse cells as positive
and negative controls, respectively (Fig. 1b). All mitochondria
in Cy4696 cybrids with only wild-type mtDNA were COX?,
whereas we observed no COX* mitochondria in p° mouse cells
(Fig. 1c). Then, we examined Cy4696 cybrids with 60%
AmtDNA4696, which showed normal COX activity on bio-
chemical assay, and Cy4696 cybrids with 88% AmtDNA4696,
which showed extremely low COX activity (Fig. 1b), and have
been used as AmtDNA4696 donors for its introduction into
mouse embryos’. We also examined Cy4696 cybrids with 79%
AmtDNA4696, which showed 50% COX activity (Fig. 1b).
COX electron micrographs showed that all mitochondria in
Cy4696 cybrids with 88% AmtDNA4696 had entirely lost
COX activity and were considerably swollen with a disorga-
nized inner membrane like mitochondria in p° mouse cells
(Fig. 1c), whereas all mitochondria in Cy4696 cybrids with
60% AmMtDNA4696 were COX* (Fig. 1¢), which is due to coex-
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istence of AmtDNA4696 and wild-type mtDNA, and presumed
complementation within mitochondria (intra-mitochondrial
complementation). Cy4696 with 79% AmtDNA4696, how-
ever, possessed mitochondria with slightly swollen morphol-
ogy and insufficient COX staining (COX*, Fig. 1c).

COX activity of mitochondria in tissues with AmtDNA4696
The absence of complementation between mitochondria (that
is, the absence of inter-mitochondrial complementation) was
seemingly indicated by coexistence of different types of res-
piration-deficient mitochondria within single cells™. If this is
so, in mice with mtDNA-based disease, inter-mitochondrial
complementation could not occur between COX* mitochon-
dria from host embryos and COX™ mitochondria from Cy4696
cybrids carrying predominantly AmtDNA4696. Therefore,
cells of diseased mice with 60% AmtDNA4696 would show a
mosaic distribution of 60% COX™ mitochondria with exoge-
nous AmtDNA4696 and 40% COX* mitochondria with nor-
mal host mtDNA on COX electron micrographs.

An ideal system to test this possibility, would be skeletal
muscles with various proportions of AmtDNA4696, given that
the proportion of AmtDNA4696 in each muscle fiber could be
positively identified by single-fiber PCR, and directly com-
pared with COX activities within the same single fibers using

Fig. 2 Distribution of AmtDNA4696, a partially duplicated mtDNA and
wild-type mtDNA in skeletal muscle, heart and kidney of mouse-0, -57 and
-87, which respectively possessed 0%, 57% and 87% AmtDNA4696 in their
tails. The solid bars represent amounts of AmtDNA4696 including those of
AmtDNA4696 and of the AMtDNA4696 region of the partially duplicated
mtDNA. The partially duplicated form consisting of one AmtDNA4696 and
one full-length mtDNA was detectable in skeletal muscle, but not in heart or
kidney. Considering the presence of intermitochondrial interaction, one
molecule of the duplicated form corresponds to one AmtDNA4696 and one
wild-type mtDNA. Therefore, the amount of AmtDNA4696 required for in-
ducing mitochondrial dysfunction should be equivalent to the sum of the
amounts of AmtDNA4696 and AmtDNA4696 in the duplicated form. Note
that the proportion of AmtDNA4696 did not vary significantly in different
tissues of the same individual. wt, wild-type.
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serial cross sections. We performed Southern-blot analysis of
tail DNA, and selected DNA of three mice, mouse-0, -57 and
-87 containing 0%, 57% and 87% AmtDNA4696, respectively,
for further analyses. The AmtDNA4696 proportions did not
vary significantly from other tissues of the same mice’. In fact,
skeletal muscle of mouse-0, -57 and -87 contained 0%, 66%
and 85% AmtDNA4696, respectively (Fig. 2), and we used
these samples for COX histochemistry, single-fiber PCR and
COX electron micrographs. When we used mouse-57 skeletal
muscle with 66% AmtDNA4696, including 16% AmtDNA4696
as the duplicated form (Fig. 2), COX histochemistry and sin-
gle-fiber PCR analysis of their serial cross sections showed that
all fibers possessed AmtDNA4696 (62.3 + 5.2%), but possessed
normal COX activities, comparable with those of fibers with-
out AmtDNA4696 (Fig. 3a and b). Moreover, all individual mi-
tochondria in muscle fibers of mouse-57 showed COX activity

