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ABSTRACT

The proportions of mutant and wild-type mtDNA are crucial in determining the severity of
mitochondrial diseases. It has been generally considered that deletion-mutant mtDNA has replication
advantages and accumulates with time. Here, we examine the tissue-by-tissue proportions of mutant
mtDNA with a 4696-bp deletion (AmtDNA) and wild-type mtDNA in mitochondrial disease model mice
(mito-mice). Comparison of the proportions of AmtDNA in each tissue at various ages showed that the
rate of accumulation of AmtDNA differed among tissues. The heart, skeletal muscles, kidney, liver, testis,
and ovary showed increases in the proportion of AmtDNA with age, but the pancreas, spleen, brain, and
blood showed only a slight or no increase in proportion. In contrast to the somatic tissues, however, the
germ cells of female mito-mice and resultant offspring showed a strong decrease in AmtDNA with
maternal age. The decrease was so acute that some offspring showed complete disappearance of AmtDNA,
even though their elder brothers and sisters had high proportions of AmtDNA. Female germ cells have a
machinery that prevents the inheritence of defective mtDNA to the following generation since germ cells

are kept for a long time until they are ovulated.

ACH mammalian cell contains several hundred
to thousands of copies of mitochondrial DNA
(mtDNA), encoding 13 proteins (all of which are
OXPHOS subunits), 22 tRNAs, and two rRNAs
(ANDERSON ¢/ al. 1981). Point- and deletion-mutant
mtDNAs have been shown to be important causes of
human mitochondrial diseases, such as mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-
like episodes (Goto et al. 1990), Leber’s hereditary
optic neuropathy (WALLACE et al. 1988), chronic pro-
gressive external ophthalmoplegia, and Kearns-Sayre
syndrome (HovLT et al. 1988).

In general, all of the mtDNA in an individual is
thought to be identical (homoplasmy), because mam-
malian mtDNA shows strictly maternal inheritance
(KANEDA et al. 1995; SHITARA et al. 1998). However, in
human individuals with mitochondrial disease, wild-
type and mutant mtDNAs coexist at different levels
(heteroplasmy), probably because some pathogenic
mutant mtDNAs are lethal in the homoplasmic state.
Levels of heteroplasmy (i.e., the proportions of wild-type
and mutant mtDNAs) are considered to fluctuate
through the random distribution of mtDNA to daughter
cells during cell division (BIrxy 1994). Levels of hetero-
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plasmy also depend on the specific mtDNA haplotype
(HAavasHI el al. 1987; JENUTH el al. 1997) and nuclear
background (DUNBAR et al. 1995; BATTERSBY el al.
2003). Since the proportion of mutant mtDNA directly
affects the severity of mitochondrial diseases, it is impor-
tant to investigate fluctuations in the level of hetero-
plasmy in each tissue at various ages.

Previously, JENUTH et al. (1997) reported tissue-specific
and age-related selection for different mtDNA genotypes
in the same heteroplasmic mice possessing New Zealand
Black (NZB) and Bagg Albino (BALB) mtDNAs. Here we
used mito-mice (INOUE et al. 2000; NARADA et al. 2001),
which possess wild-type and pathogenic 4696-bp de-
letion-mutant mtDNA (AmtDNA), to compare the levels
of heteroplasmy of AmtDNA between tissues. The de-
letion removes six tRNAs and seven structural genes, and
cells with >80% AmtDNA show respiratory deficiency
and resultant mitochondrial diseases (INOUE et al. 2000,
2007; NaRADA et al. 2001, 2004, 2006) . The proportion of
AmtDNA increased with time in cultured cells (INOUE
et al. 2000) and in the tails of mito-mice (SATO et al. 2005),
as has been observed in human subjects with deletion-
mutant mtDNA (LARSSON et al. 1990). However, the age-
associated accumulation of AmtDNA in other tissues of
mito-mice, which directly influences the expression of
mitochondrial disease, has not yet been examined.
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We found that no somatic tissue showed a drastic
decline of AmtDNA with age and that each tissue had
specific accumulation rates of AmtDNA. On the other
hand, female germ cells and the resultant offspring
showed a maternal age-dependent decrease in the
proportions of AmtDNA. In terms of chromosome
abnormality, it is generally accepted that the risk of
having offspring with defects (such as Down syndrome
in humans) increases with age. In contrast, our findings
indicate that the risk of having offspring with mitochon-
drial defects decreases with age in mito-mice.

