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Approximately 15% of human couples are affected by infertility,
and about half of these cases of infertility can be attributed to men,
through low sperm motility (asthenozoospermia) or/and numbers
(oligospermia). Because mitochondrial genome (mtDNA) muta-
tions are identified in patients with fertility problems, there is a
possibility that mitochondrial respiration defects contribute to
male infertility. To address this possibility, we used a transmito-
chondrial mouse model (mito-mice) carrying wild-type mtDNA and
mutant mtDNA with a pathogenic 4,696-bp deletion (AmtDNA).
Here we show that mitochondrial respiration defects caused by the
accumulation of AmtDNA induced oligospermia and asthenozo-
ospermia in the mito-mice. Most sperm from the infertile mito-mice
had abnormalities in the middle piece and nucleus. Testes of the
infertile mito-mice showed meiotic arrest at the zygotene stage as
well as enhanced apoptosis. Thus, our in vivo study using mito-
mice directly demonstrates that normal mitochondrial respiration
is required for mammalian spermatogenesis, and its defects result-
ing from accumulated mutant mtDNAs cause male infertility.

meiosis | mitochondrial diseases | model mice | respiration defects |
spermatogenesis

M itochondria have their own genome, mtDNA, and most
cells in the body contain between 10° and 10* copies of
mtDNA. Mammalian mtDNA encodes 13 polypeptides that are
essential subunits for electron transport complexes on the inner
mitochondrial membrane and 22 tRNAs and 2 rRNAs that are
necessary for the translation of these 13 polypeptides. The
accumulation of pathogenic mtDNAs having large-scale deletion
or point mutation and the resultant mitochondrial respiration
defects are associated with a wide variety of disorders, such as
mitochondrial diseases, neurodegenerative diseases, and diabe-
tes, as well as aging (for review, see ref. 1). Reduced sperm
motility has been reported in patients with mitochondrial dis-
eases (2, 3), and pathogenic mutant mtDNA has also been
identified in semen samples of patients with fertility problems
(4-6), although the accumulation of mutant mtDNA in semen
samples is insufficient for the induction of mitochondrial respi-
ration defects. Considering that sperm motility depends on
mitochondrial respiratory function (7), these findings from
human studies predict that the accumulation of pathogenic
mutant mtDNA and the resultant mitochondrial respiration
defects contribute to sperm dysfunction, probably leading to
male infertility. By using mice with the disrupted expression of
glyceraldehyde-3-phosphate dehydrogenase-S, a sperm-specific
glycolytic enzyme, however, it has been implied that most of the
energy required for sperm motility is generated by glycolysis
rather than mitochondrial oxidative phosphorylation (8). More-
over, it is possible that nuclear DNA mutations were involved in
the expression of respiration defects in all of these cases because
respiratory function is controlled by both nuclear DNA and
mtDNA (for review, see ref. 1). Thus, there is as yet no
convincing experimental evidence showing that mitochondrial
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respiration defects induced by accumulated mutant mtDNA
result in male infertility.

For resolving the problem, transmitochondrial mice (mito-
mice) carrying both pathogenic AmtDNA, which has a 4,696-bp
deletion from nucleotide position 7,759 in the tRNAD* gene to
position 12,454 in the ND5 gene, and wild-type mtDNA are a
suitable model system (9). AmtDNA is similar to pathogenic
mutant mtDNA with the common deletion in human mitochon-
drial diseases (10). When mito-mice were generated by intro-
duction of mitochondria carrying AmtDNA into zygotes of
C57BL/6J (B6) mice, these mice carrying >80% mtDNA
showed mitochondrial respiration defects and the resultant
mitochondrial diseases (9, 11, 12). The great advantages of
mito-mice are that they all share exactly the same nuclear
genomic background, and their genetic variation is restricted to
the proportions of the introduced pathogenic AmtDNA. There-
fore, mito-mice have provided direct evidence that mitochon-
drial respiration defects induced by the accumulation of
AmtDNA are sufficient by themselves for expression of the
clinical phenotypes observed in patients with mutated mtDNA.

