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Transmission of Y chromosomes from XY female mice
was made possible by the replacement of cytoplasm

during oocyte maturation
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The B6.YTR sex-reversed female mouse is anatomically normal at
young ages but fails to produce offspring. We have previously
shown that its oocytes go through the meiotic cell cycle up to the
second metaphase; however, the meiotic spindle is not properly
organized, the second meiotic division goes awry after activation
or fertilization, and none of the oocytes initiate embryonic devel-
opment. In the present study, we transferred the nuclei of GV-
stage oocytes from XY females into the enucleated GV-stage
oocytes from (B6.DBA)F1.XX females. The resultant reconstructed
oocytes properly assembled second meiotic spindles after in vitro
maturation and produced healthy offspring after in vitro fertiliza-
tion. Some male pups inherited maternal Y chromosomes. We
conclude that the cytoplasm of the XY oocyte is insufficient to
support spindle formation at the second metaphase whereas its
replacement with the cytoplasmic material from an XX oocyte
allows normal development.

meiotic spindle | nuclear transfer | sex chromosome aneuploidy |
XY sex reversal

ge-dependent decline in female fertility is associated with an
increasing incidence of aneuploidy. Developmental potential

of oocytes may decrease in terms of nuclear as well as cytoplasmic
factors (1). For example, reduced chiasmata or cohesion between
chromatids during the prolonged prophase I arrest may lead to
premature chromatid separation (2-4). On the other hand, dys-
functional cytoplasm could lead to the formation of abnormal
meiotic spindles and consequent chromosomal malsegregation (5,
6). Little is known about the specific nature of such dysfunctions (7).
Ooplasmic transfer from donor to recipient oocytes before in vitro
fertilization (IVF) has been performed in various mammalian
species. In humans, some women who were unsuccessful in previous
attempts at IVF conceived and delivered babies after ooplasmic
transfer (8, 9). However, this procedure does not overcome the
problems that occur during oocyte maturation. Transfer of a
germinal vesicle (GV) might overcome cytoplasmic insufficiencies,
e.g., by allowing normal spindle formation, although this would not
necessarily correct problems related to loss of chromosome cohe-
sion between chromatids during the prolonged prophase I (10, 11).
So far, however, no compelling evidence from appropriate animal
models supports this approach to correcting meiotic abnormalities.
The B6.YTR sex-reversed female mouse provides an excellent
model for studying the competence of oocytes for embryonic
development. This strain was established by repeating back-
crosses to place the Y chromosome originating from a variant of
Mus musculus domesticus caught in Tirano, Italy, (TIR) on the
C57BL/6J (B6) genetic background (12). Similar sex reversal has
been reported using the Y chromosomes from other variants of
Mus musculus domesticus (13, 14). The Y™R chromosome ap-
pears to remain intact during backcrosses because it can initiate
normal testicular differentiation on a genetic background other
than B6 (12, 15, 16). Therefore, sex reversal in the B6.YTIR
mouse can be attributed to a lack of coordination between the
YTIR chromosome and the B6 genetic background (13, 17). The
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resultant XY sex-reversed females are anatomically normal at
young ages but fail to produce offspring (13, 18). Our previous
studies have demonstrated that the primary cause of infertility
lies in the incompetence of the oocytes from these females to
initiate embryonic development (19-21). The meiotic cell cycle
proceeds normally up to the second metaphase (MII) in these
oocytes in culture despite sex chromosome aneuploidy; however,
the second meiotic division goes awry after activation or fertil-
ization and very few oocytes reach the 2-cell stage (22). In the
present study, we demonstrate that the oocytes of XY females
are defective in their cytoplasm; by transferring the karyoplast
of an XY oocyte into an enucleated oocyte from a normal XX
female, either before or after maturation, we could make the
reconstructed oocytes go through the second meiotic division
and transmit the maternal Y chromosomes to healthy offspring.