MATERIALS AND METHODS

Estimation of AmtDNA proportions by Southern blot
analysis: Southern blot analysis was performed to estimate
the AmtDNA proportions in the tissues. A representative
of Southern blot image is shown in supplemental Figure 1 at
http:/www.genetics.org/supplemental/.  Briefly,  Xhol-di-
gested total DNA was separated on 0.6% agarose gel and
transferred to a nylon membrane. Hybridization was carried
out with a mtDNA probe (nucleotide positions 1859-2762)
labeled by AlkPhos direct labeling and detection system (GE
Healthcare, Buckinghamshire, UK). Images were obtained by
exposing Hyperfilm ECL (GE Healthcare). The density of
signals was measured by using the public domain National
Institutes of Health (NIH) image program (developed at NIH
and available at http:/rsb.info.nih.gov/nih-image/). The
Southern blot analysis was repeated three times for each
sample and the mean of the values was represented as the
proportion of AmtDNA.

Estimation of AmtDNA proportions by real-time monitor-
ing PCR: Real-time monitoring PCR was used to estimate the
proportions of AmtDNA in superovulated oocytes, nongrow-
ing oocytes of newborn mito-mice, and tissues that showed no
signal of AmtDNA by Southern blot analysis. It was performed
with a TagMan PCR reagent kit and an ABI PRISM 7900HT
sequence detection system (Applied Biosystems, Foster City,
CA). To estimate the absolute copy number of wild-type
mtDNA and AmtDNA, we used the standard curve method.
The standard curve for the assay was calculated using a series of
10-fold dilution of titrated synthetic standard DNA. Each
measurement was repeated three times and the proportions of
AmtDNA and total mtDNA were calculated. The primer set
specific for AmtDNA was TTTCACTATGAAGCTAAGAGCGT
TAACCT and GGTGGAATCGGACCAGTAGGA. The reporter
dye 6-carboxyfluorescein (FAM)-labeled TagMan minor-
groove-binder probe specific for AmtDNA was AACTGGTG
TATGGAGATTT. The primer set specific for wild-type mtDNA
was AACCTGGCACTGAGTCACCA and GGGTCTGAGTGTA
TATATCATGAAGAGAAT. The reporter dye FAM and the
quencher dye 6-carboxy-tetramethyl-rhodamine-labeled probe
was TCTGTAGCCCTTTTTGTCACATGATC.

Collection of oocytes: Mito-mice were induced to super-
ovulation by injection of pregnant mare serum gonadotropin
and then 48 hr later by injection of human chorionic
gonadotropin (hCG). Fifteen hours after the hCG injection,
superovulated oocytes were collected from anesthetized mito-
mice at 44 days old from the left oviduct and at 117 days old
from the right oviduct. To collect nongrowing oocytes of the
newborn mito-mice, ovaries were placed in PBS with 0.02%
EDTA (Ca®" free) for 10 min at 37°, and dissociated oocytes
were collected using glass pipettes (Kono et al. 1996).

Ovarian grafting: Mito-mice were euthanized and both left
and right ovaries were collected. Ovaries of anesthetized host

B6mtspr mice were removed from ovarian bursal cavities, and
donor mito-mice ovaries were placed in ovarian bursal cavities.
Two weeks after the grafting, the mice were caged with male B6
mice and offspring were obtained by natural mating. Because
B6mtspr mice possess the C57BL/ 6] nuclear genome and Mus
spretus mtDNA, we could distinguish the offspring derived
from donor mito-mice (M. musculus) ovaries and host Bémtspr
by analysis of mtDNA sequence polymorphisms.

Statistical analyses: The relationship between age and
proportion of AmtDNA in tissues was analyzed by calculating
the Pearson’s correlation coefficient. For comparison of the
increased AmtDNA accumulation rate among tissues, we car-
ried out ANCOVA and Pvalues of interaction were obtained.
The relationships among age, proportion of AmtDNA, and
total mtDNA content were analyzed with ANCOVA. Values
with P < 0.05 were considered significant.