Mammalian spermatogenesis occurs continuously with indi-
vidual maturation of sperm and comprises the entire sequence
of events by which spermatogonia are transformed into sperm,
through meiotic division of spermatocytes. In yeast, it has been
reported that mitochondrial function is essential for meiosis
(13-15) and the meiotic sporulation process (16). In mammalian
spermatogenesis, however, it has not been well understood
whether mitochondrial respiratory function is essential for the
meiotic process because there was no effective animal model for
answering the fundamental question.

In this work, we investigated male infertility in mito-mice (4.5-6.5
months old) carrying different proportions of AmtDNA compared
with that in age-matched B6 mice as normal controls, and we
showed that pathogenic mtDNA-derived mitochondrial respiratory
defects are responsible for oligospermia and asthenozoospermia.
Furthermore, our study demonstrated that the mitochondrial res-
piration defects gave rise to meiotic arrest and abnormalities of
sperm morphology, showing the requirements of mitochondrial
respiratory function in mammalian spermatogenesis.

Results

To select the mito-mice used for this work, we deduced the
proportions of AmtDNA in tissues of 4.5- to 5.0-month-old male
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Fig. 1. Effect of accumulated AmtDNA in mito-mice. A mating assay of mito-mice is shown. Normal B6 mice (n = 3) and mito-mice carrying 7.0% (mouse-7),

8.6% (mouse-9), 11.1% (mouse-11), 48.8% (mouse-49), 54.6% (mouse-55), 59.4% (mouse-59), 62.0% (mouse-62), 68.0% (mouse-68), 73.3% (mouse-73), 73.9%
(mouse-74), 75.2% (mouse-75), 81.3% (mouse-81), 84.8% (mouse-85), and 86.6% (mouse-87) AmtDNA in their tails were used in this assay. The presence or
absence of copulation plugs is shown as + or —, respectively. Copulation plugs were not found in the females paired with mouse-81, -85, and -87. Mito-mice
carrying =73.3% AmtDNA in their tails had reduced numbers of progeny. Black bars show the means = SD. Asterisks indicate significant differences (P < 0.05).

mito-mice from tail samples (see Table 1, which is published as
supporting information on the PNAS web site) without having to
kill the mice because the proportions are approximately uniform
throughout the tissues of individual mito-mice (9, 11, 17). Based
on the deduced proportions of AmtDNA, we classified the
mito-mice into three groups (Fig. 1): mito-mice carrying =68%
AmtDNA (group 1), those carrying 70-80% AmtDNA (group
2), and those carrying =81% AmtDNA (group 3). Group 1
mito-mice were quite normal, and they showed no phenotypes of
mitochondrial diseases, although they carried a maximum of
68% AmtDNA. Group 2 mito-mice were apparently healthy, but
they showed a slight mitochondrial respiratory deficiency and
lactic acidosis after glucose loading. Group 3 mito-mice showed
systemic mitochondrial respiration defects and the resultant
mitochondrial disease phenotypes, such as low body weight,
lactic acidosis, myopathy, heart block, renal failure, and deaf-
ness. Therefore, the group 1 mito-mice could be used as negative
controls because the genetic differences of these mito-mice
groups were limited to the proportions of exogenously intro-
duced AmtDNA

If mutated mtDNA and the resultant mitochondrial respira-
tion defects are responsible for male infertility, then the number
of progeny from female mice mated with male mito-mice might
be reduced in proportion to the AmtDNA load. To test this
hypothesis, we carried out a mating assay using male mito-mice
carrying 7.0-86.6% AmtDNA in their tails (groups 1-3 mito-
mice) and normal male B6 mice (Fig. 1). We observed copula-
tion plugs, showing successful mating, in all of the female mice
when groups 1 and 2 mito-mice and normal B6 mice were
cohabitated with female B6 mice (2—4 months old). The numbers
of progeny obtained were clearly reduced in group 2, whereas
there was no significant difference in the average progeny
number between group 1 and B6 mice. On the other hand, even
when group 3 mito-mice were cohabitated with the females for
4 weeks, we found no copulation plugs in the female mice, and
we obtained no progeny. In group 3 mito-mice, we observed
mitochondrial myopathy and the resultant behavior disorder,
leading to mating failure (not shown).

