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Chapter 1. General Introduction 

 
Meiosis in mammalian oocytes starts during embryonic life and arrests around birth at the 

diplotene stage of the first prophase which corresponds to the G2 phase of the mitotic cell cycle. 

Oocytes stop the meiotic progression until the animal reaches the puberty. During the arrest, 

some oocytes start to grow. The oocytes increase the volume remarkably approximately 100-fold 

during the growth phase. For example, mouse oocytes of 15-20 m in diameter grow to their final 

size of 70-75 m (without zona pellucida), and pig and bovine oocytes grow from 30 m to 

120-125 m. Oocyte growth and differentiation are coordinated with the development of the 

surrounding somatic components. During the oocyte growth, the surrounding granulosa cells 

proliferate and the follicles increase in their size (Fig. 1.1). After morphological change followed 

by a series of mitotic division of granulosa cells, the primordial follicles are converted to the 

primary follicles and then secondary follicles. With the formation of an antral cavity, the 

secondary follicles are converted to antral follicles. 

Oocytes acquire the meiotic competence after a long series of preparatory processes 

involving transcription and subsequent translation of messages during the growth phase (Szöllösi, 

1993). Studies in pig (Motlik et al., 1984), bovine (Fair et al., 1996), and goat oocytes (de Smedt 

et al., 1994) suggest that the transcriptional activity decreases as oocytes approach to their final 

size. At the same time, oocyte chromatin and nucleolus show dramatic changes in their structure. 

Although they are a continuous process, the nucleus changes toward the typical morphology 

showing a rim of condensed chromatin around a nucleolus. Acquisition of the meiotic 

competence during oocyte growth phase has been correlated with the change in the nuclear 

morphology (Motlik et al., 1984; Hirao et al., 1995). In pig, formation of chromatin 

peri-nucleolar rim appears to be correlated with the competence of oocytes to mature to the 

second metaphase (Hirao et al., 1995).  

After reaching the full size, oocytes resume meiosis in response to gonadotropic stimuli. 

Reinitiation of meiosis represents transition from the G2 to M phase in the cell cycle and is 

manifested by chromosome condensation, disintegration of the nuclear membrane (germinal 

vesicle break down), and spindle formation. The continuation of the meiotic process includes 

discharge of one set of homologous chromosomes into the first polar body and arrest at
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Fig. 1.1. Oocyte growth and maturation in the pig ovary 
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metaphase of the second meiotic division (MII). A series of these changes is called oocyte 

maturation. 

Evidence of cell cycle studies shows that both the mitotic and meiotic cycles are driven by a 

protein kinase, known as maturation promoting factor (MPF). The MPF activity was first 

discovered by Masui and Markert in the cytoplasm of metaphase-arrested frog oocytes in 1971. 

The MPF activity was later found in mammals, and is now known as Cdc2 kinase which is a 

heterodimeric protein kinase consisting of a 34 kDa catalytic subunit (p34cdc2) and a regulatory 

subunit (cyclin B) (Nurse, 1990; Murray, 1992). Cdc2 kinase is a serine/threonine protein kinase 

and phosphorylates many cellular substrates, such as histone H1 and nuclear lamin (Nigg, 1993). 

Another enzyme that has shown to be activated during oocyte maturation is the mitogen-activated 

protein kinase (MAPK), also known as extracellular signal-regulated kinase (ERK1/ERK2) in 

mammals.  

The chromosome condensation is the first step of oocyte maturation and has been thought to 

be induced by Cdc2 kinase. However, based on the studies of the pig oocyte maturation, 

chromosomes start to condense before full activation of Cdc2 kinase (Miyano et al., 2003). 

Moreover, it is suggested that MAP kinase substitutes for the role of Cdc2 kinase in inducing 

chromosome condensation (Kubelka et al., 2002). These findings suggest that chromosome 

condensation is induced by either some kinase(s) other than Cdc2 kinase or by some 

phosphatase(s).  

Recently, the morphological change in the chromosome has been implicated by the histone 

modification. Genomic DNA is packaged with histone proteins into chromatin, compacting DNA 

approximately 10,000-fold. Four core histone molecules, H2A, H2B, H3, and H4, associate with 

DNA to form the basic nucleosome structure in which DNA wraps around the histone proteins in 

eukaryotic cells (Arents et al., 1991) (Fig. 1.2).  Each core histone is composed of a structured 

domain and an unstructured N-terminal tail, and the latter contains 25-40 amino acid residues 

(Luger et al., 1997). This unstructured tail extends through the DNA gyres and into the space 

surrounding the nucleosomes. Histone N-terminal tails provide sites for a variety of 

posttranslational modifications, including acetylation, phosphorylation, and methylation (Strahl 

and Allis, 2000). It is becoming increasingly apparent that such modifications of histone tails 

determine the interactions of histone with other proteins, which may in turn regulate chromatin 
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structure (Wu and Grunstein, 2000). The change in chromatin configuration in growing oocytes 

correlates with the decline of transcriptional activity (Christians et al., 1999; De La Fuente and 

Eppig, 2001). Acetylated histones are associated with transcriptionally active chromatin and 

deacetylated histones with inactive chromatin in somatic cells (Allfrey et al., 1964). The highly 

conserved histone H3 lysines at 9, 14, 18, and 23 are frequently targeted for the modifications.  

Phosphorylation of the serine 10 residue of the N-terminal tail of histone H3 is crucial for 

chromosome condensation during mitosis. Beside that, phosphorylation of serine 28 in histone 

H3 has the kinetics similar to those of serine 10. Both phosphorylation occur early in mitosis of 

somatic cells and the levels of phosphorylation seem to be regulated via an interplay between the 

activities of its protein kinase and phosphatase. 

The localization of the serine 10 residue in close proximity to other modifiable amino acids 

in the histone H3 tail enables the possible interactions between phosphorylation of serine 10, 

methylation of lysine 9, and acetylation of lysine 9 and lysine 14 (Fig. 1.2). Recent studies 

identified methylation of histone H3 tail as an epigenetic mark that affects acetylation and 

phosphorylation of histone tail residues and also acts as a recognition signal for heterochromatin 

formation (Lachner et al., 2001; Bannister et al., 2001). Epigenetic modification means heritable 

but occurs independently of the gene sequence. It has become increasingly evident that the 

controlled expression of genes can not be accounted for by DNA sequences alone. Epigenetic 

regulation of gene transcription must be maintained and propagated across cell division cycles 

and throughout the development of the organism proper in order for cells to establish and 

maintain their identities as specialized cell types.    

The success in the production of clone animals by somatic nuclear transfer has shown that 

the oocyte cytoplasm has the ability to reprogram gene expression (Wilmut et al., 1997; 

Wakayama et al., 1998). The breakthrough of animal cloning by using adult somatic cells has 

opened new ways of investigation in basic cell and reproductive sciences. Following nuclear 

transfer, the nuclear membrane breakdown, premature chromosome condensation, and nuclear 

swelling are well-known morphological changes (Campbell et al., 1996). It is thought that the 

chromosome condensation and remodeling of injected somatic cell nuclei are controlled by 

oocyte cell cycle. Oocyte cytoplasm may reprogram epigenetic modifications of somatic cell 

nuclei in a similar manner in fertilized oocytes. The change in phosphorylation, methylation, and 
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acetylation of histones H3 is thought to play important roles in the regulation of gene expression 

in reconstructed embryos and to be essential for their normal development. However, little has 

been understood about the change in the histone modifications of somatic cell nuclei transferred 

into oocytes.   