RESULTS

Proportions of AmtDNA in somatic tissues of mito-
mice: We euthanized mito-mice at various ages and
examined the proportions of AmtDNA in their tissues.
To compare the rates of accumulation of AmtDNA
among tissues, the proportions of AmtDNA in each tissue
of a mito-mouse were normalized with the proportion of
AmtDNA in the tail when the same mito-mouse was 30
days old. (Figure 1, A-K). When mito-mice were young,
the proportions of AmtDNA in tissues were almost the
same as that of the tail at 30 days old. As the mito-mice
aged, the proportions of AmtDNA became higher than
that of the tail at 30 days in the tail, heart, skeletal
muscles, kidney, liver, testis, and ovary. The other tissues
that we examined (pancreas, spleen, brain, and blood)
showed only a slight or no increase in the proportion
of AmtDNA with age. The slopes of the best fit sig-
nificantly differed when the former and the latter tissues
were compared (supplemental Table 1 at http://www.
genetics.org/supplemental/). The rates of accumula-
tion of AmtDNA in each tissue are indicated in Figure
1L. Although we measured total mtDNA content in tis-
sues, there was no significant correlation between age and
total mtDNA content or between proportion of AmtDNA
and total mtDNA content (supplemental Figures 2 and 3,
supplemental Table 2).

One possible cause of the change of AmtDNA in
tissues is selection against cells with high AmtDNA. To
examine the effect of selection against cells, we removed
some mito-mice, which had tissues with >80% AmtDNA,
and examined the increase rate of AmtDNA. If cells with
ahigh proportion of AmtDNA were selectively removed,
it would affect the slope of the best fit. When we
removed mice with >80% AmtDNA, the slopes of the
best fit were not significantly different from the ones
containing mice with >80% AmtDNA (supplemental
Figure 4 at http:/www.genetics.org/supplemental/).
This result indicates that selection against cells within
tissues is not very great in mito-mice.

Proportions of AmtDNA in offspring and oocytes:
Although maternal transmission of deletion-mutant
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F1cUure 1.—Changes in proportions of AmtDNA in tissues with age. (A-K) Relationship between proportion of AmtDNA in a
tissue and the age at euthanasia. Proportion of AmtDNA in tissues shows ratios relative to those in the tail at 30 days old. Pearson’s
product-moment correlation coefficient and its probability are indicated as R and P, respectively. (L) Rates of accumulation of
AmtDNA in tissues. The slopes of best fit (ratio/month) (A-K) are indicated as bars.

mtDNA is very rare in human cases (LARSSON and
CLAYTON 1995; WALLACE 1999), it has been observed in
mito-mice (INOUE et al. 2000). We examined the corre-
lation between the proportion of AmtDNA in offspring
and the age of maternal mito-mice. As the maternal
mito-mice aged, the proportions of AmtDNA in their
offspring declined (Figure 2; supplemental Figure 5
and supplemental Table 3 at http://www.genetics.org/
supplemental/). This trend was independent of the
proportion of AmtDNA in the maternal mito-mice.
There was no correlation between maternal age and
the litter size at each delivery. Some offspring delivered
from mouse 1, mouse 5, and mouse S1 showed complete
absence of AmtDNA, even with the highly sensitive PCR
assay (data not shown).

A decline in the proportion of AmtDNA with mater-
nal age was also observed in oocytes collected by
superovulation (Figure 3; supplemental Table 4 at
http:/www.genetics.org/supplemental/). This implies
that oocytes with lower AmtDNA were ovulated as the
maternal mito-mice aged and the resultant offspring
had lower AmtDNA than their elder brothers or sisters.
The decline in the proportion of AmtDNA in the

germ cells was specific to females; the proportion of
AmtDNA in sperm did not decrease with age (data not
shown).