Results

Correction of the Second Meiotic Spindle Assembly by Ooplasmic
Replacement. We have previously reported that abnormal second
meiotic spindle is the most consistent defect observed in the MII
oocytes from B6.YTIR females after in virro maturation (IVM)
(22). In the present study, we asked if the replacement of the
ooplasm during IVM would correct this defect in the presence
of B6.YTR-derived chromosomes. We transferred the GV of
oocytes from either XY females or their XX littermates into
enucleated GV-stage oocytes from (B6.DBA)F1.XX females
and allowed the reconstructed oocytes to mature in culture. We
assessed the second meiotic spindles in the oocytes which
reached MII. By immunolabeling of a- and vy-tubulin, major
components of microtubule spindle and microtubule organizing
center, respectively, we categorized the morphology of meiotic
spindles into 3 types (Fig. 14). We also validated chromosome
condensation and alignment by labeling with DAPI. The typical
meiotic spindle found in the XX control group was defined as
Type I spindle. a-tubulin labeling showed a barrel-shaped mi-
crotubule spindle in a parallel position to the oolemma while
y-tubulin labeling was seen in punctuate foci at both poles. Two
foci were often seen at each pole in the oocytes after IVM
although one was more common in ovulated oocytes (data not
shown). Since both types of oocytes are competent for embry-
onic development, we considered the second meiotic spindle
with 2 y-tubulin foci per pole as normal. The condensed
chromosomes were aligned along the midzone. After IVM
without nuclear transfer (control), 60% and 30% of the MII
oocytes from XX females contained Type I and Type II spindles,
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Fig. 1. Spindle microtubules in the MIl oocytes after in vitro maturation
(IVM), with or without nuclear transfer. (A) Immunolabeling of a-tubulin
(green) and y-tubulin (red) counterstained with DAPI (blue). (a) Type I spindle
found in the XX control group. a-tubulin labeling shows a barrel-shaped
microtubule spindle in a parallel position to the oolemma. y-tubulin labeling
is seen in punctuate foci at both poles. The condensed chromosomes are
aligned along the midzone. The first polar body is seen on the bottom right.
(b) Type Il spindle found in the XY control group. The microtubule spindle
shows globally normal shape, but oriented in a perpendicular position to the
oolemma. Multiple y-tubulin foci are spread over both poles, which are
considerably wider that the poles of Type | spindle. The condensed chromo-
somes are loosely aligned at the midzone. The first polar body is seen on the
top. (c) Type Il spindle found in the XY control group. The microtubule spindle
is bulky, i.e., one pole is wider than the midzone, and oriented in a perpen-
dicular position to the oolemma. Multiple y-tubulin foci are spread over the
spindle. The condensed chromosomes are scattered around the midzone. The
first polar body is seen on the bottom right. (d) Type | spindle observed in
the XY GV-NT group. The microtubule spindle has normal shape with 1 or 2
y-tubulin foci at each pole. The condensed chromosomes are aligned at the
midzone. The first polar body is seen on the top left. (e) Type I spindle observed
in the XY MII-NT group. A barrel-shaped microtubule spindle is oriented in a
parallel position to the oolemma. Two y-tubulin foci are seen ateach pole. The
condensed chromosomes are aligned at the midzone. The first polar body has
been removed during nuclear transfer. (B) Percentages of MIl oocytes con-
taining each type of meiotic spindles. The total number of oocytes examined
isindicated on the top of each column. *, P<0.01; **, P < 0.001 by x? test. Type
1, 11, and Il spindles are defined above. The ““abnormal’ spindle is defused or
contains tripolar microtubule spindles.

