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ABSTRACT

Although male and female pronuclei reside in the same zygotic cytoplasm, they differ in many respects, such as
volume and transcriptional activity. The aim of this study is to investigate whether these differences are lost during the
first mitosis. For this purpose, a new method was developed to inhibit the mixing of two parental chromosomes during
mitosis, thus to induce the formation of two nuclei after they exit from the mitotic phase. In this method, one-cell
embryos are arrested at metaphase by treatment with nocodazole, and whn exitting from the mitotic phase, two nuclei
were formed in a single karyocyte following treatment with 6-dimethylaminopurine (6-DMAP). These embryos were
designated as post-mitotic embryos (PM-embryos), in which the two nuclei were derived from the male and female
genomes. We found that in the control one-cell embryos that had not been treated with the reagents, the volume of the
male pronucleus was about 1.65-fold greater than that of the female pronucleus, whereas the volumes of the two nuclei
in the PM-embryos were similar (volume ratio of 1.01). Although a two-fold difference in transcriptional activity was
detected between the male and female pronuclei in the control embryos, no difference in transcriptional activity was
detected between the two nuclei of PM-embryos. The ratio of transcriptional activity in the nucleus derived from the
paternal genome to that from the maternal genome was 1.02, for which no significant difference was detected by the y*
fitness test. Therefore, the volumes and transcriptional activities of the male and female nuclei were approximately equal
in PM-embryos, which suggests that the asymmetries of pronuclear volume and transcriptional activity between male
and female genomes are somehow losted during the first mitosis.
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INTRODUCTION DNase I digestion [6]. Thus, the male and female genomes
are asymmetric in many aspects during the one-cell stage.
However, it has not been clarified whether these differ-
ences remain after cleavage to the two-cell stage, when
the chromosomes of two parental origins are unified in the
nucleus.

The transcriptional programs of the eukaryotic cell are
closely correlated with the cell cycle, for example, sequence-
specific transcription factors are displaced from mitotic
chromatin and then transcription ceases [7]. Therefore,
we hypothesized that the asymmetry between the two pa-
rental genomes could be lost during the first mitosis.
However, it used to be difficult to address this possibility,
since it’s very hard to inhibit the mingling of parental ge-
*Correspondence: Fugaku AOKI nomes during the first mitosis. The parental genomes are
Tel: +81-4-7136-5424, Fax: +81-4-7136-3698, mixed when the Zygote enters into the metaphase of the
E-mail: aokif@k.u-tokyo.ac.jp first cell cycle, and are subsequently distributed equally to

Although the major burst of gene expression occurs
during the two-cell stage in mice, recent evidence sug-
gest that the one-cell-stage embryo is transcriptional active,
and the male pronucleus (PN) supports a significantly
higher level of transcription than the female PN [1]. This
discrepancy may be attributed to the protamine-histone
exchange that occurs in the male PN soon after fertilization.
Compared to the female PN, the male PN has a larger
volume, higher concentrations of transcription factors,
higher levels of histone acetylation [2-4], undergoes ex-
tensive DNA demethylation [5], and is more sensitive to
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the two nuclei when exiting the interphase of the two-cell
stage. In this study, a new method was developed, which
could specifically inhibit the mixing of parental genomes
during the first mitosis while permitting chromatin con-
densation and nuclei formation. Using this method, we
demonstrated that the asymmetries of pronuclear volume
and transcriptional activity between the male and female
genomes was somewhat lost during the first mitosis.

MATERIALS AND METHODS

In vitro fertilization and culturing of embryos

Female mice at 21-23 d (ddY-SLC; SLC, Shizuoka, Japan) were
superovulated with 5 IU of pregnant mare serum gonadotropin
(Sankyo Co., Ltd., Tokyo, Japan) and treated 48 h later with 5 [U of
human chorionic gonadotropin (hCG; Sankyo). Oocytes were collected
in Whitten’s medium [8] from the ampullae of the oviduct 15-16 h
after hCG injection. Sperm were obtained from the cauda epididymis
of the mature male ICR mouse and added into Whitten’s medium.
Oocytes were inseminated with capacitated sperm that had been
initially incubated for 2 h at 37°C. Four hours after insemination, the
embryos were washed with glucose-free CZB medium [9] and cul-
tured in a humidified incubator of 5% CO,/95% air at 37°C. To
inhibit the first round of DNA replication, embryos were exposed to
3 ug/ml aphidicolin before the zygotes entered the S phase.