Proportions of AmtDNA in offspring of ovary-
grafted mice: Mito-mice usually have short reproductive
spans because they die early in life from renal failure
caused by the presence of AmtDNA (INOUE et al. 2000).
To obtain a prolonged reproductive span, we replaced
the ovaries of B6mtspr mice with those of mito-mice.
Since B6mtspr mice possess the B6 nuclear genome and
M. spretus mtDNA, we could distinguish the offspring
derived from the donor mito-mice (M. musculus) ovaries
and the host Bé6mtspr ones by the analysis of mtDNA
sequence polymorphisms. The ovary-grafted mice were
mated with male B6 mice and offspring were obtained.
The ovary-grafted mice delivered normally and most of
the offspring had mito-mice-specific mtDNA genotypes
(a few offspring with M. spretus mtDNA were obtained
from mouse 8). The proportion of AmtDNA also de-
clined in the offspring delivered from ovary-grafted
mice (Figure 4; supplemental Table 5 at http:/www.
genetics.org/supplemental/). Some offspring delivered
from both mouse 8 and mouse 9 showed complete
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absence of AmtDNA (mouse 8: two of six in the fourth
litter and all three in the fifth litter; mouse 9: three
of five in the fourth litter and two of three in the
fifth litter).
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Possible mechanism of the decline of AmtDNA in
offspring as a function of maternal age: One possible
explanation for the decline of the proportion of
AmtDNA in oocytes with maternal age is the selection
against oocytes or the post-implantation embryos. The
absence of oocytes with >80% AmtDNA implies the
presence of selection against oocytes (SATO el al. 2005).
Although the efficiency of fertilization was not different
between oocytes with or without AmtDNA (data not
shown), post-implantation development was impaired
when embryos contained >60% AmtDNA because it
would reach 80% during gestation (SaTto et al. 2005).
These facts indicate that there is a selection against
oocytes and post-implantation embryos. However, even
if the selection against oocytes with a high proportion of
AmtDNA exists in ovaries, it cannot explain the absence
of oocytes or offspring with a low proportion of
AmtDNA at a young age (Figures 2—4). It is probable
that selection against oocytes or embryos does not
contribute very much to the decline of the proportion
of AmtDNA in oocytes as females age.

Another possibility for the decline of the proportion
of AmtDNA in oocytes with maternal age is selective
ovulation: oocytes with various proportions of AmtDNA
exist in the ovary and those with higher proportions of
AmtDNA are selectively ovulated when maternal mito-
mice are young. Another possibility is that the propor-
tions of AmtDNA in all oocytes are high at first, but
AmtDNA disappears gradually in each oocyte with age.
To test which is the case, we examined the proportions
of AmtDNA in the nongrowing oocytes of newborn
mito-mice. All oocytes are synchronously arrested in
the diplotene stage of the first meiotic division in the
newborn mouse. The result is shown in Table 1. The
coefficient of variation (CV) of the proportion of
AmtDNA in nongrowing oocytes was 0.19-0.21. This
range was closer to the CV of the first litters (0.04-0.30)
than to that of all litters (0.71-1.33) (supplemental Ta-
bles 3 and 5 at http://www.genetics.org/supplemental /).
Moreover, nongrowing oocytes with no AmtDNA (as
observed in Figures 2 and 4) were not observed. These
results indicate that the latter hypothesis is the mecha-
nism underlying the maternal age-associated decrease
in the proportion of AmtDNA in the offspring.

F1GURE 2.—Relationship between proportion of AmtDNA
in offspring and maternal age. Proportion of AmtDNA in
the tails of offspring at 30 days old are indicated by blue dia-
monds. Proportion of AmtDNA in the tails of maternal mito-
mice at 30 days old are indicated by red crosses. Horizontal
axes indicate the age of the maternal mito-mice at each deliv-
ery. At the first delivery of mouse 5, a neonate died immedi-
ately after birth; the AmtDNA proportion in its tail is
indicated by the asterisk. In some offspring, AmtDNA was
not detected (mouse 1: one of three in the third litter and
all three in the fourth litter; mouse 5: one of two in the fourth
litter and all five in the fifth litter).
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FIGURE 3.—Proportion of AmtDNA in oocytes collected at
different ages. Mito-mice were superovulated twice and oo-
cytes were collected from left and right oviducts at 44 and
117 days old, respectively. Proportion of AmtDNA in oocytes
is indicated by blue diamonds. Red crosses indicate the pro-
portions of AmtDNA in the tails of oocyte-donor mito-mice at
30 days old.