Fig.4 Pathogenesis of AmMtDNA4696 in hearts from mouse-0, -57 and -87.
aand b, COX histochemistry (a) and COX electron micrographs (b) of longi-
tudinal sections of cardiac muscles. Hearts of mouse-57 and -87 possessed
58% and 88% AMtDNA4696, respectively. Cardiac muscle fibers consist of
mononuclear cells joined end-to-end by intercalated discs (arrowheads). All
cardiac muscle fibers (with 58% AmtDNA4696) of mouse-57 showed nor-
mal COX staining, while those (with 88% AmtDNA4696) of mouse-87 con-
sisted of COX*" and COX™ cells. Moreover, all mitochondria in single fibers are
either COX* or COX", and no coexistence of COX* and COX™ mitochondria
within single cells was detectable on COX electron micrographs. Scale bars
in a and b, 30 um and 1 um, respectively. ¢, Electrocardiogram measure-
ment of PQ intervals. Note that only mouse-87 showed elongated PQ inter-
vals and auriculoventricular block with Wenckebach periodicity. d, Electron
micrograph of mitochondria in cardiac muscle fibers of mouse-87. The ultra-
structure of mitochondria in cardiac muscle fibers of mouse-87 was exam-
ined using ultra-thin sections stained with both uranyl acetate and lead
nitrate. They show ultrastructural features indicating mitochondrial fusion
and/or fission. Unlike in COX electron micrographs, the mitochondrial outer
membrane could be identified. Scale bar, T um.
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Fig. 3 Pathogenesis of AmtDNA4696 in skeletal muscles from mouse-0,
-57 and -87. a and b, COX histochemistry (a) and single-fiber PCR analysis
(b) of serial cross sections of skeletal muscles. Southern-blot analysis showed
that skeletal muscles of mouse-0, -57 and -87 possessed 0%, 66% and 85%
AmMtDNA4696, respectively. All muscle fibers in mouse-57 were COX*, while
muscle fibers in mouse-87 consisted of a mixture of COX" and COX" fibers.
The subsarcolemmal regions in the COX" fibers were stained, because these
regions in fibers with predominant AmtDNA4696 usually accumulate a sig-
nificant amount of mitochondria to compensate for low respiratory func-
tion, which would account for COX histochemical staining, even when
each mitochondrion showed low COX activity. Scale bar in a, 30 um. ¢,
COX electron micrographs. Note that mitochondrial outer membranes
were not stained with COX. Scale bar, 1 um.

on the COX electron micrographs (Fig. 3¢). On the other hand,
mouse-87 skeletal muscle with 85% AmtDNA4696 gave totally
different features of COX histochemistry: 41.3% of fibers were
insufficiently stained with COX and possessed 89.0 = 2.9%
AmtDNA4696, whereas 58.7% were stained with COX but pos-
sessed 79.7 = 2.5% AmtDNA4696 (Fig. 3a and b). Moreover,
COX electron micrographs showed that mitochondria were ac-
cumulated in subsacrolemmal regions of all fibers in compen-
sation for respiration deficiency irrespective of whether
mitochondria were COX™ or COX’, but again coexistence of
COX" and COX" mitochondria did not occur within any single
fiber (Fig. 3¢). This region of COX" fibers usually accumulates a
significant number of proliferated abnormal mitochondria,
which would provide signals of COX staining in histochemical
analysis (Fig. 3a and b), even when each mitochondrion
showed very low COX activity (Fig. 3c). These observations
could not be obtained if there were not continuous inter-mito-
chondrial complementation between COX* mitochondria de-
rived from host embryos and COX  mitochondria from
AmtDNA4696 donor cybrids.
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Mouse-87