Pig oocytes have been used as a model to study the maturation of mammalian oocytes 

because their maturation period is longer than those in any other mammalian species, and the 

chromatin condensation progresses gradually to make the metaphase chromosome. Moreover, pig 

oocytes are almost freely available from commercially slaughtered animals, and under our culture 

conditions, it is easy to obtain the specific stage of oocytes progressing to MII synchronously in 

response to gonadotropic stimulation.   

The objective of the research in this dissertation is to investigate the regulation of 

chromosome morphology by histone modifications in pig oocytes. First, the experiments were 

designed to show that histone H3 phosphorylation was involved in the chromosome condensation 

during oocyte maturation in Chapter 2. The relation of histone H3 phosphorylation with the 

activity of kinases such as Cdc2 kinase and MAP kinase was also investigated. The results in 

Chapter 2 showed that chromosome condensation during oocyte maturation was correlated with 

phosphorylation of histone H3 by histone H3 kinase activity in pig oocytes. In Chapter 3, the 

focus was to find out the correlation between morphology of chromatin/chromosome and histone 

H3 phosphorylation, acetylation and methylation throughout oocyte growth, maturation and 

activation. In Chapter 4, chromosome condensation and decondensation of injected somatic cell 

nuclei in mature pig oocytes were investigated in relation to the histone H3 modifications of the 

somatic cell nuclei. In Chapter 5, the possible involvement of histone modifications in the change 

in the chromosome morphology in pig oocytes induced by some inhibitors were investigated.   
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Chapter 2. Chromosome Condensation and Histone H3 

      Phosphorylation During Oocyte Maturation 
 

 

2.1. INTRODUCTION  

 

The meiotic resumption of oocytes is controlled by protein kinase MPF 

(maturation-promoting factor or M-phase promoting factor), which is now also known as Cdc2 

kinase. Cdc2 kinase is activated around the germinal vesicle breakdown (GVBD) of oocytes, and 

has been thought to be the key regulator of such major morphological changes during oocyte 

maturation as chromosome condensation, GVBD and spindle formation. Mitogen-activated 

protein (MAP) kinase (ERK1/ERK2 in mammals) is another kinase known to become active 

during oocyte maturation in a number of species, including Xenopus (Haccard et al., 1990), clams 

(Shibuya et al., 1992), and also in mammalian species such as mice (Sobajima et al., 1993), pigs 

(Inoue et al., 1995), goats (Dedieu et al., 1996), cattle (Fissore et al., 1996), and humans (Sun et 

al., 1999). The role of MAP kinase during oocyte maturation has not been firmly established, 

although it is known that its activation modulates microtubule dynamics. 

Fully-grown pig oocytes have a condensed heterochromatin ring around the nucleolus in the 

germinal vesicle (GV). When the oocytes resume meiosis by hormonal stimuli, chromosomes 

start to condense and oocytes reach the first metaphase. They finish the first meiosis, go to the 

second meiosis without the interphase, and become arrested at metaphase of the second meiosis 

to complete the maturational process. Chromosome condensation is the first step of oocyte 

maturation. It is a unique process characterized by a dramatic change in chromosome morphology, 

and is required for the correct segregation of chromosomes. The precise change in the nucleus in 

pig oocytes during maturation has been described by Motlik and Fulka (1976). The 

heterochromatin in the fully-grown oocytes at GVI stage changes the morphology as the 

chromatin condenses to form the metaphase chromosome from GVI to GVIV stage. After GVIV 

stage, chromosomes condense into a single clump at the stage of diakinesis and nuclear 

membrane breaks down (germinal vesicle break down: GVBD). Then at metaphase I, paired 

homologs of chromosomes align on the metaphase plate of the spindle poised for segregation. 
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During anaphase I, chromosomes move to opposite ends of the spindle. At telophase I, the 

repulsion of the two sets of chromosomes is complete and the area of the spindle between them is 

elongated. Finally, one set of homologs with small volume of oocyte cytoplasm is emitted to 

perivitelline space as the first polar body. The other set of homologs remain in the oocyte 

cytoplasm, and are aligned in the spindle at metaphase II (Fig. 2.1). This classical observation 

shows that chromosomes start to condense before GVBD in pig oocytes, although the 

chromosome condensation has been thought to be induced by Cdc2 kinase. Furthermore, the 

recent findings show that the chromosome condensation does not always correlate with Cdc2 

kinase activity, and that MAP kinase substitutes for the role of Cdc2 kinase (Kubelka et al., 2002). 

The cause of the chromosome condensation has not been understood completely. 

The chromatin fiber is composed of repetitive units, the nucleosomes, which are comprised 

of an octamer of two each of the core histones, H2A, H2B, H3, and H4, around which 146 base 

pairs of DNA are wrapped (Luger et al., 1997). Each histone contains an N-terminal “tail” 

domain which is involved in the stabilization of the chromatin fiber (Tse and Hansen, 1997). The 

phosphorylation of histone H3 is thought to be involved in transcriptional activation 

(Sassone-Corsi et al., 1999) and chromosome condensation during mitotic cell division (Wei et al., 

1999). A strong correlation between the initial chromosome condensation and histone H3 

phosphorylation has been observed in mammalian somatic cells (Van Hooser et al., 1998), and its 

phosphorylation at serine 10 (S10) has been suggested to play a key role in mitotic chromosome 

condensation (Wei et al., 1998). The spatio-temporal distribution of histone H3 phosphorylation 

is different among the cell types so far examined. However, there is no evidence about histone H3 

phosphorylation in meiotic chromosome condensation in mammalian oocytes.   

Both Ipl1/Aurora-B kinase and its genetically interacting protein phosphatase Glc7/PP1 has 

been shown to be required for H3 phosphorylation during mitosis in Saccharomyces cerevisiae 

and Caenorhabditis elegans (Hsu et al., 2000; Murnion et al., 2001). It is suggested in somatic 

cells that the balance of histone H3 kinase and PP1 acting on S10 of histone H3 regulates 

chromosome condensation. Inhibitors of the protein serine/threonine phosphatase PP1 and PP2A, 

such as okadaic acid and calyculin A, induce rapid chromosome condensation in oocytes (Lu et 

al., 2002). However, it remains to be elucidated whether the effect of PP1/PP2A inhibitors on the 

chromosome condensation correlates with Cdc2 kinase, MAP kinase, or histone H3 kinase.
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Fig. 2.1. The change in chromosome morphology during maturation of pig oocytes 
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The aim of this chapter is to investigate the involvement of histone H3 phosphorylation in 

the chromosome condensation during meiotic maturation of pig oocytes. First, the chromosome 

condensation and histone H3 phosphorylation at S10 during the maturation were examined 

immunocytologically. Next, the effects of protein phosphatase 1/2A (PP1/PP2A) inhibitors on the 

chromosome condensation and histone H3 phosphorylation were investigated. Moreover, the 

involvements of Cdc2 kinase, MAP kinase, and histone H3 kinase on the chromosome 

condensation and histone H3 phosphorylation were examined.  