The results of the mating assay showed that the accumulation
of >73% AmtDNA in mito-mice was associated with male
infertility, but the main reason for male infertility in group 3
mito-mice was probably behavior problems caused by mitochon-
drial myopathy. However, the mechanisms by which the accu-
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mulated AmtDNA induced male infertility in mito-mice were
still not clear. To address this point, we examined the quality of
sperm prepared from mito-mice. As for the mitochondrial
respiratory function and morphology of sperm, we observed
deficiency of cytochrome c oxidase (COX) activity (Fig. 24) and
one of the respiration chain complexes; abnormalities in the
middle piece, including unevenly sterile and bending forms; and
regarding the head, we observed both pyknosis and headless
forms (Fig. 2B), most often in groups 2 and 3 mito-mice. These
defects were probably the result of abnormal sperm formation
and the subsequent occurrence of asthenozoospermia in groups
2 and 3 mito-mice. Actually, sperm motility was decreased in
group 2 compared with group 1 mito-mice and B6 mice, and no
motile sperm were observed in group 3 (Fig. 2D). The sperm
number was also clearly decreased in groups 2 and 3 mito-mice
compared with group 1 mito-mice and B6 mice, and the decrease
was greater in group 3 (Fig. 2C). Thus, asthenozoospermia and
oligospermia were present in groups 2 and 3 mito-mice.

To test whether the oligospermia and asthenozoospermia in
mito-mice resulted in male infertility, we used an in vitro
fertilization assay with sperm prepared from groups 1-3 mito-
mice and normal B6 mice. In the assay, fertilization rates,
measured as the developmental frequency of two-cell-stage
embryos, were clearly decreased in group 2 mito-mice compared
with group 1 mito-mice and B6 mice, and we observed no
two-cell-stage embryos in group 3 mito-mice (Fig. 2E). Thus, we
concluded that oligospermia and asthenozoospermia were the
main causes of male infertility in group 2 and that in group 3
mito-mice, they would have led to male infertility had those
mito-mice mated successfully.