Treatment of nocodazole and 6-dimethylaminopurine (6-
DMAP) to produce PM-embryos

A new method was designed to produce embryos in which the
parental genomes separate form the nuclei in a single karyocyte after
exiting from the first mitosis. These embryos were designated as
post-mitotic embryos (PM-embryos). Embryos with two pronuclei
were collected 12 h after insemination and transferred into CZB
medium containing 0.5 pg/ml nocodazole, in order to arrest the cell
cycle at metaphase. Four hours later, 8 mM 6-DMAP was added to
the medium. Nuclei were formed after being cultured for 3 h in the
presence of nocodazole and 6-DMAP. The embryos were then
washed and cultured in CZB medium without treatment for 5 h, and
the volumes and transcriptional activities of the nuclei were examined.

Measurement of nuclear volume

Embryos were fixed in 3.7% paraformaldehyde and stained with
3 pg/ml 4,6-diamidino-2-phenylindole (DAPI) for 20 min. The cells
were mounted on a slide in the anti-bleaching solution Vectashield
(Vector Laboratories, Burlingame, CA, USA). Measurements of pro-
nucleus/nucleus volume were carried out using a Leica TCS SP2 laser-
scanning confocal microscope. The pronucleus/nucleus volumes of
the embryos were obtained by multiplying the maximum pronucleus/
nucleus sections by the thickness of pronucleus/nucleus along the z-
axis. For each embryo, the ratio of the volume of the male pronucleus
to that of the female pronucleus was calculated.

Immunochemistry stainning

Embryos were washed in PBS containing 3 mg/ml polyvinylpyr-
rolidone (PBS/PVP), fixed for 1 h in 3.7% paraformaldehyde in PBS,
and permeabilized with 0.5% Triton X-100 in PBS for 20 min at
room temperature. Then the cells were incubated for 1 h with a 1:200
dilution of the rabbit polyclonal antibody which specially recognizes
dimethyl-lysine 9 on histone H3 (MeH3K9) (Upstate Biotechnology,
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Lake Placid, NY, USA), and then for 1 h with a secondary FITC-
conjugated antibody (Jackson ImmunoResearch, West Grove, PA,
USA). DAPI was used to mark the DNA of the cells. The cells were
mounted on a glass slide in Vectashield and the fluorescence was
detected using a Leica TCS SP2 laser-scanning confocal microscope.

In vitro transcription assay

The transcriptional activities of the embryos were determined by
measuring the incorporation of 5-bromouridine-5-triphosphate
(BrUTP; Sigma Chemical Co., St. Louis, MO, USA) into plasma
membrane-permeabilized embryos [1]. Briefly, the plasma mem-
branes of the embryos were permeabilized by treatment with 0.05%
Triton X-100 for 1-2 min. Permeabilized embryos were subjected to
in vitro transcription reactions in which UTP was replaced by BrUTP
in the reaction mixture. After incubation for 15 min at 33°C, the
embryos were fixed overnight with 3.7% paraformaldehyde.
Permeabilization of the nuclear membranes was performed on fixed
oocytes with 0.2% Triton X-100 for 3 min. Incorporated BrU was
detected by immunostaining with an anti-BrdU antibody, together
with a Cy3-conjugated anti-mouse IgG secondary antibody (Jackson
ImmunoResearch, PA, USA). In order to identify the male and female
nuclei in the PM-embryos, the samples were counterstained with
the anti-MeH3K9 antibody. Fluorescence was detected using the
Leica TCS SP2 laser-scanning confocal microscope, and the signal
intensity was quantified using NIH Image software. The pixel value/
unit area was measured for the nucleus, and the average value of the
two different regions of the cytoplasm was subtracted as background.
This value was multiplied by the nuclear area to yield the total
amount of fluorescence in the nucleus. Embryos were flattened to an
extent such that the area could reflect the volume after
permeabilization of the plasma membranes with 0.05% Triton X-
100. For each embryo, the ratio of male to female pronucleus/nucleus
transcriptional activity was calculated.