We obtained similar results in hearts (Fig. 4) and kidneys (Fig.
5). In COX histochemistry and COX electron micrographs, we
observed no COX" cells in mouse-57 heart with 58%
AmtDNA4696 (Fig. 4a) and in mouse-57 kidney with 64%
AmtDNA4696 (Fig. Sa). However, mouse-87 heart with 88%
AmtDNA4696 (Fig. 4a) and mouse-87 kidney with 92%
AmtDNA4696 (Fig. Sa) consisted of both COX* and COX" cells.
COX electron micrographs clearly showed that each cell had ei-
ther COX* or COX", and sometimes COX*~ mitochondria, and we
observed no mosaic distribution of different types of mitochon-
dria within any single cell (Figs. 4b and 5b). All mitochondria in
one kidney cell of mouse-87 (Fig. 5b) showed intermediate COX
activity, which is comparable to that of mitochondria in a cybrid
with 79% AmtDNA4696 expressing 50% COX activity (Fig. 1c)
suggesting that the kidney cell probably possessed about 79%
AmtDNA4696 and expressed 50% COX activity.
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Fig. 6 Effect of coexistence of similiar amounts of COX™ and COX* mito-
chondria within the same cells. p* B82, p* B82TK" cells with only wild-type
mtDNA; p~ Exp., p fibroblast clone with only AmtDNA4696 isolated from
explants of embryos with a predominant amount of AmtDNA4696; p~ x p*,
hybrids with 63% AMtDNA4696 isolated by the fusion of the p~ fibroblasts
and p* B82TK" cells. a, Southern-blot analysis of Xhol fragments hybridized
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Fig. 5 Pathogenesis of AmtDNA4696 in kidneys from mouse-0, -57 and
-87. @ and b, COX histochemistry (a) and COX electron micrographs (b) of
kidneys. Kidneys of mouse-57 and -87 possessed 64% and 92%
AmtDNA4696, respectively. Note that cells of glomeruli (‘G’) of all three
mice were not sufficiently stained with COX due to scarcity of mitochon-
dria. All cells in renal tubules of mouse-57 showed normal COX staining,
while those of mouse-87 consisted of COX* and COX™ cells. Moreover, all
mitochondria in single cells were either COX* or COX", and the coexistence
of COX* or COX™ mitochondria within single cells was not observed in COX
electron micrographs. N, nucleus. Scale bars in a and b, 30 um and Tum,
respectively. ¢, Histopathology of the renal cortex of the kidneys. 1-um sec-
tions of kidney were stained with periodic acid Schiff reaction. Only mouse-
87 with 92% AmtDNA4696 in the kidney showed a dilated lumen of renal
tubules with casts, and segmental glomerular sclerosis (arrowhead). Scale
bar, 30 um.

The homogeneous distribution of COX activity throughout
mitochondria within single cells of tissues with AmtDNA4696
(Figs. 3¢, 4b and 5b) indicates the presence of extensive in vivo
inter- as well as intra-mitochondrial complementation in all
the tissues we examined. This complementation would be at-
tained by frequent mitochondrial fusion followed by rapid
exchange of their contents. Moreover, COX electron micro-
graphs (Figs. 3¢, 4b, and 5b) and conventional electron micro-
graphs (Fig. 4d) also provided morphological features
supporting the idea of frequent interorganellar interactions,
although we could not distinguish whether these represented
organellar fusion or fission.

Pathogenesis of AmMtDNA4696 in tissues

If AmtDNA4696-induced decline of respiratory function is re-
sponsible for the pathogenesis, these observations predict
that disease phenotypes would not manifest even when tis-
sues had accumulated around 60% AmtDNA4696. Hearts and
kidneys of mouse-0, -57 and -87 were used to test this hypoth-
esis. We recorded electrocardiograms, and found that elon-
gated PQ intervals and auriculoventricular block with
Wenckebach periodicity were preferentially observed in
mouse-87, but not in mouse-0 or -57 (Fig. 4c). Similar coordi-
nation between of abnormal electrocardiograms and de-
creased COX activity was reported in mouse heart with a
disrupted nuclear gene for mitochondrial transcription factor
A (ref. 3). In mouse-87, kidney possessing 92% AmtDNA4696
showed dilatation of the cortical proximal and distal tubules

d

ot B82

with [a-**P]dATP-labeled mouse mtDNA probes. b, analysis of mitochondrial
translation products labeled with [*S]methionine. ND5, COIl, ND4, Cytb,
ND2, ND1, COll, COlll, ATP6, ND6, ND3, ATP8 and NDA4L are polypeptides
assigned to mtDNA genes. ¢, biochemical analysis of COX activity. d, COX
electron micrographs. Photographs are representative of those in the entire
experiments. Scale bar, T um.
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and segmental glomerular sclerosis (Fig. 5c). These abnormal-
ities were not observed in mouse-0 or -57 (Fig. 5¢).