The occurrence of oligospermia suggests abnormal spermat-
ogenesis in the infertile mito-mice. In addition, sperm samples
from mito-mice contained a maximum of 75.2% AmtDNA, even
when the mito-mice carried >80% AmtDNA (Table 1), indicat-
ing that spermatogenic cells carrying >75.2% AmtDNA did not
differentiate into sperm because of the mitochondrial respira-
tory dysfunction induced by the accumulated AmtDNA. To
investigate how oligospermia was induced in mito-mice, we
examined histological and histochemical changes in testes re-
moved from groups 1-3 mito-mice and normal B6 mice. The
numbers of spermatocytes, spermatids, and sperm were clearly
decreased in the testis of mouse-75 (group 2); in the testis of
mouse-85 (group 3) it was very difficult to identify any sper-
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Fig. 2. Biological quality of sperm from A
mito-mice. (A) COX activity in sperm.
Sperm samples from mouse-43 (group 1),
-74 (group 2), -81 (group 3), and a normal 2.5
B6 mouse were cytochemically stained for
COXactivity, and the relative frequency of
COX-positive (brown), -intermediate
(light brown), and -negative (white)
sperm in each mouse was determined by
the degree of staining. In mouse-74 and
-81, frequencies of COX-intermediate and
-negative sperm were higher than the fre-
quency in the B6 mouse. (Scale bar: 30
wm.) (B) Morphological abnormalities in
sperm. Sperm samples from mouse-43
(group 1), -74 (group 2), -81 (group 3), and
anormal B6 mouse were stained with H&E,
and the frequencies of morphological ab-
normalities in each mouse were esti-
mated. (Upper) Sperm with abnormal mid-
dle pieces. Black, gray, and white indicate
sperm with middle piece abnormalities,
nuclear abnormalities, and normal mor-
phology, respectively. In mouse-74 and
-81, the frequencies of sperm with middle
piece or nuclear abnormalities were
higher than in mouse-43 and the normal B6
B6 mouse. (Scale bar: 10 um.) (C) Total 43
number of sperm. Sperm samples col-
lected from both sides of the cauda epi-
didymidis of group 1 mito-mice (mouse-6,
-43, and -59), group 2 mito-mice (mouse-
73, -74, and -77), group 3 mito-mice
(mouse-81, -85, and -87), and normal B6
mice (n = 3) were incubated in 500 ul of
HTF medium, and the total sperm number
was counted. Total sperm numbers were
clearly decreased in groups 2 and 3. Values
are the means = SD. Asterisks indicate
significant differences (P < 0.05). (D)
Sperm motility. Sperm samples collected
from both sides of the cauda epididymidis
of group 1 mito-mice (mouse-6, -43, and
-59), group 2 mito-mice (mouse-73, -74,
and -77), group 3 mito-mice (mouse-81,
-85, and -87), and normal B6 mice (n = 3)
were incubated in 500 ul of HTF medium,
and swim-up sperm numbers were
counted after 2, 4, and 6 h of incubation.
The swim-up sperm numbers in groups 2
and 3 were clearly decreased. Values are
the means *+ SD. Asterisks indicate signif-
icant differences (P < 0.05). (E) In vitro
fertilization assay. Sperm samples col-
lected from group 1 mito-mice (mouse-6,
-43, and -59), group 2 mito-mice (mouse-
73, -74, and -77), group 3 mito-mice
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(mouse-81, -85, and -87), and normal B6 mice (n = 3) were used in the assay. The developmental frequency of two-cell-stage embryos was used as the
measure of successful fertilization rate. The fertilization rates in groups 2 and 3 were lower than those in group 1 and normal B6 mice. All values are the

means = SD. Asterisks indicate significant differences (P < 0.05).

matocytes, spermatids, or sperm (Fig. 34). In these mice,
however, spermatogonia could be seen in the external layer of
the most seminiferous tubules, although their numbers were
slightly decreased (Fig. 34). COX histochemistry of the testis
sections showed more mitochondrial respiration defects in
mouse-75 and -85 (Fig. 3B). Therefore, the histological changes
in testes of groups 2 and 3 mito-mice suggested that the
mitochondrial respiration defects may affect meiosis, which is
necessary for the transformation of diploid spermatocytes to
haploid spermatids during spermatogenesis. To investigate this
point, we immunostained testis sections with an antiserum for
male meiotic metaphase chromosome-associated acidic protein

15150 | www.pnas.org/cgi/doi/10.1073/pnas.0604641103

(meichroacidin; MCA) because the MCA distributes in the
cytoplasm of pachytene spermatocytes through to early round
spermatids but not in the cytoplasm of other cells in the testis,
and the MCA is localized around the metaphase chromosomes
and spindles during the first and second meiotic divisions (18).
Fewer cells stained positive for the anti-MCA decreased in
mouse-75 testis than in mouse-11 or B6 mouse testes, and the
number of such cells decreased further in mouse-85, indicating
meiotic abnormalities in spermatogenesis (Fig. 3C).