respectively (Fig. 1B). For comparison, 30% and 60% of the MII
oocytes from XY females contained Type II and Type III
spindles, respectively, and none contained Type I spindles. The
proportions of MII oocytes containing Type I, I, and III spindles
in the XY control group were significantly different by x? test
(P < 0.001) from those in the XX control group. In addition, the
majority of MII oocytes in the XY control group were seen with
meiotic spindles perpendicular to the oolemma, in comparison to
parallel positions in the majority of MII oocytes in the XX
control group. After the transfer of GV from XX or XY oocytes
into enucleated GV-stage oocytes from F1.XX females, followed
by IVM (defined as XX or XY GV-NT group, respectively), the
majority of the reconstructed oocytes contained Type I and Type
II spindles. The proportion of MII oocytes containing Type III
spindles was higher in the XY GV-NT group than that in the XX
GV-NT group, but no statistical difference was found. On the
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other hand, the proportions of MII oocytes containing Type I,
II, and III spindles in the XY GV-NT group were significantly
different (P < 0.001) from those in the XY control group. In
addition, most of reconstructed oocytes in the XY GV-NT group
were observed with meiotic spindles in parallel positions. Similar
results were obtained by using the oocytes from (B6.C3H)F1
females as recipients (data not shown). Thus, the replacement of
ooplasm during IVM improved the morphology and orientation/
positioning of the second meiotic spindles in the reconstructed
oocytes carrying the karyoplast from XY oocytes.

To examine whether the meiotic stage of nuclear transfer is
critical for the correction of meiotic spindle assembly, we trans-
ferred the MII chromosomes within a small amount of ooplasm
(here termed MII chromosomes) of IVM-oocytes from XY or XX
females into enucleated MII-stage oocytes ovulated from F1.XX
females and further incubated the reconstructed oocytes for 1 h
(defined as MII-NT group). We used ovulated oocytes since they
can be easily prepared. Of the reconstructed oocytes, 30% con-
tained Type I and 70% contained Type II spindles, regardless of the
origin of MII chromosomes (Fig. 1B). There was a significant
decrease (P < 0.01) in the proportion of MII oocytes containing
Type I spindles in the XX MII-NT group compared to that in the
XX control group. This tendency was also found in the XX GV-NT
group, suggesting that the proportion of Type I and Type II spindles
was affected by artificial manipulation such as nuclear transfer.
Nonetheless, the proportions of MII oocytes containing Type I, 11,
and III spindles in the XY MII-NT group were significantly
different (P < 0.001) from those in the XY control group and
comparable to those in the XX MII-NT group. We conclude that
the ooplasm controls the second meiotic spindle assembly in this
model regardless of the meiotic stage of nuclear transfer. Therefore,
the abnormal second meiotic spindles observed in the MII oocytes
from XY females can be attributed to defects in their cytoplasm.
The rapid correction of meiotic spindle assembly after nuclear
transfer at the MII stage can be attributed to the dynamic turnover
of microtubule polymerization and depolymerization (23). We
consistently observed, in addition to abnormal meiotic spindles,
loosely organized metaphase chromosomes in the MII oocytes from
XY females after IVM. Our current results suggest that the
alignment of metaphase chromosomes can be secondary to the
abnormal assembly of microtubule spindles and can be corrected by
the replacement of the ooplasm. This conclusion is consistent with
the model of spindle assembly in the mouse oocyte (24).

Improvement in the Cell Cycle Progression by Ooplasmic Replacement.
We performed reciprocal karyoplast exchange between the
GV-stage oocytes from XY females and those from their XX
littermates to obtain further evidence that the cytoplasm of XY
oocytes is responsible for the incompetence of the oocyte
nucleus for embryonic development. We activated the recon-
structed oocytes by the treatment with 5 mM SrCl, for 4 h. The
results were consistent with our conclusions from the above
experiments; very few or none of the reconstructed oocytes
reached the 2-cell stage (one out of 53 oocytes in the XX GV-NT
group and none in 28 oocytes in the XY GV-NT group) when the
cytoplasm was provided from XY oocytes whereas ~20% of the
reconstructed oocytes did so (4 out of 26 oocytes in the XX
GV-NT group and 10 out of 62 oocytes in the XY GV-NT group)
when the cytoplasm was provided from XX oocytes, regardless
of the origin of nuclei. However, this rate of embryonic devel-
opment was much lower than that in non-manipulated oocytes
from XX females (=90%) (22) and prevented us from further
investigations.