 

 

2.2. MATERIALS AND METHODS 

 

2.2.1. Collection and Culture of Pig Oocytes 

Pig ovaries were obtained from prepubertal gilts at a local slaughterhouse. The ovaries were 

washed once with 0.2% (w/v) cetyltrimethylammonium bromide and twice with Dulbecco’s 

phosphate-buffered saline (PBS) containing 0.1% (w/v) polyvinyl alcohol (PBS-PVA; Sigma 

Chemical Co., St. Louis, MO). Antral follicles of 4-6 mm in diameter were dissected in 

PBS-PVA from ovaries following the technique described by Moor and Trounson (1977). After 

being opened in 25 mM HEPES buffered TCM-199 (Earl’s salt; Nissui Pharmaceutical, Tokyo, 

Japan), oocyte-cumulus complexes with a piece of parietal granulosa tissue (oocyte-cumulus- 

granulosa cell complexes; OCGCs) were isolated from the follicles. Following two washes in 

HEPES buffered TCM-199, the OCGCs were cultured in 2 ml of maturation medium. The 

maturation medium was bicarbonate-buffered TCM-199 supplemented with 10% (v/v) 

heat-treated fetal calf serum (Biocell Inc., Carson, CA), 0.1 mg/ml sodium pyruvate, 0.08 mg/ml 

kanamycin sulphate (Sigma Chemical Co.), 2.2 mg/ml sodium bicarbonate, 0.1 IU/ml human 

menopausal gonadotropin (Pergonal; Teikoku Zoki, Tokyo, Japan), and two everted theca shells 

with gentle agitation in an atmosphere of 5% CO2 in humidified air at 38.5oC. The OCGCs were 

cultured for various time to obtain oocytes at the germinal vesicle (0 h), diakinesis (D, 18 h), 

metaphase I (MI, 27 h), anaphase I and telophase I (AI and TI, 30-33 h), and metaphase II (MII, 

42 h) stages. 
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To examine the effects of the inhibition of PP1/PP2A on chromosome condensation, 

oocyte-cumulus complexes (OCCs) were used. The OCCs were cultured in maturation medium 

containing 50 nM calyculin A (CL-A; Sigma-Aldrich, Germany) or 2.5 µM okadaic acid (OA; 

sodium salt, Sigma-Aldrich) for 0, 0.5, 1, 2, 3, 4, and 6 h. To inhibit the activation of MAP kinase 

during the PP1/PP2A inhibition, the OCCs were cultured in maturation medium containing 50 

nM CL-A and an MEK inhibitor, 0.1 mM U0126 (Promega, Madison, WI). 

After culturing, some oocytes were mounted on slides, fixed in acetic alcohol (acetic acid: 

ethanol = 1: 3), and stained with 1% orcein. The chromatin and nucleolar morphology of oocytes 

were examined under a differential interference microscope (Optiphoto; Nikon, Tokyo, Japan). 

The meiotic stages of oocytes were determined based on the criteria by Motlik and Fulka (1976). 

Other oocytes were used for immunostaining or kinase assay.  

    

2.2.2. Immunofluorescent Microscopy 

Oocytes were collected after culture for maturation or inhibitor treatment. After oocytes 

were denuded and washed twice in PBS-PVA, they were fixed in PBS-PVA containing 4% (w/v) 

paraformaldehyde and 0.2% (v/v) Triton X-100 for 40 min. The fixed oocytes were washed twice 

in PBS-PVA for 15 min each and stored overnight in 1% (w/v) bovine serum albumin (BSA; 

International Reagents Corporation, Kobe, Japan) supplemented PBS-PVA (BSA-PBS-PVA) at 

4oC. The oocytes were blocked with 10% (v/v) goat serum (DakoCytomation A/S, Glost rup, 

Denmark) in BSA-PBS-PVA for 45 min, and then incubated for double labeling in a mixture of 

rabbit polyclonal anti-phospho-histone H3 at S10 (1:100 dilution; #9701, Cell Signaling 

Technology Inc., MA) and mouse monoclonal anti-lamin A/C (1:100 dilution; sc-7292, Santa 

Cruz Biotechnology Inc., CA) antibodies at 4oC overnight. After being washed 3 times in 

BSA-PBS-PVA for 15 min each, the oocytes were incubated in the mixture of Alexa Fluor 

488-labeled goat anti-rabbit IgG (1:400 dilution; Molecular Probes Inc., Eugene, OR) and Alexa 

Fluor 350-labeled goat anti-mouse IgG (1:400 dilution; Molecular Probes Inc.) as the conjugated 

second antibodies for 40 min at room temperature. After being washed 3 times in BSA-PBS-PVA 

for 15 min each, the chromosomes were stained with propidium iodide (400 µg/ml; Sigma 

Chemical Co.). Following complete washing, the oocytes were mounted on slides by Vectashield 

mounting medium (Vector Laboratories Inc., Burlingame, CA) and observed under a fluorescent 
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microscope (U-LH100HGAPO, Olympus Optical Co. Tokyo, Japan). Determination of the 

meiotic stages was based on the chromosome configuration described by Motlik and Fulka 

(1976). In the negative control, oocytes were reacted with nonimmune rabbit serum instead of 

rabbit polyclonal anti-phospho-histone H3 at S10 antibody, or with normal mouse IgG instead of 

mouse monoclonal anti-lamin A/C antibody. 

 

2.2.3. Kinase Assay 

To examine the activities of Cdc2 kinase, MAP kinase, and histone H3 kinase of pig 

oocytes, the phosphorylation of histone H1, myelin basic protein, and histone H3, respectively, 

were measured by in vitro kinase activity assay. Oocytes samples were collected after maturation 

culture or inhibitor treatment. After denudation and three washes in PBS-PVA, each group of 

oocytes was transferred into an Eppendorf tube with 1 µl of PBS-PVA for the double kinase 

assay following the technique described by Kanayama et al. (2002). To determine the meiotic 

stage of oocytes, they were stained with 12 µg/ml Hoechst 33342 (Polysciences Inc. Warrington, 

PA) for 20 min followed by observation under a fluorescent microscope. Each sample contained 

two oocytes for double assay of Cdc2 kinase and MAP kinase, and five oocytes for double assay 

of Cdc2 kinase and histone H3 kinase. Thereafter, 4 µl of ice cold extraction buffer was added, 

and the samples were frozen at -80oC before the assay. The extraction buffer was composed of 80 

mM -glycerophosphate, 25 mM HEPES (pH 7.2), 20 mM EGTA, 15 mM MgCl2, 1 mM 

dithiothreitol (DTT), 1 mM 4-amidinobenzylsulfonyl fluoride hydrochloride (APMSF, Sigma 

Chemical Co.), 0.1 mM Na3VO4, 1 µg/ml leupeptin (Sigma Chemical Co.), and 1 µg/ml aprotinin 

(Sigma Chemical Co.) (Nebreda et al., 1995). After being thawed, the oocytes were centrifuged at 

10,000 g for 2 min at 2 oC, added with 5 µl of kinase buffer and 5 µl of substrate solution, and 

incubated for 20 min at 37oC. The kinase buffer was composed of 75 mM HEPES (pH 7.2), 75 

mM -glycerophosphate, 75 mM MgCl2, 6 mM DTT, 10 mM EGTA, 60 µM ATP, 15 µM 

cAMP-dependent protein kinase inhibitor peptide (Sigma Chemical Co.) and 0.3 µCi/µl 

[-32P]ATP (250 µCi/25 µl, Amersham Pharmacia Biotech, UK). The substrate solution for the 

double assay of the Cdc2 kinase and MAP kinase was composed of 4.25 µl of histone H1 (5 

mg/ml, from calf thymus; Roche Diagnostics GmbH, Mannheim, Germany), and 0.75 µl of 

myelin basic protein (5 mg/ml, MBP from bovine brain; Sigma Chemical Co.). The substrate 
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solution for the double assay of Cdc2 kinase and histone H3 kinase was composed of 2.5 µl of 

histone H1 and 2.5 µl of histone H3 (1 mg/ml, from calf thymus; Boehringer). The reaction was 

terminated by the addition of 5 µl of 4-times-concentrated SDS sample buffer (Laemmli, 1970) 

and boiling for 5 min. The samples were loaded onto a 15% SDS-polyacrylamide gel for 

separation of labelled myelin basic protein and histone H1, or histone H3 and histone H1. After 

running, the gels were dried and autoradiographed. The autoradiographs were scanned with an 

image analysis system with Image Master ID Elite software Version 3.00 (Amersham Pharmacia 

Biotech). The kinase activity in the oocytes at MI was arbitrarily set to 100%, and the others 

bands were expressed relative to that as a mean percentage ± SEM. 