RESULTS

Production of PM-embryos by treatment with nocodazole
and 6-DMAP

Male and female pronuclei began to form at 4 h after
insemination (Fig. 1A), and the parental genomes com-
bined and arrayed at the same equator when the embryos
entered the M phase at 16 h after insemination (Fig. 1B).
Initially, the embryos were arrested at metaphase by treat-
ment with nocodazole, which is an inhibitor of microtubule
organization. In these embryos, unification of male and
female chromosomes was prevented, and these chromo-
somes were separated into two masses (Fig. 1C). Next,
6-DMAP was added to induce nuclear membrane forma-
tion in the nocodazole-treated embryos. We found that the
embryos that had been arrested at metaphase by nocodazole
formed two nuclei in the presence of 6-DMAP (Fig. 1D).
In these nuclei, the chromosomes were decondensed.
Moreover, we found that the formation of nuclei in the
nocodazole-treated embryos depended on the concentra-
tion of 6-DMAP (Fig. 2). Although 2 mM 6-DMAP did not
induce any nuclei formation (0/27), 4 mM and 8 mM doses
of 6-DMAP induced the formation of nuclei in 46.8%
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Fig. 1 Confocal microscopy of one-cell embryos stained with DAPI. PM-embryos were produced by treatment with nocodazole and
6-DMAP. Embryos with two pronuclei were culled 12 h after insemination and transferred into CZB medium that contained 0.5 pg/ml
nocodazole, to arrest the cell cycle at metaphase. Four hours later, 8§ mM 6-DMAP was added to the medium. Nuclei were formed
after culturing for 3 h in the presence of nocodazole and 6-DMAP. (A) One-cell embryo 6 h after insemination. (B) One-cell embryo
16 h after insemination (at M phase). (C) One-cell embryo arrested at the M phase by nocodazole treatment. (D) A PM-embryo.

(22/47) and 97.4% (76/78) of embryos, respectively.

To confirm that the nuclei in the PM-embryos were
derived from maternal and paternal genomes, the H3K9
methylation patterns of the PM-embryos were examined.
It has been reported that while H3K9 is methylated asym-
metrically in the genomes of maternal and paternal origin
in one-cell embryos, only the female genome is highly
methylated on H3K9 [10, 11], and that this asymmetry is
maintained after the cleavage into the two-cell stage [12].
In the present study, we confirmed that the maternal genome
showed a high level of H3K9 methylation whereas the pa-
ternal genome did not in one-cell embryos (Fig. 3A). Similar
methylation pattern was observed in the two chromosome
masses separated in the metaphase-arrested embryos fol-
lowing nocodazole treatment (Fig. 3B), as well as in the
two nuclei formed by subsequent treatment with 6-DMAP
(Fig. 3C). These results demonstrate that maternal and
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Fig. 2 Effect of 6-DMAP on the formation of nuclei. The percentages
of nuclei formation in the embryos treated with various concentra-
tion of 6-DMAP are shown. The formation of nuclei was examined
3 h after 6-DMAP treatment. The numbers of embryos analyzed in
the control group (0 mM), 6-DMAP-treated groups (2 mM, 4 mM,
and 8 mM) were 50, 27, 47, and 78, respectively.
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paternal genomes have passed through the M phase and
entered interphase reside separately in the two nuclei.

Disappearance of the nuclear volume asymmetry be-
tween the two nuclei in the PM-embryo

In one-cell mouse embryos, the volume of the male
pronucleus was larger than that of the female pronucleus:
1.69-fold at the G1 phase (6 h after insemination) and
1.64-fold at the G2 phase (12 h after insemination) (Fig. 4).
This asymmetry of pronucleus volume was maintained up
to 24 h after insemination when the embryos were exposed
to the treatment of aphidicolin to inhibit DNA replication.
The volume ratio of male/female pronuclei was 1.64 for
the aphidicolin-treated embryos. However, the pronucleus
volume asymmetry disappeared in the PM-embryos (Fig.
4). As we could not distinguish the nuclei as being derived
from the paternal or maternal genome, we calculated the