By contrast, when we transferred the GV of oocytes from
either XY females or their XX littermates into the enucleated
GV-stage oocytes from F1.XX females, followed by IVM, 51%
of the oocytes in the XY GV-NT group reached the 2-cell stage
in 24 h postactivation (Table 1). Although this rate of embryonic
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Table 1. Development of reconstructed oocytes after
parthenogenetic activation

Composition No. of oocytes (%)

Karyoplast Cytoplasm Reconstructed Matured 2-cell
Nuclear transfer at the GV-stage (GV-NT)

XX F1.XX 86 81 (94) 60 (74)
XY F1.XX 68 67 (96) 34* (51)
Nuclear transfer at the Mll-stage (MII-NT)

XX F1.XX 16 15 (94)
XY F1.XX 17 16 (94)

*, P <0.05

development was significantly lower than the 74% of the oocytes
in the XX GV-NT group, both rates were much higher than those
in reciprocal karyoplast exchange. Furthermore, when the enu-
cleated MII oocytes ovulated from F1.XX females were used as
the recipients, 94% of oocytes in the either XY or XX MII-NT
group reached the 2-cell stage in 24 h postactivation (Table 1).
Therefore, the cytoplasm of the oocytes ovulated from F1.XX
females has a far higher potential to support cell cycle progres-
sion in the reconstructed oocyte. On the other hand, the
cytoplasm of the oocytes from B6 females appears to be vul-
nerable to physically denudation or nuclear manipulation during
I'VM. Since we did not have an option of reciprocal karyoplast
exchange, we conducted serial nuclear transfer to maximize the
developmental competence of the karyoplast in reconstructed
oocytes (25).

Development of Reconstructed Oocytes after Fertilization. To vali-
date the competence of the reconstructed oocytes for the second
meiotic division as well as for the embryonic development, we
removed the MII chromosomes from the reconstructed oocytes
in GV-NT groups and transferred them into enucleated MII-
stage oocytes ovulated from F1.XX females. These re-
reconstructed oocytes were fertilized in vitro and their develop-
ment in culture was monitored for 4 days. Similar proportions of
the re-reconstructed oocytes were fertilized and reached the
8-cell stage whether they carried the karyoplasts from XY or XX
oocytes (Table 2). This rate of embryonic development was
much higher than that we have previously observed in unma-
nipulated oocytes from XY females (22). Furthermore, most of
the 2-cell-stage embryos developed from the re-reconstructed
oocytes appeared morphologically normal whereas those from
unmanipulated oocytes were asymmetrical and often contained
multinuclei (22). Therefore, replacement of the ooplasm during
IVM enabled the nuclei from XY oocytes to go through the
second meiotic division into embryonic development. The pro-
portions of the re-reconstructed oocytes in the XY GV-NT

group that reached the morula and blastocyst stages were lower
but not statistic different from those of the re-reconstructed
oocytes in the XX GV-NT group (Table 2). All blastocyst
embryos were transferred into the uteri of pseudopregnant
females. A total of 13 (3 female and 10 male) healthy pups were
delivered from the re-reconstructed oocytes in the XY GV-NT
group and all but one male pup developed into adulthood.

To address whether the ooplasmic replacement during [IVM is
essential for improving the competence of the oocyte nucleus for
embryonic development, we subjected the reconstructed oocytes
in MII-NT groups to IVF and embryonic development. Similar
proportions of the reconstructed oocytes in either XY or XX
MII-NT groups were fertilized and reached the 4-cell stage
(Table 2). However, a smaller proportion of the reconstructed
oocytes in the XY MII-NT group reached the 8-cell stage, and
significantly smaller proportions (P < 0.001) reached the morula
and blastocyst stages. After transfer into the uteri of pseudo-
pregnant females, 6 male pups were born (one accidentally died).
The remaining 5 pups developed into adulthood. This propor-
tion of live-born was also significantly smaller (P < 0.05) than in
the XX MII-NT group. When Cesarean section was performed
near the delivery day, many fetuses in the XY MII-NT group
were found absorbed while all fetuses in the XX MII-NT group
were alive and healthy. These results suggest that the proper
assembly of the second meiotic spindle is associated with suc-
cessful progression in the second meiotic division, but not
sufficient to lead to full embryonic development. We speculate
that the competence of the oocyte nucleus for embryonic
development was compromised in the defective cytoplasm of XY
oocytes during IVM.