 

2.2.4. Statistical Analysis 

At least 30 immunostained oocytes were examined by the immunofluorescent microscopy 

in each group. Each kinase assay experiment was performed at least 3 replicates. Statistical 

differences in the activities of the kinases were analysed by one-way ANOVA (F1-test) followed 

by the Tukey’s multiple range test. Other values were analysed using the chi-square test. P values 

less than 0.05 were considered statistically significant. 

 

 

2.3. RESULTS  

 

2.3.1. Phosphorylation of Histone H3 Takes Place during Oocyte Maturation 

Phosphorylated histone H3 at S10 was detected in maturing pig oocytes using the antibody 

against histone H3 with a single phosphorylated S10. Histone H3 phosphorylation was not 

detected in any oocytes at the GV stage before culture (0%, 0/41 oocytes, Fig. 2.2A’’). 

Phosphorylation of histone H3 was first detected in the clump of condensed chromosomes (green 

color, Fig. 2.2B”) in all of the examined oocytes (100%, 38/38 oocytes) at the diakinesis stage 

after 18 h of culture and thereafter it was maintained during oocyte maturation (Figs. 2.2C’’-F’’).  

The integrity of the nuclear envelope was monitored by immunostaining with the anti-lamin 

A/C antibody. At the GV stage, the lamin A/C antibody recognized the entire contour of the 

nuclear envelope (Fig. 2.2A). At the diakinesis stage, chromosomes were frequently in contact 
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Fig. 2.2. Immunofluorescent localization of phosphorylated histone H3-S10 during maturation of pig oocytes. Anti-lamin A/C and 

Alexa 350-labeled antibodies stained the nuclear membrane (blue), PI stained the chromosome (red), and anti-phospho-histone H3- 

S10 and Alexa 488-labeled antibodies stained the phosphorylated histone H3 (green) in the same oocyte. The meiotic stages are A) 

Germinal vesicle stage (GV), B) Dakinesis (D), C) Metaphase I (MI), D) Anaphase I (AI), E) Telophase I (TI), and F) Metaphase II 

(MII). Scale bar = 10 µm. 
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with the envelope and lamin A/C staining was closely associated with the chromosomes (Figs. 

2.2B and B’). The nuclear membrane breakdown initiated during the diakinesis stage and the 

nuclear membrane was completely disassembled when the oocytes entered MI (Figs. 2.2C-F). 

The control oocytes did not show any fluorescence at any stages. 

The activities of Cdc2 kinase and MAP kinase during meiotic resumption were shown in 

Fig. 2.3. Following the stimulation with gonadotropin in culture medium, Cdc2 kinase activity 

gradually increased around GVBD at 24 h and reached a maximum level at MI at 27 h. The GV 

oocytes before culture had no MAP kinase activity, and this kinase became active after Cdc2 

kinase activation. The changes in the activities of Cdc2 kinase and the histone H3 kinase during 

oocyte maturation were measured after determination of the meiotic stage of each oocyte by 

Hoechst 33342 (Fig. 2.4). Histone H3 kinase activity was lowest in the GV-stage oocytes, 

increased at the diakinesis stage, reached a peak at MI, and was maintained until MII (Fig. 2.4C). 

Cdc2 kinase was inactive at the GV and diakinesis stages. Thereafter, the activity increased and 

reached a peak at MI. The activity fell during AI and TI, and increased again at MII (Fig. 2.4B).  

 

2.3.2. PP1/PP2A Inhibitors Induce Rapid Chromosome Condensation with Histone H3 

Phosphorylation 

The PP1/PP2A inhibitors induced morphological changes in chromosomes in a similar 

manner with normal maturation in pig oocytes. However, the time taking chromosome 

condensation was short. The typical chromosome morphologies of PP1/PP2A inhibitor treated 

oocytes were shown in Fig. 2.5.   

The effects of PP1/PP2A inhibitors, CL-A and OA, on histone H3 phosphorylation, 

chromosome condensation, and nuclear membrane morphology were examined. Both CL-A (Fig. 

2.6 and Table 2.1) and OA (Fig. 2.7 and Table 2.2) induced rapid chromosome condensation in a 

similar manner. Chromosomes started to condense after 2 h of treatment, but most of the 

chromosome configuration was still at the GVI-IV stages which were described by Motlik and 

Fulka for normal maturation of pig oocytes (Motlik and Fulka, 1976). Some oocytes had a 

chromosome configuration that looked like GVIII or GVIV, but the chromosomes were much 

more condensed (GV’) (Fig. 2.6C’ and Fig. 2.7C’). Chromosome condensation progressed 

throughout the treatment. After 6 h, in most of the oocytes, the condensation of the chromosomes 
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Fig. 2.3. The autoradiograph showing the changes in Cdc2 kinase and MAP kinase activities during meiotic resumption of pig oocytes. 

Histone H1 (H1) and myelin basic protein (MBP) were used for the substrates of Cdc2 kinase and MAP kinase, respectively.  

The lower figures present the hours of maturation culture. 
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Fig. 2.4. A) The autoradiograph showing the changes in Cdc2 kinase and histone H3 kinase activities during maturation of pig oocytes. 

Histone H1 (H1) and histone H3 (H3) were used for the substrates of Cdc2 kinase and histone H3 kinase, respectively. B, C) The 

intensity of each phosphorylated histone H1 and histone H3 were measured by densitometry analysis of blots. The data are represented 

as the mean ± SEM. The lower figures of the graphs show the meiotic stages of oocytes as presented in the legend for Fig. 2.2. The 

experiments were conducted three times. Values with different superscripts were significantly different (P<0.05). 
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Fig. 2.5.  The typical chromosome morphologies of PP1/PP2A inhibitor-treated oocytes. Each treated oocyte was fixed in acetic 

alcohol (1/3, v/v), stained with 1% orcein, and examined under a differential interference microscope.  Chromosome configurations 

of oocytes were classified as described by Motlik and Fulka (1976). A) Germinal vesicle stage I (GVI), B) Condensing chromosomes 

like in GVIII stage, C) Condensing chromosomes like in GVIV stage, D) Condensed chromosomes like in early diakinesis stage (ED), 

E) Condensed chromosomes like in late diakinesis stage (LD), and F) Condensed chromosomes like in metaphase I (MI).  
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Fig. 2.6. Effect of calyculin A (CL-A) on histone H3 phosphorylation, chromosome configuration, and nuclear membrane morphology 

of pig oocytes. Each treated oocyte with different time was stained with anti-lamin A/C and Alexa 350-labeled antibodies for the 

nuclear membrane (blue), PI for the chromosome (red), and anti-phospho-histone H3-S10 and Alexa 488-labeled antibodies for 

phosphorylated histone H3 (green). A, B) Germinal vesicle stage (GV), C) Chromosomes starting to condense with phosphorylated 

histone H3 (GV'), D) Early diakinesis stage (ED), E) Late diakinesis stage (LD), and F) Chromosomes condensed like in metaphase I 

(MI). Scale bar = 10 µm. 
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Oocytes at the GV stage were cultured with or without calyculin A (CL-A) for different time. Histone H3 phosphorylation, 

chromosome configuration, and nuclear membrane morphology were evaluated by the fluorescent microscopy.  GVI-IV, 

germinal vesicle I to IV stage as defined by Motlik and Fulka (1976). GV’, chromosomes start to condense with 

phosphorylated histone H3. ED, early diakinesis stage. LD, late diakinesis stage. MI, chromosomes condensed like those at 

metaphase I. 
a-c) Values with different superscripts in the same column differ significantly (P<0.05).