DAPI

H3K9-Met

Fig. 3 Methylation of lysine 9 on histone H3 (H3/K9-Met) in one-
cell embryos. Embryos were immunostained and the images were
taken by a laser-scanning confocal microscope. (A, D) One-cell em-
bryo 6 h after fertilization. (B, E) One-cell embryo arrested at the M
phase by nocodazole. (C, F) A PM-embryo. DAPI stainning was
used to mark the DNA of the cells (upper panel).
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Fig. 4 Relative volume of the nucleus derived from the paternal
genome to that derived from the maternal genome. (A) Confocal
microscopy images of PM embryos and one-cell embryos at 6 h, 12 h
and 24 h after insemination. The one-cell embryos at 24 h were
treated by aphidicolin from 6 h to 24 h after insemination (aphi 6-24 h).
(B) Ratio of paternal/maternal nuclear volumes in the embryos de-
scribed in (A). The numbers of embryos analyzed in 6 h, 12 h, aphi
6-24 h, and PM groups were 9, 10, 10, and 23, respectively.

ratio for the two nuclei by dividing the volume of the larger
nucleus by that of the smaller one, and found that the ratio
was 1.01. The y* fitness test showed that there was no
significant difference between the two volumes, suggest-
ing that the nuclei derived from paternal and maternal
genomes are approximately equal in volume.

Disappearance of the transcriptional activity asym-
metry between the two nuclei in the PM-embryo
Expression of the parental genomes was detected at the
G2 phase in the one-cell stage, demonstrating a signifi-
cantly higher level of transcription in the male pronucleus
than in the female pronucleus (Fig. 5). The level of BrUTP
incorporated by the male pronucleus was 2.06-fold higher
than that of the female pronucleus. This asymmetric tran-
scriptional activity between parental genomes maintained
until 24 h after insemination, when DNA replication was
inhibited by the addition of aphidicolin. In these embryos,
the ratio of transcriptional activity between male and female
pronucleus was 1.64. However, the asymmetry was lost
in the PM-embryos (Fig. 5). When the nuclei derived from
the paternal and maternal genomes were discriminated
based on the fluorescence of the anti-methylated H3K9
antibody, no difference in transcriptional activity was de-
tected between the nuclei of different parental origin. The
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Fig. 5 Relative transcriptional activity of the nucleus derived from
the paternal genome to that derived from the maternal genome. (A)
Confocal microscopy images of uridine incorporation in the PM-
embryos and one-cell embryos 12 h and 24 h after insemination. The
one-cell embryos at 24 h were treated by aphidicolin from 6 h to 24 h
after insemination (aphi 6-24 h). M represents the male pronucleus,
and F represents the female pronucleus. Tr, transcriptional activity
determined by monitoring the incorporation of BrUTP (red color or
shifted to black and white); H3K9-Met, methylation of lysine 9 on
histone H3 (green color). (B) Ratio of paternal/maternal transcrip-
tional activity in the embryos described in (A). The numbers of
embryos analyzed in the 12 h, aphi 6-24 h, and PM-embryo groups
were 26, 26, and 54, respectively.

ratio of transcriptional activity (paternal/maternal nucleus)
was 1.02, which indicates that the transcriptional activi-
ties of the nuclei derived from paternal and maternal ge-
nomes are approximately equal in PM-embryos.

DISCUSSION

In the present study, we developed a new protocol to
produce PM-embryos, in which the parental genomes
separately formed nuclei in a single karyocyte after exiting
from the first mitosis. The one-cell embryos were arrested
at metaphase of the first mitosis by treatment with
nocodazole, an inhibitor of tubulin polymerization, and were
then induced to form nuclei by 6-DMAP, which is a phos-
phorylation inhibitor [13]. Although nocodazole and 6-
DMAP have been widely used to inhibit the cell cycle [14,
15], we could not exclude the possibility that the disap-
pearance of the asymmetries on pronuclear volume and
transcriptional activity between the male and female ge-
nomes was merely caused by the detrimental effects of
these two agents. However, it was proved to be unlikely,
as one-cell embryos that were treated simultaneously with
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nocodazole and 6-DMAP (8§ mM) at the G2 stage did not
enter metaphase, and they retained the two parental pro-
nuclei with asymmetries of volume and transcriptional
activity (data not shown).