DISCUSSION

Because it is smaller than wild-type mtDNA, and thus
is thought to have replication advantages, deletion-
mutant mtDNA tends to accumulate in the postmitotic
tissues of patients with mitochondrial disease (LARSSON
and CrayToN 1995; WaLLACE 1999). In cultured cells,
deletion-mutant mtDNA was reported to accumulate
with time (HAYASHI et al. 1991) but not in another study
(TANG et al. 2000). We show here that the rate of
accumulation of AmtDNA differed among tissues. The
heart, skeletal muscles, kidney, liver, testis, and ovary
showed increases in the proportion of AmtDNA with
age, but the pancreas, spleen, brain, and blood showed
only a slight or no increase (Figure 1). In some of the
former tissues, mito-mice show clinical phenotypes such
as auriculoventricular block, renal failure, and meiotic
arrest of spermatocyte (INOUE et al. 2000; NAKADA et al.
2001, 2006). In the latter tissues, severe clinical pheno-
types have not been observed so far. This means that the
rate of accumulation of AmtDNA is closely related to the
expression of mitochondrial diseases in mito-mice.
However, the rate of accumulation of AmtDNA does
not solely explain the expression of mitochondrial dis-
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FIGURE 4.—Proportion of AmtDNA in offspring obtained
from mice grafted with ovaries of mito-mice. Proportion of
AmtDNA in the tails of offspring are indicated by blue dia-
monds. Red crosses indicate the AmtDNA proportions in
the tails of the ovarian donor mito-mice at 30 days old. Hor-
izontal axes indicate the age of the grafted ovaries at each de-
livery. From mouse 8, host-ovary-derived offspring possessing
M. spretus mtDNA were obtained in the first, third, fourth, and
fifth litter (not indicated in the graph). At the first delivery of
mouse 9, all three neonates died immediately after birth; the
AmtDNA proportions in their tails are indicated by asterisks.
In some offspring, AmtDNA was not detected (mouse 8: two
of six in the fourth litter and all three in the fifth litter; mouse
9: three of five in the fourth litter and two of three in the fifth
litter).

eases, since the liver and ovary of mito-mice, which
showed high rates of AmtDNA accumulation, have no
defects. Another key to the expression of mitochondrial
diseases is the tissue-specific energy requirement thresh-
old. For example, arrest of spermatocytes occurs when
the proportion of AmtDNA is >70% (NAKADA et al.
2006), but the threshold of respiratory defects is >80%
in cultured cells or in the skeletal muscles (INOUE et al.
2000; NAKADA et al. 2001). Thus, to predict the pheno-
typic expression of mitochondrial diseases, we need to
consider both the trends in AmtDNA accumulation and
the energy requirement threshold of each tissue.

The proportion of deletion-mutant mtDNA is re-
duced in the blood of patients with mitochondrial
disease when compared with other postmitotic tissues
(LEsTIENNE and Ponsot 1988). This probably occurs
because cells with reduced levels of mutant mtDNA are
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TABLE 1

AmtDNA in nongrowing oocytes from newborn mito-mice

Nongrowing oocytes

Tail (%) Ovary (%) Mean (%) SD (1% n
57.8 54.6 60.5 12.8 0.21 48
55.0 62.4 66.5 12.9 0.19 49
69.1 74.7 73.7 15.8 0.21 47
55.7 59.1 68.3 12.6 0.18 49

“Tail” is the proportion of AmtDNA in the tail of the new-
born mito-mice. “Ovary” is the proportion of AmtDNA in the
ovary of the newborn mito-mice. “Mean” is the mean of the
proportion of AmtDNA in nongrowing oocytes of the mito-
mice. SD, standard deviation. n, number of nongrowing oo-
cytes investigated.

selected in mitotic tissue as a result of continuous cell
division and mtDNA segregation. In this study, however,
the tissues that showed no increase of AmtDNA were not
confined to cells undergoing active mitosis. In addition,
selection against cells within tissues seemed to make
little contribution to the change in the proportion
of AmtDNA (supplemental Figure 4 at http:/www.
genetics.org/supplemental/). Thus, some events occur-
ring within cells might govern the change of the pro-
portion of AmtDNA. A candidate is autophagy. The
membrane-potential-dependent mitochondrial diges-
tion by autophagy has been reported in cultured cells
(ELMORE et al. 2004). Another candidate is the prefer-
ential replication for specific mtDNA. The expression
levels of mtDNA replication factors, such as mtTFA or
PolG, might be involved in the preferential replication
of specific mtDNA.