Time of       CL-A      No. of       No. (%) of       No. (%) of                 No. (%) of oocytes at stage of                    No. (%)     
treatment   (50 nM)   oocytes        oocytes oocytes had                                                            of oocytes

(h)                       examined    underwent     phosphorylated GVI-IV      GV’ ED          LD         MI      degenerated
GVBD   histone H3

0 35 0 (  0)
a

0 (    0)
a

35 (100)
a

0 (  0)
a

0 (  0)
a

0 (  0)
a

0 (  0)
a

0 ( 0)

0.5          27 0 (  0)a 0 (    0)a 27 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)
1          32 0 (  0)a 0 (    0)a 32 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)
2                 _             30 0 (  0)a 0 (    0)a 29 (  97)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 1 ( 3)
3           28 0 (  0)a 0 (    0)a 28 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)
4       33 0 (  0)a 0 (    0)a 33 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)
6 32 0 (  0)a 0 (    0)a 31 (  97)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 1 ( 3)

0.5 28 0 (  0)a 0 (    0)a 28 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)   
1 30 0 (  0)a 0 (    0)a 30 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)
2                 +             27 0 (  0)a 15 (  56)b 12 (  44)b 9 (33)b 3 (11)a 3 (11)a 0 (  0)a 0 ( 0) 
3             28 0 (  0)a 25 (  89)c 1 (    4)c 4 (14)ab 10 (36)b 9 (32)b 2 (  7)ab 2 ( 7)
4             30 0 (  0)a 29 (  97)c 0 (    0)c 2 (  7)a 4 (13)a 17 (57)c 6 (20)b 1 ( 3)
6 32 21 (66)b 32 (100)c 0 (    0)c 0 (  0)a 2 (  6)a 4 (12)a 26 (81)c 0 ( 0)  

 

 

 

 

 

 

Table 2.1. Effects of calyculin A on chromosome condensation in pig oocytes 
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Fig. 2.7. Effect of okadaic acid (OA) on histone H3 phosphorylation, chromosome configuration, and nuclear membrane morphology 

of pig oocytes. Each treated oocyte with different time was stained with anti-lamin A/C and Alexa 350-labeled antibodies for the 

nuclear membrane (blue), PI for the chromosome (red), and anti-phospho-histone H3-S10 and Alexa 488-labeled antibodies for the 

phosphorylated histone H3 (green). Panels show the identical stages of oocytes as presented in the legend for Fig. 2.6. Scale bar = 10 

µm. 
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Time of          OA           No. of        No. (%) of       No. (%) of                      No. (%) of oocytes at stage of     No. (%) of 

treatment     (2.5 M )     oocytes           oocytes oocytes had       oocytes

(h) examined      underwent    phosphorylated    GVI-IV       GV’ ED           LD          MI    degenerated

GVBD           histone H3

0 32               0 (0)              0 (    0)a 32 (100)a 0 (  0)a 0 ( 0)a 0 (  0)a 0 (  0)a 0 ( 0)

0.5 33               0 (0)              0 (    0)a 33 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)

1 31               0 (0)              0 (    0)a 31 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)

2 _ 34               0 (0)              0 (    0)a 34 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)

3 36               0 (0)              0 (    0)a 35 (  97)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 1 ( 3)

4 30               0 (0)              0 (    0)a 30 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)

6 32               0 (0)              0 (    0)a 32 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)

0.5 31               0 (0)              0 (    0)a 31 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)

1 30               0 (0)              0 (    0)a 30 (100)a 0 (  0)a 0 (  0)a 0 (  0)a 0 (  0)a 0 ( 0)

2 + 30               0 (0)            28 (  93)b 0 (    0)b 21 (70)b 2 (  7)a 3 (10)ab 2 (  7)a 2 ( 7)

3 31               0 (0)            31 (100)b 0 (    0)b 3 (10)a 10 (32)b 14 (45)c 4 (12)a 0 ( 0)

4 33               0 (0)            31 (  94)b 0 (    0)b 0 (  0)a 1 (  3)a 18 (54)c 12 (36)b 2 ( 6)

6 34               0 (0)            33 (  97)b 0 (    0)b 0 (  0)a 1 (  3)a 8 (23)b 24 (71)c 1 ( 3)

Oocytes at the GV stage were cultured with or without okadaic acids (OA) for different time. Histone H3 phosphorylation,

chromosome configuration, and nuclear membrane morphology were evaluated by the fluorescent microscopy.  The meiotic 

stages are same as presented in Table 2.1. 
a-c) Values with different  superscripts in the same column differ significantly (P<0.05).

 

 

 

 

 

 

Table 2.2. Effects of okadaic acid on chromosome condensation in pig oocytes 
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was like that at MI (81% in the CL-A, and 71% in the OA treated oocytes).  

Histone H3 started to be phosphorylated after 2 h in 56% and 93% of the CL-A and OA 

treated oocytes, respectively. After 3 h, most of the treated oocytes showed histone H3 

phosphorylation, which was maintained during the course of treatment. In the non-treated oocytes, 

the chromosomes stayed in the GV, and no histone H3 phosphorylation was observed during the 

culture. In all of the CL-A and OA treated oocytes, an intact nuclear membrane was observed 

around the condensed chromosomes until 4 h. At 6 h, 66% of the CL-A treated oocytes 

underwent GVBD, while no OA treated oocytes underwent GVBD (Tables 2.1 and 2.2). However, 

100% of the OA treated oocytes underwent GVBD after 8 h (data not shown). 

 

2.3.3. Change in the Activities of Cdc2 Kinase, MAP Kinase, and Histone H3 Kinase during 

Chromosome Condensation in CL-A and OA Treated Oocytes 

When the oocytes were treated with CL-A, both histone H3 kinase (shown by 

phosphorylation of histone H3 in Fig. 2.8A) and MAP kinase (shown by phosphorylation of MBP 

in Fig. 2.8A) were activated after 2 h, and the activities increased during the time of treatment. 

Cdc2 kinase (shown by phosphorylation of H1 in Fig. 2.8A) was not activated until 6 h. In the 

control non-treated oocytes, Cdc2 kinase, MAP kinase, and histone H3 kinase were not activated. 

The oocytes treated with OA also showed a similar result with the CL-A treated oocytes (data not 

shown). These results indicate that the PP1/PP2A inhibitors induce activation of both MAP 

kinase and histone H3 kinase, although they have no effect on Cdc2 kinase. 

 To investigate whether MAP kinase activation is required for the phosphorylation of 

histone H3, the oocytes were treated with CL-A in the presence of the MAP kinase inhibitor 

U0126. In the oocytes, MAP kinase was not activated, but the histone H3 kinase was still 

activated after 2 h of treatment (Fig. 2.8). There were no difference between the histone H3 

kinase levels of oocytes treated with CL-A and CL-A+U0126.  Histone H3 phosphorylation and 

chromosome condensation in the oocytes were also examined after 6 h of treatment (Table 2.3). 