Most mitotic events, such as nuclear membrane
disintegration, chromosome condensation, and microtu-
bule reorganization, are regulated by reversible phosphory-
lation of certain proteins [16, 17]. It was reported that 6-
DMAP could prevent germinal vesicle breakdown (GVBD)
and chromatin condensation in the GV stage oocytes of
mice, cows, and pigs [18, 19]. Thus, the inhibition of
protein phosphorylation reduces the ability of the mouse
oocyte to break down the nuclear envelope and condense
the chromosomes. Although phosphorylation-dependent
disassembly of the nuclear membrane and chromosomal
condensation has been well characterized during cell cycle
progression through the G2 to M phases, it is not known
whether the dephosphorylation events are sufficient to
induce nuclear envelope formation and chromosomal
decondensation during the M to G1 phases. The results of
the present experiments suggest that inhibition of protein
phosphorylation by 6-DMAP could induce the formation
of the nuclear envelope and chromosomal decondensation
in the cells, which are arrested at metaphase. Therefore,
this protocol may prevent the loss of chromosomes in
somatic cell hybrids, in which the two nuclei of the heter-
okaryon (a single cell that contains two different nuclei in
a common cytoplasm) fuse and frequently lose chromo-
somes in culture. In addition, this study provides a model
to investigate the regulation and function of specific trans-
acting factors concerning gene expression in eukaryotes.

It is generally accepted that maturation promoting factor
(MPF) is responsible for the induction of nuclear enve-
lope breakdown (NEBD) and chromatin condensation. In
all species studied, the appearance of MPF has been asso-
ciated with a high level of protein phosphorylation [20].
The activity of MPF fluctuate concordantly with protein
phosphorylation. The induction of nuclear envelope for-
mation and chromosome decondensation by 6-DMAP may
lie in the following mechanism: 6-DMAP induces the de-
phosphorylation of MPF and its relevant proteins or
inhibits their phosphorylation, and in turn the decreased
activity of MPF induces the formation of nuclei and the
decondensation of chromosomes in embryos that were
arrested at metaphase.

During the production of cloned animals, previous studies
suggest that the exposure of somatic nuclei to metaphase
cytoplasm is an important process to ensure successful
reprogramming of the genome and support for embry-
onic development [21-24]. It seems likely that NEBD and
chromosomal condensation of the donor nuclei are both
critical processes in genome reprogramming after trans-
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fer into recipient oocytes. In contrast, when activated
oocytes with reduced MPF activity were used as recipients,
the membranes and chromosomes of the transferred so-
matic nuclei remained intact and decondensed, respectively,
and nuclear remodeling was unsuccessful in these recon-
structed oocytes [24]. These results suggest that direct
interaction of the chromosome with the cytoplasmic en-
vironment is necessary for chromosome remodeling. And
NEBD may play an important role in the reprogramming
of differentiated nuclei by allowing direct interactions of
chromosomes with cytoplasmic factor(s) in the oocytes.
In the present experiments, the asymmetries of the nuclear
volumes and transcriptional activities between parental
genomes disappeared after the chromosomes interacted
directly with the cytoplasm (Figs. 4 and 5). At the M phase,
cytoplasmic factors are allowed to gain access to the chro-
mosomes by NEBD, resulting in the reprogramming of
the parental genomes. Our results suggest that the first
mitosis presents a window for resetting the different tran-
scriptional programs of parental genomes so that they are
equivalent to each other.

Although many of the differences between male and
female genomes are erased during the first cell cycle, asym-
metric histone H3 methylation at lysine 9 (H3/K9) persists.
In mouse embryos, methylated histone H3/K9 is restricted
to maternal but not paternal chromatin before the four-cell
stage [10-12]. In the current study, the asymmetric H3K9
methylation in the parental genomes was retained in the
PM-embryos (Fig. 3), although the maternal and paternal
genomes showed the same levels of transcriptional activity
(Fig. 5). Recent findings suggest that H3/K9 methylation
is involved in the formation of the constitutive hetero-
chromatin as well as the facultative heterochromatin of
the inactive X chromosome [25-29]. H3/K9 methylation
has also been associated with the silencing of euchromatic
genes [29-31]. The biological significance of the main-
tenance of asymmetric H3/K9 methylation during early
development still remains to be resolved.
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