Transmission of Maternal Y Chromosomes to Male Pups. Our previ-
ous studies have shown that unpaired X and Y chromosomes
segregate independently but meiotic drive occurs at the first
meiotic division in the oocytes from B6.YTR females (22).
Consequently, MII oocytes retain X, Y, XY, and no sex chro-
mosomes at the ratio of 0.35, 0.35, 0.24, and 0.06, respectively.
Of the expected zygotes, YY and OY embryos are anticipated to
die during preimplantation development. If the remaining em-
bryos have an equal chance to survive, the anticipated offspring
would be dominated by males (74%), carrying Y chromosomes
of either maternal or paternal origin. Our current results were
consistent with this expectation. When the nuclei were trans-
ferred at the GV-stage (GV-NT groups), 77% and 23% of
live-born pups were phenotypical male and female, respectively
(Table 3). Of 3 female pups, 2 were XX and one was XO. Of 10
male pups, 3 were XY whereas 6 had sex chromosome aneu-
ploidy, either XXY or XYY (Fig. 2). One died too soon to be
karyotyped. Since the XY oocyte carried the YR chromosome
whereas the sperm carried the YPBA chromosome, we distin-
guished them by the polymorphism of the Zfy2 sequence (21, 26).

Table 2. Development of reconstructed oocytes after IVF and transfer into foster mothers

Composition No. of oocytes (%)

No. of embryos (% of fertilized oocytes)

Karyoplast Cytoplasm Reconstructed Matured Rereconstructed Fertilized?  2-cell 4-cell 8-cell Morula Blastocyst Pups
Nuclear transfer at the GV-stage (GV-NT)

XX F1.XX 40 39 (98) 32 29 (91) 29 (100) 29 (100) 28(97) 28(97) 24 (83) 6 (21)

XY F1.XX 68 65 (96) 55 52 (95) 52 (100) 51(98) 47 (90) 42(81) 37 (71) 13 (25)
Nuclear transfer at the Mll-stage (MII-NT)

XX F1.XX 73 62 (85) 61(98) 55(89) 55(89) 47 (76) 35 (56) 19 (31)

XY F1.XX 104 87 (84) 83(95) 79(91) 66(76) 42* (48) 25*(29) 6** (7)

*, P < 0.001; **, P < 0.05.
TExcluding polyspermy.
13920 | www.pnas.org/cgi/doi/10.1073/pnas.0802680105 Obata et al.
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Table 3. Inheritance of sex chromosomes in the pups developed
from the reconstructed oocytes carrying the nuclei from
XY oocytes

Phenotype Female Male

Nuclear transfer at the GV-stage (GV-NT)

Karyotype  XO XX XY XXY XYY ND*
Maternal o X X XY XY YY Y+?
Paternal X X Y X Y X X
No. of pups 1 2 3 2 3 1 1
Sex ratio 23% 77%

Nuclear transfer at the Mll-stage (MII-NT)
Karyotype XY XXY XYY
Maternal X XY XY
Paternal Y X Y
No. of pups 0 1 3 1
Sex ratio 0% 100%

*One male pup died soon after birth, and therefore, its karyotype was not
determined. The Zfy polymorphism indicated the presence of only the YTR-
chromosome in this pup.