The histone H3 phosphorylation and chromosome condensation in the oocytes treated with CL-A 

and CL-A+U0126 was similar. However, no GVBD was observed in the CL-A+U0126 treated 

oocytes. 
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Fig. 2.8. A) Autoradiographs showing effects of calyculin A (CL-A) and MAP kinase inhibitor U0126 on the activities of Cdc2 kinase, 

MAP kinase, and histone H3 kinase in pig oocytes. Histone H1 (H1), myelin basic protein (MBP), and histone H3 (H3) were used for 

the substrates of Cdc2 kinase, MAP kinase, and histone H3 kinase, respectively. Samples were subjected to the double kinase assay of 

H1/MBP or H1/H3 to examine the change in the activities of Cdc2 kinase, MAP kinase, and histone H3 kinase in the oocytes treated 

with (+) or without (–) the CL-A, and CL-A and MAP kinase inhibitor U0126. B) The intensity of phosphorylated histone H3 was 

measured by densitometry analysis of blots. The activities of histone H3 kinase in MI oocytes were set to 100%. The data represent the 

histone H3 kinase activities as the mean ± SEM. Values with different superscripts are significantly different (P<0.05). The 

experiments were conducted three times with similar results. 
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No. of        No. (%) of       No. (%) of                       No. (%) of oocytes at stage of                   No. (%) of

Treatment oocytes          oocytes         oocytes had       oocytes

examined     underwent    phosphorylated        GVI-IV      GV’ ED          LD             MI         degenerated

GVBD           histone H3

- 60              0 (  0)a 0 (  0)a 60 (100)a  0 (0)a 0 (0)a 0 (  0)a  0 (  0)a 0 (0)

CL-A 57            34 (60)b 55 (96)b 1 (    2)b 0 (0)a 3 (5)a 8 (15)b 44 (77)b 1 (2)

CL-A+U 59              0 (  0)a 54 (91)b 3 (    5)b 3 (5)a 1 (2)a 11 (18)b 39 (66)b 2 (3) 

Oocytes at the GV stage were treated with calyculin A (CL-A) and U0126 (U) for 6 h. Histone H3 phosphorylation, 

chromosome configuration, and nuclear membrane morphology were evaluated by the fluorescent microscopy.  The meiotic 

stages are same as presented in Table 2.1. 
a,b) Values with different superscripts in the same column differ significantly (P<0.05).

 

 

 

 

 

 

 

 

 

Table 2.3. Effects of MAP kinase inhibitor, U0126 on chromosome condensation induced by calyculin A in pig  

oocytes  
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2.4. DISCUSSION 

 

The results showed that the phosphorylation of histone H3 at S10 occured in condensed 

chromosomes during maturation in pig oocytes. Furthermore, the chromosome condensation is 

correlated with histone H3 kinase activity, but not with Cdc2 kinase and MAP kinase activities.  

Pig oocytes underwent GVBD in a similar time-course required to activate the Cdc2 kinase. 

Following the gonadotropic stimulation, pig oocytes start to accumulate cyclin B1 at 21 h, and 

Cdc2 kinase activity gradually increases around GVBD at 24 h and reaches a maximal level at 

MI at 27 h (Miyano and Lee, 2001). Pig oocytes have MAP kinase in the inactive form before the 

resumption of the meiosis, and the MAP kinase becomes phosphorylated and activated after 

GVBD (Inoue et al., 1998; Lee et al., 2000). It has been reported that the phosphorylation of 

histone H3 in the nucleosome is closely linked to mitotic chromosome condensation, and occurs 

at the S10 position in diverse organisms (Strahl and Allis, 2000; Hans and Dimitrov, 2001). I 

determined the phosphorylation of histone H3-S10 in maturing pig oocytes. There was no 

phosphorylation of histone H3 in the oocytes at the GV stage (G2 phase in cell cycle), and 

phosphorylation started in condensed chromosomes at the diakinesis stage. This observation 

differs from that of mitotic chromosomes in somatic cells, where phosphorylated histone H3-S10 

is first detected in pericentromeric heterochromatin in the late G2 phase, spreads throughout the 

chromosomes, completes in late prophase and is maintained through metaphase (Hendzel et al., 

1997). Thus, the meiotic phosphorylation of histone H3-S10 appears late at the time at which the 

chromosomes have become highly condensed. During the meiosis in the maize, the 

phosphorylation of histone H3-S10 also takes place at the diakinesis-metaphase I transition 

(Kaszas and Cande, 2000). In mitosis in animal cells and meiosis in the maize, histone H3-S10 

phosphorylation is diminished in anaphase (AI in meiosis), and disappears at telophase (TI) 

(Hendzel et al., 1997; Kaszas and Cande, 2000). On the other hand, the phosphorylation of 

histone H3-S10 in pig oocytes was maintained until MII, even in AI and TI. The activity of 

histone H3 kinase in pig oocytes showed a similar change to the phosphorylation of histone 

H3-S10 in the present study. It increased the activity at the diakinesis stage, and maintained high 

activity until MII. This indicates the active histone H3 kinase perhaps phosphorylates histone H3 

at the S10 residue in condensed chromosomes in pig oocytes during maturation. 
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PP1/PP2A is implicated in regulating meiosis in starfish and Xenopus oocytes (Picard et al., 

1989; Rime et al., 1990). PP1/PP2A has recently been shown to exist in mouse oocytes, and their 

relocation and activity change are detected during oocyte maturation (Smith et al., 1998). 

PP1/PP2A has also been suggested to play a role in regulating chromosome condensation in 

mouse oocytes (Gavin et al., 1991) and mouse mammary cells (Guo et al., 1995). Histone H3 

phosphorylation at both S10 and S28 are governed by Aurora-B kinase and PP1 in mammalian 

somatic cells (Murnion and Adams, 2001; Goto et al., 2002). In somatic cells, PP1 was reported 

to be phosphorylated and inactivated by Cdc2 kinase (Kwon et al., 1997). Goto et al. (2002) also 

suggested that Cdc2 kinase may play central roles in mitosis-specific chromosome condensation 

through the regulation of histone H3-S28 phosphorylation by the inactivation of PP1. The present 

study showed that activation of Cdc2 kinase was not required for either chromosome 

condensation or histone H3 phosphorylation in pig oocytes, since CL-A and OA induced 

chromosome condensation and histone H3 phosphorylation without the activation of Cdc2 kinase. 

This finding is consistent with the recent report showing that Cdc2 kinase is not required for 

chromosome condensation in pig oocytes treated with OA and butyrolactone I (an inhibitor of 

Cdks) (Kubelka et al., 2002). 