In summary, all tissues with about 60% AmtDNA4696
showed normal mitochondrial respiratory function without
expressing disease phenotypes, whereas tissues with more
than 85% AmtDNA4696 simultaneously expressed mitochon-
drial dysfunction and disease phenotypes, such as elongated
PQ intervals, auriculoventricular block and renal failure.
Thus, mitochondrial dysfunction caused by AmtDNA4696 re-
sulted in expression of disease phenotypes which corre-
sponded to those in human subjects with predominantly
AmtDNA (refs. 11-15).

Inter-mitochondrial complementation in p~ x p* hybrids

To directly prove the presence of interaction between distinct
mitochondria, we isolated completely respiration-deficient p-
fibroblasts with only AmtDNA4696 from explants of embryos
with a predominant amount of AmtDNA4696 (Fig. 6a). The
explanted p~ cells entirely lost mitochondrial translation ac-
tivity (Fig. 6b) due to the loss of six tRNA genes in
AmtDNA4696 (Fig. 1la), resulting in formation of overall
COX™ mitochondria (Fig. 6¢ and d). Then, we induced coexis-
tence of COX™ and COX" mitochondria within the same cells
by isolating hybrids between the explanted p~ cells and p*
B82TK cells with only COX* mitochondria, using nutritional
and hypoxanthine/aminopterin/thymidine (HAT) selection
medium for excluding both parental cells, respectively. We
selected one p~ x p* hybrid colony possessing 63%
AmtDNA4696 (Fig. 6a) and examined its respiration proper-
ties. If there were no interaction between COX" and COX"* mi-
tochondria from both parents in the hybrids, 63%
mitochondria should be COX" and the remaining 37% should
be COX*. However, the results showed that all mitochondria
were COX* (Fig. 6d). Moreover, translation and COX activities
in mitochondria of the hybrids returned to normal levels (Fig.
6b and c). These features could not be obtained if there were
no fusion of COX™ and COX* mitochondria followed by ex-
change of their genetic contents—the six tRNAs from COX*
mitochondria to COX™ mitochondria in particular.

Discussion

Here, COX electron micrographs clearly showed that all mito-
chondria in tissues with AmtDNA4696 were COX* until the
deleted mtDNA became predominant. The appearance of
COX™ mitochondria was limited to tissues with more than
85% AmtDNA4696, and correlated with the onset of disease
phenotypes. Moreover, we did not observe the coexistence of
COX*and COX™ mitochondria within single cells, irrespective
of whether the tissues contained low or high concentrations
of AmtDNA4696 (Figs. 3-5). If exchange of mtDNA did not
occur between exogenous COX™ mitochondria carrying
AmtDNA4696 from cybrids and host COX* mitochondria
from recipient zygotes, or even if it occurred, but did not
occur frequently and continuously, mitochondria in the mice
would continue to possess either AmtDNA4696 or wild-type
mtDNA. Under these circumstances, cells in tissues with 60%
and 85% AmtDNA4696 should have 60% and 85% of COX"~
mitochondria, respectively, but this was not the case (Figs.
3-5). These observations could be explained by assuming in
vivo inter-mitochondrial complementation between COX-
mitochondria carrying AmtDNA4696 and COX* mitochon-
dria carrying wild-type mtDNA.
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Moreover, using in vitro explantation experiments we pro-
vided definitive evidence for the presence of inter-mitochon-
drial complementation (Fig. 6). Coexistence of COX" and
COX" mitochondria from p* cells and explanted p- cells, re-
spectively, within the same hybrids carrying 63%
AmtDNA4696 resulted in complete recovery of translation
and COX activities in their total mitochondria (Fig. 6). A pos-
sible mechanism for such complementation is as follows:
even though COX™ mitochondria from the explanted p~ cells
possessed only AmtDNA4696 missing six tRNA genes (Fig. 1a),
proteins encoded by AmtDNA4696 could be translated with
the help of the tRNAs transcribed from wild-type mtDNA in
COX* mitochondria from p* cells, by fusion of COX* and
COX" mitochondria and subsequent exchange of their genetic
contents. On the contrary, progressive reduction of respira-
tory function and resultant onset of disease phenotypes ap-
peared only when cells contained more than 85%
AmtDNA4696. In cells where the proportion of AmtDNA4696
is more than 85%, mitochondrial translation might become
limiting due to insufficient amounts of the six tRNAs tran-
scribed solely from remaining wild-type mtDNA. Thus, the
dynamics of translation might be shifted from complementa-
tion to competition of the tRNAs in cells with 70-85%
AmtDNA4696 (Fig. 1b), resulting in progressive inhibition of
overall mitochondrial translation and subsequent reduction
of the activities of mitochondrial respiratory complexes, fol-
lowed by the onset of the disease phenotypes in tissues with
more than 85% AmtDNA4696.