The mouse Zfy gene has 2 copies, Zfy-1 and Zfy-2; the YR
chromosome carries both copies of an identical molecular size at
618 base pairs (bp) whereas the YPBA chromosome has the Zfy-2
copy with an 18 bp deletion (Fig. 3). All 3 XY male pups carried
sperm-derived YPBA chromosomes whereas 2 XXY male pups
carried oocyte-derived Y™™ chromosomes (Table 3). Three
XYY male pups carried both sperm- and oocyte-derived Y
chromosomes. One XYY male pup carried both Y chromosomes
of oocyte origin, most likely as a consequence of an error at the
second meiotic division in the oocyte carrying a single Y
chromosome.

Similar results were obtained when the nuclei were transferred
at the MII stage, although the number of pups was limited (Table
3). One XY male pup carried sperm-derived YPBA chromosome
whereas 3 XXY male pups carried oocyte-derived YTR chro-
mosomes. One XYY male pup inherited both sperm- and
oocyte-derived Y chromosomes.

The fertility of pups developed from the reconstructed oocytes
was largely as expected. Both XX and XO females were fertile,
so were XY males carrying sperm-derived Y chromosomes.
XXY males were infertile as the presence of 2 X chromosomes
is incompatible with the survival of spermatogonia (27). The
fertility of XYY males carrying both sperm- and oocyte-derived
Y chromosomes was variable (28, 29). The XYY male carrying
2 oocyte-derived Y chromosomes was infertile. Unfortunately,
we have not yet obtained XY males carrying oocyte-derived Y
chromosomes.

Discussion

Our current results demonstrate a dominant effect of the
cytoplasm during oocyte maturation over the competence of
the nucleus for embryonic development in the XY oocyte. The
replacement of the ooplasm at the GV-stage corrected the
second meiotic spindle assembly, leading to successful second
meiotic division and embryonic development. The aneuploidy of
sex chromosomes at the first meiotic division blocked neither
meiotic progression nor embryonic development, and the dis-
tribution of sex chromosomes was faithfully reflected into the
offspring. On the other hand, the replacement of the ooplasm at
the MII stage also corrected the second meiotic spindle assembly
and second meiotic division; however, the competence of the
oocyte nucleus for embryonic development was not fully in-
stalled. We found that significantly larger proportions of em-
bryos in the XY MII-NT group were lost during development
compared to the XX MII-NT group, whereas no difference was

Obata et al.

Fig.2. Examples of karyotype analyses in male pups. (Top) 40XY karyotype.
(Middle) 41XXY karyotype. (Bottom) 41XYY karyotype.

found in GV-NT groups. Therefore, the presence of proper
cytoplasm during maturation is critical for the competence of the
oocyte nucleus for embryonic development. The cytoplasm of
ovulated oocytes, compared to IVM oocytes, is far superior to
support embryonic development. Therefore, in our studies, the
successful embryonic development in the reconstructed oocytes
can be partly attributed to the use of ovulated oocytes as the
recipient. Nonetheless, the developmental incompetence of the
XY oocyte nucleus could not be overcome by the replacement
of the cytoplasm at the MII stage. Further studies are needed to
determine the cause of embryonic loss in the XY MII-NT group.

In future studies, we plan to identify the insufficient or
detrimental factor(s) in the XY oocyte by comparing the cyto-
plasmic components between XY and XX (or F1.XX) oocytes
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Fig. 3. PCR analyses of the Zfy polymorphism. Lane S, 100 bp ladder. Lane 1,
B6.YTR mother. Lane 2, (B6.DBA)F1.XY father. Lane 3 and 4, male pups from the
reconstructed oocytes which carried the karyoplast from XX oocytes. Lane 5, a
female pup from the reconstructed oocyte which carried the karyoplast from an
XY oocyte. Lane 6-9, male pups from the reconstructed oocytes which carried the
karyoplast from XY oocytes. The ratio of 618 bp band intensity against 600 bp
bandintensityisnear 1.0inlanes 2, 3,4, and 8whereasitis 2.6 inlane 6, suggesting
the presence of both YTR and YPBA chromosomes in this sample.