In this study, we concluded that AmtDNA disappears
gradually from oocytes with age. However, this idea is
based on the orthodox view of oogenesis: female
primordial germ cells finish mitosis at an early embry-
onic stage and are not replenished after birth. Recently,
it was reported that new oocytes and follicles are
generated in the adult mouse ovary (JOHNSON el al.
2005a) and that germline stem cells (GSCs) in the bone
marrow and peripheral blood contribute the replenish-
ment (JOHNSON et al. 2005b). If GSCs were to exist and
continued mitosis in adult mice, then the mtDNA
population in GSCs could drift toward homoplasmy of
either AmtDNA or wild-type mtDNA (WarLLAcE 1981;
Birky 1994). If this were the case, then the GSCs with a
high proportion of AmtDNA would die of respiratory
deficiency, and the remaining GSCs with low propor-
tions of AmtDNA would survive and be ovulated.
However, we observed a decline in AmtDNA propor-
tions in the offspring even after ovarian grafting (Figure
4). This indicates that GSCs in the bone marrow do not
contribute to the decline of AmtDNA proportions in
oocytes. Moreover, the above hypothesis does not seem
likely for two additional reasons. One is that the pro-

portions of AmtDNA in rapidly dividing tissues such as
the blood or spleen do not decrease with age in mito-
mice (Figure 1). The other is that the mtDNA popula-
tion in the offspring of mito-mice drifted only toward
wild-type mtDNA (Figures 2—4). If the above hypothesis
were the case, we would see a shift toward both AmtDNA
and wild-type mtDNA. Therefore, we suppose that con-
tinued mitosis of GSCs and resultant mtDNA segre-
gation cannot explain the gradual disappearance of
AmtDNA.

The mechanism of decline of the proportion of
AmtDNA in oocytes with maternal age is currently
unknown. In our preliminary study, heteroplasmic mice
possessing M. spretus and M. musculus mtDNA showed
no segregation toward either genotype in their offspring
with maternal age (data not shown). Similarly, hetero-
plasmic mice with NZB and BALB mtDNA showed no
correlation between maternal age and segregation
toward either mtDNA in their offspring (JENUTH et al.
1997). Thus, this phenomenon is specific to mito-mice,
which possess pathogenic deletion-mutant mtDNA.
Considering that the proportion of AmtDNA continued
to decrease below the threshold of cellular respiratory
deficiency, a reduction in the cellular energetic state
does not trigger a decline in AmtDNA in oocytes. Like
the change of AmtDNA accumulation rate in other
tissues, the selective replication of specific mtDNA (in
this case, wild-type mtDNA) or the selection against
mitochondria might be involved in the decline of
AmtDNA in oocytes.

Previously, we reported selection against male germ
cells with high AmtDNA (NAKADA et al. 2006). Female
germ cells complete an entry into meiosis before birth,
in contrast to male germ cells, which continue meiosis
throughout their life. Therefore, meiotic selection
against oocytes finishes in the early developmental stage.
Females have to cope with the accumulation of AmtDNA
while oocytes are kept in the ovary for a long time until
ovulation. The decline of the proportion of AmtDNA in
oocytes might reflect a compensatory correction mech-
anism that is cumulatively manifest as a function of age.

Does the phenomenon of a decrease in AmtDNA in
offspring as maternal age increases also exist in hu-
mans? We reviewed several published reports of mito-
chondrial disease pedigrees showing the transmission of
deletion- and point-mutant mtDNAs. In the pedigrees
that we reviewed, affected subjects were not restricted to
older brothers or sisters, and the proportion of mutant
mtDNA was not significantly higher in older siblings
(BALLINGER el al. 1992; BERNES ef al. 1993; HAMMANS
et al. 1993; DE VRIES el al. 1994; PuoTr et al. 2003).
Moreover, epidemiological studies showed no correla-
tion between maternal age and risk of inheritance of
pathogenic deletion-mutant mtDNA (BRENNER et al.
1998; CHINNERY el al. 2004). Thus, although we cannot
directly apply our findings to humans with pathogenic
mutant mtDNAs, an understanding of the underlying
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mechanism could lead to development of a new treat-
ment for mitochondrial diseases.
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