Because differences in synaptonemal complexes (SCs) are
used to identify each stage of the meiotic process during
spermatogenesis (for review, see ref. 19), we performed a
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Fig.3. Histopathological observations of testes from
mito-mice. (A) Histological observations of testes. Tes-
tis sections from mouse-11 (group 1), -75 (group 2), -81
(group 3), and a B6 mouse were stained with H&E. G,
spermatogonium; C, spermatocyte; T, spermatid; S,
sperm; and Ser, Sertoli cell. The numbers of spermato-
cytes and spermatids were clearly decreased in mouse-
75; in mouse-81 it is very difficult to identify any sper-
matocytes or spermatids. In mouse-75 and -85,
spermatogonia were present but in slightly decreased
numbers. (Scale bar: 50 um.) (B) Mitochondrial respi-
ratory function in testes. Cryosections from mouse-11
(group 1), -75 (group 2), -85 (group 3), and a B6 mouse
were histochemically stained for COX activity, indi-
cated by brown staining. In mouse-75 and -85, less COX
staining was observed, indicating mitochondrial res-
piration dysfunction. (Scale bar: 50 um.) (C) Distribu-
tion of MCA-positive cells in testes. Testis sections from
mouse-11(group 1), -75 (group 2), -85 (group 3), and a
B6 mouse were stained with anti-MCA antiserum to
visualize spermatocytes and spermatids. In mouse-75
and -85, the spermatocytes and spermatids were de-
creased in number, suggesting meiotic arrest. (Scale
bar: 50 um.) (D) Meiotic stages of nuclei in mito-mice.
The meiotic nuclei from mouse-15 (group 1) and -82

D (group 3) were categorized into the zygotene,
70 1 pachytene, or diplotene stage by electron microscopy,
and their frequencies are shown (gray bars). Because

g 60 - the nuclei with completely degenerated chromosomes
T could not be categorized into a stage, their frequen-
§ 50 - cies are shown separately (black bars at the right). The
8 frequencies of nuclei with partially fragmented and
.g 40 degenerated SCs are shown according to stage (black
E bars above gray bars). In mouse-82, the proportion of
S 304 nuclei with partially fragmented and degenerated SCs
] was higher at the zygotene stage and low at
a 20 4 pachytene stage, suggesting that spermatocytes with
g' mitochondrial respiration defects caused by the accu-
o 104 mulation of AmtDNA were arrested at the zygotene
stage. (E) Homozygous chromosomes at the zygotene

i stage in mouse-82. Abnormal synapsis was seen in

spermatocyte nuclei at the zygotene stage. Single and
double arrowheads indicate the region with self-
attachment and the degenerated SC, respectively.

Mouse Mouse Mouse Mouse Mouse Mouse Mouse Mouse
15 82 15 82 15 82 15 82

zygotene stage pachytene stage diplotene stage degenerated
chromosomes
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meiotic chromosome analysis of spermatocytes isolated from
mouse-15 (group 1) and -82 (group 3), and we observed the stage
at which meiosis was arrested in mito-mice. In mouse-82, we
observed a remarkable decrease in the spermatocyte population
at the pachytene and diplotene stages compared with data from
mouse-15, and most partially fragmented SCs were seen in
spermatocyte nuclei at the zygotene stage (Fig. 3 D and E).
Furthermore, abnormal and incomplete attachment was present
in these spermatocyte nuclei (Fig. 3E). These results showed that
in spermatocytes carrying high proportions of AmtDNA, meiosis
was arrested at the zygotene stage because of abnormal synapsis,
and it did not progress into the pachytene stage.

Because the increased number of spermatocytes with partially
fragmented SCs suggested the possibility that spermatocytes
underwent apoptosis, we examined whether apoptosis was en-
hanced in mito-mice groups 2 and 3. We observed more semi-
nucleotidyltransferase-
NEL)-positive cells in

(Scale bar: 2 um.)

mice (Fig. 44). In testes of mouse-74 (group 2) and -81 (group
3), TUNEL-positive spermatogenic cells increased in number in
the region with the spermatocytes compared with results in
mouse-9 (group 1) and B6 mouse testes (Fig. 4B). We also
observed overexpression of caspase 3, one of the positive reg-
ulators in apoptosis pathway, in group 3 mito-mice compared
with group 1 mito-mice (not shown). These results indicate that
spermatogenic cells arrested at the zygotene stages were re-
moved by apoptosis.