A lack of in vitro inter-mitochondrial complementation was
proposed based on observations that the coexistence of
human respiration-deficient mitochondria containing differ-
ent pathogenic mutant mtDNAs derived from different pa-
tients within single cells did not restore reduced
mitochondrial respiratory function'’. However, we recently
showed that the failure of frequent isolation of respiration-
competent cells by coexistance of differrent types of respira-
tion-deficient mitochondria' is not caused by the absence of
intermitochondrial complementation, but by the slow recov-
ery of respiratory function, which required more than 10 days
to be respiration competent®.

The occurrence of frequent and continuous complementa-
tion throughout mitochondria in all tissues shown here pro-
vided two new concepts regarding the mitochondrial genetic
system in living animals. One was the loss of the individual-
ity of each mitochondrion within single cells. Mammalian
cultured cells have been thought to contain hundreds of inde-
pendent mitochondria', but our previous observations gave
the wholly different view that mitochondria function as a sin-
gle unit, indicating that they lose individuality at least in
vitro'®. Here we provide convincing in vivo evidence to extend
this idea to all mitochondria in living individuals by showing
uniform distribution of COX activity throughout mitochon-
dria in single cells possessing various proportions of
AmtDNA4696. However, this does not imply that
AmtDNA4696 and wild-type mtDNA distributed completely
uniformly throughout mitochondria, because there is a slight
variation in the proportion of AmtDNA4696 between mother
and offspring’, between different tissues (Fig. 2), and even be-
tween different cells of the same tissues (Fig. 3b).

The other important concept was that extensive in vivo
inter-mitochondrial complementation could prevent human
subjects from phenotypic expression of respiration defects
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caused by various pathogenic mutant mtDNAs created in so-
matic tissues with age. It has been generally thought that age-
associated accumulation of various somatic mutations in
mtDNAs is responsible for age-associated mitochondrial dys-
function. However, no reports directly proved that mtDNA le-
sions in aged subjects could induce mitochondrial defects.
We reported recently that introduction of mtDNA in autop-
sied brain tissues from aged human subjects into p° HeLa cells
completely restored respiratory function, even though the
brain tissues and their cybrids possessed mtDNAs with vari-
ous pathogenic mutations'. These observations could be ex-
plained by the presence of the extensive in vivo
inter-mitochondrial complementation shown here.
Therefore, mitochondria have an effective system for pre-
venting individuals from expressing mtDNA lesions, irrespec-
tive of whether they are transmitted maternally or newly
acquired with age, although this system does not completely
exclude the possibility that mtDNA defects can lead to age-as-
sociated changes.

Finally, in vivo inter-mitochondrial complementation could
open the possibility of gene therapy by introduction of mito-
chondria possessing DNA with sequences missing in
AmtDNA4696; however, no effective procedures are yet avail-
able for in vivo introduction of mitochondria into mam-
malian cells.

Methods

Cells and mice. p° mouse cells® and Cy4696 cybrids with 0%, 60% and
88% AMtDNA4696 (ref. 7) were grown in normal medium: RPMI1640
(Nissui Seiyaku, Tokyo) containing 10% FCS, 50 ug/ml uridine and 0.1
mg/ml pyruvate. For examination of pathogenesis, we selected three 6-
month-old male mice of the F3 generation’, called mouse-0, -57 and
-87, with 0%, 57% and 87% AmMtDNA4696, respectively, in their tails.