and to delineate how such factor influences the assembly of the
second metaphase spindles. How the rotation/positioning of
spindles is regulated by the cytoplasmic components is intriguing
but largely unknown (30). We previously reported that phos-
phorylated MAPK but not cyclin Bl was slightly lower in the MII
oocytes from XY females (22). DOCIR and MISS are known to
be MAPK substrates and to be pivotal for organization of spindle
poles (31, 32). To explore maternal factors deficient in the XY
oocyte, analyses of DOCIR, MISS, and other factors associated
with organization of spindle poles in oocytes (e.g., NuUMA,
Spindlin, MEK1/2) (33-35) would be informative. In particular,
the dosage of X-encoded gene products may be inadequate in the
XY oocyte (36). It is generally accepted that the single X
chromosome is sufficient for female fertility because the XO
female mouse is invariably fertile. However, a part of the single
X chromosome may attain a transcriptionally inactive form due
to a lack of pairing during the pachytene stage of meiotic
prophase (37, 38). Furthermore, the presence of Y-encoded
gene products, which are highly homologous but not identical to
their X-encoded homologues, may alter the levels of functional
proteins. Some X-encoded genes are known to play pivotal roles
in female reproduction (e.g., spindlin family genes, Bmpl5,
Ube2a) (39-42) and need to be examined. It is conceivable that
the altered dosage of sex-chromosome-encoded genes may in-
fluence directly or indirectly other genes which are essential for
spindle formation during oocyte maturation.

Materials and Methods

Mouse. All animal experiments were conducted in accordance with the Guide to
the Care and Use of Experimental Animals issued by the Canadian Council on
Animal Care and the Guidelines for Proper Conduct of Animal Experiments as
promulgated by the Science Council of Japan and with approvals from the Animal
Research Committee of McGill University and from the Tokyo University of
Agriculture Institutional Animal Care and Use Committee. B6.Y™R progeny were
produced and genotyped as described previously (22). (B6.DBA)F1 mice were
purchased from Clea.

Nuclear Transfer Between GV-Stage Oocytes and Subsequent Maturation in
Culture. Female mice at 25-29 days postpartum were injected i.p. with 5 U
equine CG (eCG) (Sigma-Aldrich) each and killed 45-47 h later. Oocytes in
cumulus cell complexes were isolated from the antral follicles of their ovaries
and denuded mechanically by repeated pipetting through fine glass needles
in the MEM-a medium (GIBCO/Life Science) supplemented with 240 uM
dibutyryl cyclic-:AMP (dbc-AMP) (Sigma-Aldrich). The denuded oocytes were
further incubated in the MEM-a medium supplemented with dbc-AMP and
5% FBS (GIBCO) for 2 h until perivitelline space was formed between zona and
oocytes. Nuclear transfer was performed as described previously (43, 44).
Before nuclear transfer, the zona pellucida of the GV-stage oocytes was slit
with a glass knife along 10-20% of the circumference in the M2 medium (45)
containing 240 uM dbc-AMP. The GV was removed with a minimal amount of
cytoplasm from the oocyte in the M2 medium containing 10 ug/ml cytocha-
lasin B and 0.1 ug/ml colcemid (both from Sigma-Aldrich), and then a GV was
introduced with Sendai virus (HVJ) into the perivitelline space of an enucle-
ated GV-stage oocyte. The reconstructed oocytes were cultured in the MEM-«
medium supplemented with 300 ng/ml follicle stimulating hormone (Sigma-
Aldrich), 25 ug/ml sodium pyruvate, 5% FBS, and antibiotics (all from GIBCO)
for 21 h as described previously (22).
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Nuclear Transfer Between MIl-Stage Oocytes and Subsequent Incubation in
Culture. (B6.DBA)F1 mice at 8—-12 weeks postpartum were injected with 5 IU
eCG and 48 h later with 5 IlU human CG (hCG) (Sankyo). MIl oocytes were
collected from the oviducts 14-16 h after the hCG injection. As the recipient
oocytes, MIl chromosomes were removed from the ovulated oocytes in the M2
medium containing 5 ng/ml cytochalasin B. Then, the MIlI chromosomes
(karyoplast) of either the reconstructed oocytes or non-manipulated oocytes
after IVM were transferred into the enucleated recipient oocytes. The fusion
of karyoplast and ooplasm was induced by inactivated HVJ as described
previously (43, 44).