Discussion

Because mito-mice share the same nuclear—genomic background
and genetically vary only in the proportions of pathogenic
AmtDNA, they provide unambiguous evidence that the patholog-
ical phenotypes observed exclusively in the mito-mice carrying high
accumulations of AmtDNA are caused by AmtDNA-induced res-
piration defects. Using these mito-mice, we succeeded in showing
experimental evidence for mitochondria-related male infertility
and in demonstrating that mitochondrial respiration activity is

PNAS | October 10,2006 | vol. 103 | no.41 | 15151
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Fig.4. Occurrence of apoptosis in testes of mito-mice. (A) Quantification of
apoptosis by TUNEL staining in testis. In sections from mito-mice groups 1-3
(mouse-6, -43, -74, -75, -77, -81, and -87) and B6 mice (n = 5), frequencies of
seminiferous tubules with TUNEL-positive cells are shown. Apoptosis was
clearly more frequent in testes of mito-mice groups 2 and 3. (B) Distribution of
TUNEL-positive cells in testes. Testis sections of mouse-6 (group 1), -74 (group
2),-81 (group 3), and a B6 mouse were stained with an apoptosis detection kit
and counterstained with H&E. Brown and blue staining indicates TUNEL-
positive and -negative nuclei, respectively. Small numbers of the TUNEL-
positive cells were observed in mouse-6 and the B6 mouse. In mouse-74 and
-81, the numbers of TUNEL-positive cells were clearly increased, and they
tended to be distributed in the spermatocyte positions in the testis. (Scale bar:
50 um.)

essential for mammalian spermatogenesis, especially for progres-
sion to the pachytene stages during meiosis and sperm formation.
On the basis of these findings, we suggest that some cases of human
male infertility with unknown etiology might result from mitochon-
drial respiratory dysfunction, although there are biological differ-
ences between human and mouse cases.

Possible pathophysiological mechanisms for mitochondria-
related male infertility are as follows. When large amounts of
pathogenic mutant mtDNA accumulate in testes, mitochondrial
respiratory dysfunction is induced in spermatogenic cells. The
reduction of energy production by the mitochondria induces
meiotic arrest during spermatogenesis. In mito-mice carrying
large amounts of AmtDNA, we observed a decrease in sper-
matocytes at the pachytene and diplotene stages and an increase
in zygotene nuclei with partially fragmented and degenerated
chromosomes (Fig. 3D). We also observed a higher frequency of
cells undergoing apoptosis in the region of the testis with
spermatocytes (Fig. 4B). Thus, respiration-deficient spermato-
cytes could not complete meiosis, and these cells were removed
by apoptosis. Because the AmtDNA load differs in each cell (10,
12, 18), however, spermatocytes carrying a relatively lower
proportion of AmtDNA can complete meiosis and transforma-
tion into haploid spermatids. These spermatids could differen-
tiate into sperm, but most sperm showed intermediate COX
activity (Fig. 24) and abnormalities in middle piece and nucleus
(Fig. 2B), suggesting abnormal sperm formation. Therefore,
oligospermia and asthenozoospermia were induced by meiotic
arrest and enhanced apoptosis during spermatogenesis and the

15152 | www.pnas.org/cgi/doi/10.1073/pnas.0604641103

generation of sperm with mitochondrial respiration deficiency
and abnormal morphologies, respectively, resulting in male
infertility. Because there is a possibility that sperm motility is
sufficiently regulated by glycolysis (8), it was considered that
asthenozoospermia in mito-mice was caused by morphological
abnormalities rather than mitochondrial respiration deficiency
in sperm. Although reactive oxygen species (ROS) are associ-
ated with asthenozoospermia and impaired fertility (for review,
see ref. 20), the effect of ROS on sperm motility was not very
great in mito-mice (unpublished data).