It has been suggested that the MAP kinase cascade induces histone H3 phosphorylation at 

S10 (Sassone-Corsi et al., 1999). It has been shown that the ERKs-activated Rsk-2 kinase is 

directly involved in histone H3 phosphorylation in mouse (Chadee et al., 1999) and human 

fibroblasts (Sassone-Corsi et al., 1999). However, the involvement of MAP kinase in 

chromosome condensation is controversial. In mouse spermatocyte experiments, it was suggested 

that ERK1 was specifically activated during G2/M transition and was essential for chromosome 

condensation (Sette et al., 1999). In Xenopus oocyte experiments, it was suggested that histone 

H3 kinase activation which concerned chromosome condensation during oocyte meiotic 

maturation did not require Cdc2 kinase activation, but rather depended on activation of the 

MAPK/p90Rsk pathway (Schmitt et al., 2002). Experiments in pig oocytes suggested that the 

inhibition of protein phosphatase promptly activated MAP kinase, which in turn induced 

premature chromosome condensation (Sun et al., 2002). In disagreement with these results, a 

recent study suggested that activation of the ERK1/p90Rsk pathway was not necessary for the 

phosphorylation of H3 in vivo in mouse spermatocytes (Di Agostino et al., 2002). In fact, 
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PP1/PP2A inhibitors induce rapid chromosome condensation concomitantly with MAP kinase 

activation in mouse and pig oocytes (Lu et al., 2002; Sun et al., 2002). Numerous observations 

suggest that PP2A plays an important role in the downregulation of the Ras/MAP kinase pathway 

(Millward et al., 1999). PP2A dephosphorylates and inactivates MAP kinase kinase (MEK) and 

MAP kinase in vitro (Sontag et al., 1993). Therefore, OA or CL-A perhaps inhibited PP2A and 

induced MAP kinase activation in the present experiments. In a similar time course, CL-A and 

OA treated pig oocytes showed chromosome condensation accompanied by the activation of both 

MAP kinase and histone H3 kinase. However, even after the activity of MAP kinase was 

inhibited in the oocytes, the chromosomes condensed, histone H3-S10 was phosphorylated, and 

histone H3 kinase was activated. These results suggest that MAP kinase is not required for the 

chromosome condensation.  

The disassembly of nuclear lamina is an essential prerequisite for GVBD (Gerace and 

Burke, 1988). Active Cdc2 kinase phosphorylates lamins on specific serine residues and causes 

nuclear lamina disassembly (Peter et al., 1990). It is thought that oocyte GVBD is induced by 

active Cdc2 kinase. When pig oocytes were treated with PP1/PP2A inhibitors in this experiment, 

the oocytes underwent GVBD after 6-8 h. Cdc2 kinase was not activated during the culture 

period, but MAP kinase was activated in the oocytes after 2 h of treatment. Since MAP kinase has 

a weak activity to phosphorylate nuclear lamins (Peter et al., 1992), MAP kinase is supposed to 

substitute for the role of Cdc2 kinase in GVBD in the oocytes. Actually, when oocytes were 

treated with an MEK inhibitor and CL-A, MAP kinase activation was completely inhibited. In the 

oocytes, CL-A did not induce GVBD at all, while chromosome condensation occurred in the GV. 

Under our normal maturational conditions, the Cdc2 kinase of oocytes was still inactive at the 

diakinesis stage, and these oocytes had a nuclear membrane. However, the chromosomes were 

highly condensed with their histone H3 phosphorylation, and histone H3 kinase was activated in 

the diakinesis stage. Together with the above results, these data suggest that the activation of 

Cdc2 kinase is required for nuclear membrane breakdown, but not for chromosome condensation 

in the pig oocytes. 

In the present study, the change in histone H3 kinase activity accurately corresponded with 

histone H3 phosphorylation at S10 in pig oocytes and chromosome condensation. Histone H3 

phosphorylation was detected in the clump of condensed chromosomes at the diakinesis stage and 
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maintained during maturation of the oocytes. Histone H3 was also phosphorylated in condensed 

chromosomes in the inhibitor-treated oocytes. Furthermore, the chromosome condensation 

occurred without GVBD in the absence of the activation of both Cdc2 kinase and MAP kinase, 

but was accompanied by histone H3 kinase activation. Although we did not identify histone H3 

kinase in pig oocytes, accumulating data reveal that Aurora-B is required for mitotic histone 

H3-S10 phosphorylation in Drosophila and mammals (Giet and Glover, 2001; Crosio et al., 

2002), and Aurora-B is a mitotic histone H3 kinase in humans (Sugiyama et al., 2002). Goto et al. 

(2002) reported that Aurora-B phosphorylated histone H3 at both S10 and S28 during mitosis in 

mammalian somatic cells. In both yeasts and nematodes, the reduction of PP1 activity is 

responsible for histone H3 phosphorylation interacting with Aurora kinase (Hsu et al., 2000). 

Sugiyama et al. (2002) have suggested that human Aurora-B is a mitotic histone H3 kinase which 

associated protein phosphatases (PP1 or PP2A) as negative regulators of kinase activation. 

Moreover, chromatin-associated PP1 regulates Aurora-B activity and histone H3 phosphorylation 

(Murnion et al., 2001). Based on these findings and the present results, I propose that a balance of 

histone H3 kinase and PP1/PP2A activities regulates the meiotic phosphorylation of histone H3, 

and that the PP1/PP2A inhibition induces histone H3 phosphorylation, leading to chromosome 

condensation in pig oocytes. 
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Chapter 3. Histone H3 Modifications during Oocyte Growth, 

Maturation, and Activation 

 

 

3.1. INTRODUCTION 

 

As revealed in Chapter 2, histone H3-S10 is phosphorylated in condensed chromosomes in 

pig oocytes during maturation. The chromosome condensation is correlated with the histone H3 

kinase activity, but not with Cdc2 kinase and MAP kinase activities. In addition, it was suggested 

that the histone modifications affect chromatin structure directly. A body of recent findings 

showing how histone modifications exert their biological effects lead to the theory in which 

site-specific histone modifications might influence chromatin function through two mechanisms: 

first, by affecting nucleosome-nucleosome interactions that control the folding of nucleosomal 

arrays; second, by recruiting and interacting with docking proteins or complexes that remain to be 

identified (Strahl and Allis 2000; Jaskelioff and Peterson, 2003). Thus, histone modifications 

provide means to recruit enzymes that disrupt chromatin structure or to recruit proteins, such as 

heterochromatin protein 1 (HP1), that further package the chromatin fiber into inaccessible states. 

It is necessary to elucidate how the histone modifications were involved in chromatin/ 

chromosome morphology during oocyte growth, maturation and activation of mammalian 

oocytes. 

The sites for post-translational modifications are clustered within the first 30 amino acids of 

core histones. Histone H3 is acetylated at lysines (K) 9, 14, 18, and 23, phosphorylated at serines 

(S) 10 and 28, and methylated at K4 and K9 (Cheung et al., 2000a). The juxtaposition of these 

sites provides potential cross regulation of different modificational events. Several reports have 

described that modification at one site can influence modification of the second site. For example, 

histone H3 phosphorylation at S10 facilitates acetylation of K14 (Cheung et al., 2000b), but 

inhibits methylation of K9 in vitro (Lachner et al., 2001). Vice versa, methylation of H3 at K9 

prevents phosphorylation of S10 (Rea et al., 2000).   

Methylation of H3 at K9 creates a high-affinity binding site for the HP1 (Lachner et al., 

2001). Heterochromatin mediates diverse functions in the cell nuclei, including centromere 
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function, gene silencing and nuclear organization. The decision to silence or active 

heterochromatic genes appears to be the result of a balance between negative factors that promote 

the formation of the condensed higher-order chromatin structure, and positively acting 

transcription factors that bind to regulatory sequences to active gene expression. Histone H3-K9 

methylation is associated with long-term transcriptional repression as a stable modification 

through recruitment of HP1 (Jaskelioff and Peterson, 2003; Mateescu et al., 2004). There is 

growing evidence that HP1 protein can associate with the DNA methyltransferase activity 

(Bachman et al., 2001). In the mammalian oogenesis, a set of imprinted genes become 

methylated. Lucifero et al. (2004) showed that the DNA methylation acquisition was related to 

oocyte growth and coincided with the accumulation of methyltransferase transcripts in the mouse 

and human. However, there is no evidence for histone methylation during growing stage in 

mammalian oocytes.  