Parthenogenetic Activation of MIl-Oocytes with SrCl,. After IVM, the reconsti-
tuted oocytes which had extruded the first polar body (= Ml stage) were
transferred into a Ca2*-free M16 medium (45) containing 5 mM SrCl, and
incubated for 4 h. The oocytes were then washed 3 times and cultured in the
basic M16 medium for 20 h.

In Vitro Fertilization and Embryonic Development. Spermatozoa were col-
lected from the caudal epididymis of (B6.DBA)F1 virgin males at 10-14
weeks postpartum and capacitated in a TYH medium under oil at 37 °C for
1.5 h as described previously (43). The re-reconstructed and reconstructed
oocytes were transferred into the TYH medium containing diluted sper-
matozoa under oil and further incubated for 4 h. After washings, the
oocytes were incubated in the M16 medium for up to 4 days. The embryos
were then transferred into the uterine horns of (B6.DBA)F1 females at 2.5
days of pseudopregnancy.

Immunocytochemical Labeling of Microtubule Spindles. MIl oocytes were fixed
for 30 min at room temperature in the microtubule-stabilizing buffer (46)
containing 2% formaldehyde (EM Science) and processed forimmunolabeling
with a mouse monoclonal anti-a-tubulin antibody (Cedarlane Lab) and a
rabbit anti-y-tubulin antibody (Sigma-Aldrich), followed by a goat anti-mouse
19G antibody conjugated with biotin and a goat anti-rabbit IgG antibody
conjugated with rhodamine, and finally with avidin conjugated with FITC (all
from Pierce Endogen) as described previously (22). The oocytes were mounted
in Vectashield (Vector) supplemented with 0.3 ug/ml 4’,6-diamidine-2'-
phenylindole dihydrochloride (DAPI) (Behringer-Mannheim). The slides were
examined under a fluorescence microscope (Olympus). Color overlays of cor-
responding reflected light and fluorescent optical section images were made
for each confocal z-series, using the “Overlay Images" feature in Metamorph
(Molecular Devices). Maximum intensity projections of the overlay z-series
were then generated over a range of projection angles using the "*3-D Recon-
struction” function in Metamorph. The resulting projections were then saved
as a stack file.

Fertility. The fertility of offspring was tested by caging them with (B6.DBA)F1
male or female mice individually. The presence of copulation plug was
checked regularly and the delivery of pups confirmed their fertility.

Karyotype Analysis. The karyotype of each mouse was identified by using
lymphocytes as described previously (47). The peripheral blood was collected
from each adult mouse and cultured in the RPMI1640 medium supplemented
with 20% FBS, 3 ug/ml Con A, 10 png/ml lipopolysaccharide, 55 uM 2-mercap-
toethanol, and antibiotics for 72-96 h. The blood cells were then treated with
0.075 M KCl solution at room temperature for 20 min. A fresh mixture of
methanol and acetic acid (3:1) was applied to the slides to spread the meta-
phase chromosomes. For each mouse, the number of chromosomes was
counted in 10-50 metaphase preparations after staining with 5% Giemsa for
5 min. The karyotype was determined in 3 to 7 metaphase preparations after
staining with 0.01 ug/ml Hoechst 33258 for 5 min, followed by 5.0 pg/ml
quinacrine mustard for 20 min.

PCR Analysis of the Zfy Polymorphism. The origin of Y chromosomes in male
pups was identified by PCR analysis of the polymorphism in a Y-encoded gene
Zfy (26). Total DNA was isolated, amplified with Zfy primers, and size-
fractionated by 5% polyacrylamide gel electrophoresis in Tris-borate buffer
and visualized by ethidium bromide staining as described previously (21).

Statistical Analyses. All experiments were repeated at least twice. Significant
differences among pooled results were analyzed by x? test.
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