In addition, we found that the spermatogonia were present in
testes of mito-mice groups 2 and 3 (Fig. 3 4 and C), even when
meiotic arrest had occurred, and spermatocytes, spermatids, and
sperm were clearly reduced in number. The AmtDNA has a
replication advantage because of its smaller size (9); therefore,
the maintenance of mitotic spermatogonial division gives rise to
additional accumulation of AmtDNA in spermatocytes, inducing
further oligospermia and asthenozoospermia over time.

Considering that abnormal and incomplete attachment of
homozygous chromosomes occurred only in mito-mice carrying
large amounts of AmtDNA (Fig. 3E), the abnormalities of
synapsis formation may be caused by energy deficiencies, result-
ing in meiotic arrest. It has been reported that synapsis of
homozygous chromosomes in the mammalian spermatogenic
meiotic process begins at the zygotene stage through chromo-
some movement and attachment (for reviews, see refs. 21 and
22) and that several factors for SCs, such as RAD51, DMC1, and
cohesin, contain functional ATP-binding domains (23-25). In
yeast, it has been demonstrated that mitochondrial respiratory
function is essential for meiosis (13-15) and that mitochondrial
dynamics determined by opposing mitochondrial fission and
fusion events are important in the meiotic sporulation process
(16). Our in vivo study using mito-mice, therefore, showed that
it is possible that mitochondrial respiration defects induce
abnormal attachment of homozygous chromosomes caused by
dysfunction of indispensable factors for the SCs.

In our previous study, we obtained a normal number of
progeny from female mito-mice carrying >70% AmtDNA, at
least until they died at ~6 months from mitochondrial diseases
(9). Thus, in contrast to male mito-mice, females escape infer-
tility, even when they carry large amounts of AmtDNA. This
difference between sexes can be partly explained by the differ-
ences in meiotic cell division between oogenesis and spermat-
ogenesis. In oogenesis, primary oocytes undergo meiosis syn-
chronously at a late stage of embryogenesis, and all of the cells
are suspended at the dictyotene stage before birth. During
ovulation, a part of these primary oocytes resume meiosis and
differentiate into mature oocytes. Therefore, we supposed that
the synchronous onset of meiosis during embryogenesis fore-
stalls the further accumulation of AmtDNA in primary oocytes,
and consequently, oocytes carrying relatively lower amounts of
AmtDNA are stably ovulated. Because mtDNA is inherited
maternally (26), the mammalian female might have evolved the
strategy of selecting only the healthy eggs, carrying relatively
lower amounts of mutated mtDNA, by the synchronous onset of
meiosis.

Our results implied several possible scientific and clinical
applications. First, mito-mice are a very valuable model system
for understanding the fundamental roles of mitochondrial re-
spiratory function in the mammalian meiotic process because
mito-mice are the only mammalian model with meiotic defects
caused by mitochondrial respiratory dysfunction. Second,
screening for sperm abnormalities would be effective for the
early diagnosis of mitochondrial diseases. Unlike muscle biopsy
for the diagnosis of mitochondrial diseases, this screening test
would not be invasive, but it is suitable only for males. Finally,
sperm samples from mito-mice could be used for screening drugs
designed to restore mitochondrial respiratory dysfunction, based
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on the recovery of decreased sperm motility. Compared with
disease model mice generated by the manipulation of the nuclear
genome, mito-mice are not always suitable for the drug screening
because it is difficult to obtain a large population of mito-mice
with the same AmtDNA load. However, the sperm samples from
mito-mice could be used for large-scale drug screening. More-
over, drugs capable of improving mitochondrial respiratory
dysfunction would be useful for treating not only mitochondrial
diseases but also male infertility from mitochondrial causes.