Isolation of p~ fibroblasts from explants and isolation of p~ x p* hybrids.
Completely respiration-deficient p~ fibroblasts due to a predominant
amount of AmtDNA4696 were isolated from skin explants of embryos with
only AmtDNA4696 in their tails. p~ x p* hybrids were isolated by the fusion
of the p~ cells with p* B82TK" cells, which possess only wild-type mtDNA
but lack thymidine kinase (TK) activity. HAT and nutritional selection
medium without pyruvate and uridine were used for excluding parental p*
B82TK" cells and respiration-deficient p~ cells, respectively. One p™ x p* hy-
brid colony possessing 63% AMtDNA4696 was used for precise examina-
tion of inter-mitochondrial complementation.

Analysis of mitochondrial translation products. Mitochondrial trans-
lation products were labeled with [*S]methionine as described' with
slight modifications. Briefly, 2 x 10 cells in a culture dish were incu-
bated in methionine-free medium containing 2% FCS for 45 min at 37
°C. Then the cells were labeled with [**S]methionine for 2 h in the pres-
ence of emetine (0.2 mg/ml). Proteins in the mitochondrial fraction
were separated by 0.85% SDS, 12% PAGE.

Southern-blot analysis. Total DNA (2-3 ug) extracted from cells and
tissues was digested with the restriction enzyme Xhol or Sacl. Restriction
fragments were separated in 1.0% agarose gel, transferred to a nylon
membrane and hybridized with [a-*’P]dATP-labeled mouse mtDNA
probes. The membrane was washed and exposed to an imaging plate
for 2 h and radioactivities of fragments were measured with a bioimag-
ing analyzer, Fujix BAS 2000 (Fuji Photo Film, Tokyo, Japan). Southern-
blot analysis was carried out as described® for identification and
quantification of AmtDNA4696 as well as partially duplicated and wild-
type mtDNA. Briefly, total DNA was digested with either Xhol or Sacl,
and probes A and B (Fig. 1a) were used for hybridization. Sacl site and
probe B were included in the deleted region of AmtDNA4696. On Xhol
digestion, the partially duplicated mtDNA gave one 16.3-kb and one
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11.6-kb fragment, and thus could not be distinguished from a mixture
of wild-type mtDNA and AmtDNA4696. On the other hand, since the
Sacl site was lost in AmtDNA4696, Sacl digestion of the partially dupli-
cated mtDNA produced one 27.9-kb linear fragment, whereas wild-type
mtDNA gave one 16.3-kb linear fragment, and AmtDNA4696 gave one
uncut band, the mobility of which was much slower than that of the
16.3-kb linear fragment due to its circular form. These uncut bands did
not correspond to the partially duplicated mtDNA or wild-type mtDNA,
since they did not show any signals when the B region, which was lost in
AmtDNA4696, was used as a probe.

Analyses of COX activity. Estimation of COX activity was carried out by
examining the rate of cyanide-sensitive oxidation of reduced cy-
tochrome c (ref. 20) with modifications. Biochemical analysis was based
on the procedure described before?'. In histochemical analysis, skeletal
muscle (Musculus soleus), heart and kidney were excised from the ani-
mals, and 10-um cryosections from the tissues were stained for COX ac-
tivity. COX electron micrographs were carried out as described? with
slight modifications. Briefly, 25-um cryosections and cultured cells at-
tached to the slide glass or dish, respectively, were fixed in 2% glu-
taraldehyde in PBS for 10 min at 0 °C. Ultrathin sections which were not
stained with uranyl acetate and lead nitrate were viewed directly with
an H-7000 electron microscope (Hitachi, Tokyo, Japan).

Single-fiber PCR analysis. Two serial cryosections (10- and 20-um)
skeletal muscle (Musculus soleus) were used for single-fiber PCR. The for-
mer sections were stained with dimethylaminoazobenzene for COX ac-
tivity, and COX™ and COX" fibers were selected for PCR analysis. The
latter thicker sections were used for dissection of cytoplasm correspond-
ing to the COX™ and COXF fibers with a sharp microcapillary. PCR ampli-
fication was carried out with three primers, nucleotide positions
7576-7595,12,260-12,280 and 12,479-12,459 of mouse mtDNA (ref.
7). Mutant AmtDNA4696 and wild-type mtDNA gave 210-bp and 220-
bp fragments, respectively, and the proportion of AmtDNA4696 in each
fiber was analyzed with an FM-BIO image analyzer (Hitachi).
Quantification was confirmed by the observation that the proportion of
AmtDNA4696 calculated by this PCR analysis was almost equivalent to
that calculated by Southern-blot analysis of the same muscle samples.
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