Methods

Mice. Mice carrying AmtDNA, mito-mice, were generated by
introducing AmtDNA from cultivated cells into zygotes of B6 strain
mice (Crea Japan, Meguro, Tokyo, Japan) with cell-fusion tech-
niques as described in ref. 9. Male mito-mice (4.5-6.5 months old)
carrying various proportions of AmtDNA were used for the study.
The proportion of AmtDNA in mito-mice was deduced from tail
DNA samples because the proportions are very similar in all of the
tissues of an individual mouse (9, 11, 17). Age-matched male B6
mice were also used as normal controls. Female B6 mice (2.0-4.0
months old) were used for the mating assay with the mito-mice and
normal B6 mice.

Statistical Analysis. The data were analyzed with an unpaired
Student’s ¢ test. All values are the means *+ SD, and values with
P < 0.05 were considered significant.

Mating Assay. Male mito-mice carrying various proportions of
AmtDNA in their tails (7.0-86.6% AmtDNA) and age-matched
male B6 mice were used in the assay. Groups 1 and 2 mito-mice
were cohabitated with a female B6 mouse until a copulation plug
was found in the female. Then the female with the plug was
exchanged for a new female B6 mouse. The procedure was
repeated at least three times. The number of progeny from each
was counted. Even when group 3 mito-mice were cohabitated
with female mice for >1 month, the copulation plugs were not
found in the female.

Quantitative Estimation of AmtDNA. Proportions of wild-type and
AmtDNA in tissues and sperm collected from mito-mice were
determined by real-time detection PCR as described in ref. 17.

Assays for Sperm Number and Motility. Sperm samples collected
from the cauda epididymidis of mito-mice and age-matched B6
mice were incubated in 500 wl of HTF medium, and the total
sperm number was counted. These sperm samples were also used
as samples for determining the AmtDNA content and for
cytochemical staining for COX activity. Because the most sperm
became active after 2 h of incubation and the activated sperm
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could swim up to the upper layer of the medium within the
incubation time, the swim-up sperm were counted as the number
of motile sperm after 2, 4, and 6 h of incubation.

In Vitro Fertilization Assay. Mito-mice and B6 mice were induced to
superovulate by consecutive injections of pregnant mare serum
gonadotropin (Aska-Pharma, Minato, Tokyo, Japan) and human
chorionic gonadotropin (hCG; Aska-Pharma) with an interval of
48 h between injections. Unfertilized oocytes were collected from
the oviducts 15 h after the hCG injection. In vitro fertilization was
carried out by using sperm collected from mito-mice and B6 mice
in HTF medium in an incubator. After overnight incubation, the
developmental frequency of two-cell-stage embryos was used as a
measure of the rate of successful fertilization.

Histological Procedures. Testes from mito-mice and B6 mice were
fixed in 10% formaldehyde solution. Paraffin sections (6 um
thick) of the testes were stained with hematoxylin/cosin (H&E).
Sections were also stained by indirect immunostaining with an
anti-MCA antiserum (18) followed by a secondary antibody,
rhodamine-conjugated goat anti-IgGs (H+L) (Jackson Immu-
noResearch Laboratories, West Grove, PA). The sections
stained with anti-MCA antiserum were counterstained with
H&E to visualize all nuclei. A TUNEL staining assay was
performed with an in situ apoptosis detection kit (TaKaRa Bio,
Otsu, Shiga, Japan) according to the manufacturer’s instruc-
tions. The stained sections were counterstained with H&E to
visualize all nuclei. Histochemical and cytochemical analyses for
COX activity were carried out as described in refs. 9 and 11.
Frozen sections (10 um thick) of testes and sperm mounted on
glass slides were used as samples for the analyses.

Meiotic Chromosome Analysis. The meiotic chromosome analysis
was performed with a method described in ref. 27. Briefly, the
spermatogenic cells prepared from testes of mito-mice were dis-
persed, the nuclei were stained with 50% silver nitrate, and the
samples were analyzed under an electron microscope. On the basis
of differences in chromosomal synapsis formation, spermatocyte
nuclei were classified as being at the zygotene, pachytene, or
diplotene stage or as degenerated cells, and the percentage fre-
quencies of each stage and of degenerated cells were calculated.
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