Pig oocytes in primordial follicles are 30 µm in diameter and grow to their final size of 

120-125 µm. Non-growing oocytes in primordial follicle are transcriptionally quiescent. When 

the oocytes enter the growth phase, transcription is initiated and ribosome-synthesizing nucleoli 

are established. Towards the end of the oocyte growth phase, these biological processes cease, 

and oocytes acquire the full meiotic competence to mature and to be fertilized (Fair et al., 1997). 

Chromatin in growing oocytes from early antral follicle is filamentous. Chromatin becomes 

thicker and with stringy configuration, then forms a condensed chromatin ring around the 

nucleolus. However, little is known about the molecular changes in oocyte chromatin during the 

growth phase. It has been shown in somatic cells that acetylation of histones is important in both 

the chromatin remodeling and transcription. Histone acetylation has been proposed as a potential 

inherited epigenetic marker, as the acetylation of histone H3 and H4 persists during the mitotic 

phase (Kruhlak et al., 2001). When histones become deacetylated, the chromatin is packed, and 

the packing of chromatin probably limits the accessibility of many regulatory factors to DNA 

sequence. On the contrary, histone acetylation promotes transcription factor access to 

nucleosomal DNA (Struhl et al., 1998). Therefore, acetylation status of histones not only alters 

the transcriptional activity, but also affects the configuration of chromatin. Although it has been 

suggested that histone acetylation plays important roles during mitosis, little is known about its 

involvement in meiosis. In addition, there is no evidence of histone acetylation in growing 
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oocytes that have the intense transcriptional activity.  

The mitotic cell cycle-dependent phosphorylation of histone H3 at S10 is conserved in 

eukaryotes. This dynamic post-translational modification has been linked to transcriptional 

activation (Sassone-Corsi et al., 1999) and to chromosome condensation and segregation (Hans 

and Dimitrov, 2001). It is suggested that in mammals, mitotic phosphorylation of histone H3-S10 

initiates in pericentromeric heterochromatin in late G2 interphase cells (Hendzel et al., 1997; Van 

Hooser et al., 1998). On the other hand, meiotic phosphorylation of H3-S10 was first detected in 

a clump of condensed chromosomes at early prometaphase and not in the condensing 

chromosome in pig oocytes (in Chapter 2). This implies that other histone modifications possibly 

occurs when the chromosomes start to condense in the oocytes. It has been reported that during 

mitosis in mammals histone H3 is phosphorylated not only at S10 but also at S28, and that 

Aurora-B kinase directly phosphorylates H3 at both serine positions (Goto et al., 2002; Sugiyama 

et al., 2002). Goto et al. showed that histone H3-S28 phosphorylation occurred in prophase but 

not during the late G2 phase. It has not been known whether H3-S28 modification occurs during 

maturation in mammalian oocytes and how it is involved in the chromosome condensation.  

After maturation, oocytes are arrested at metaphase of the second meiosis. Upon fertilization, 

oocytes resume meiosis and complete the second meiotic division. The second polar body 

extrudes, the female chromosome and sperm chromatin decondense, and two pronuclei are 

formed. Shortly after their formation, DNA replication is initiated in the pronuclei. Therefore, it 

needs to clarify whether the changes in histone H3 modifications such as dephosphorylation, 

methylation, and acetylation occurs during the chromatin/chromosome decondensation and 

initiation of DNA replication after activation of pig oocytes.   

Generally, histone modifications in relation to the change of chromatin/chromosome 

morphology during meiosis of mammalian oocytes have not been understood. Especially, there is 

no evidence of the relationship between histone modifications and chromatin morphology during 

growth phase of mammalian oocytes. In this chapter, the focus was to find out the correlation 

between morphology of chromatin/chromosome and histone H3 phosphorylation, acetylation, and 

methylation in pig oocytes. For that purpose, first, chromatin and nucleolus morphology and 

histone H3 modifications were examined in growing pig oocytes. Next, histone H3 modifications 

were examined during oocyte maturation, and then change in chromatin/chromosome 
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morphology in relation to histone H3 modifications was examined in electro-activated MII 

oocytes. Finally, the relation of different types of histone H3 modifications during meiosis of pig 

oocytes will be discussed. 

 

 

2. MATERIALS AND METHODS 

 

3.2.1. Collection of Growing Pig Oocytes 

Growing oocytes were collected from follicles at various diameters in pig ovaries. Follicles 

3-6 mm in diameter were collected in the same manner described in Section 2.2.1. To collect 

small follicles between 0.1-3 mm in diameter, cortical slices (0.5-3 mm thickness) were cut from 

ovarian surface by using a surgical blade (No. 21) and a pair of forceps. Under a microscope, 

preantral and antral follicles were dissected from the cortices and the tissues surrounding the 

follicles were torn off. Follicles with different sizes were classified into five groups according to 

their diameter: I: 0.1-0.2 mm, II: 0.5-1 mm, III: 1-2 mm, IV: 2-3 mm, V: 3-4 mm, and VI: 4-6 

mm. From the follicles of 0.1-3 mm in each class, oocytes-granulosa cell complexes were 

collected with a pair of fine forceps and a needle (25G) in 25 mM HEPES buffered TCM-199 

containing 0.1% (w/v) PVA (HEPES-199). From the each class of follicles larger than 3 mm, 

oocyte-cumulus complexes were collected as described in Section 2.2.1. Oocytes from different 

sized follicles were denuded of cumulus cells or granulosa cells by a small-bore pipet. Then the 

diameters of the oocytes (excluding zona pellucida) were measured with an ocular micrometer 

(Olympus, Tokyo, Japan) attached to an inverted microscope.  

Some oocytes in each follicle class were mounted on slides, fixed in acetic alcohol (acetic 

acid: ethanol = 1: 3), and stained with 1% orcein. The chromatin and nucleolar morphology of 

oocytes were examined under a differential interference microscope (Optiphoto; Nikon, Tokyo, 

Japan). Other oocytes were used for immunostaining and kinase assay.  

 

3.2.2. Oocyte Maturation and Activation 

Oocyte-cumulus-granulosa cell complexes (OCGCs) collected from follicles 4-6 mm in 

diameter were cultured for various time as described in Section 2.2.1 to obtain oocytes at the 
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germinal vesicle I (0 h), germinal vesicle II-IV (9-15 h), diakinesis (18 h), metaphase I (27 h), 

anaphase I and telophase I (30-33 h), and metaphase II (42 h) stages. After culturing, 200 µl of 

0.1% (w/v) hyaluronidase (Type I-S; Sigma Chemical Co.) in PBS-PVA was added to 2 ml of the 

maturation medium. Several minutes later, the oocytes were denuded of cumulus cells completely 

by pipetting. 

After maturation culture of 42 h, some oocytes were activated using a protocol that was 

described previously (Nguyen et al., 2003). The oocytes were denuded of cumulus cells 

completely by hyaluronidase and gentle pipetting as describe above. Denuded oocytes were 

transferred to new drops of HEPES-199 to rinse off the hyaluronidase solution. The extrusion of 

the first polar body was inspected under an inverted microscope to assess oocyte maturation. The 

oocytes with the first polar body were washed three times in a field solution that was 

composed of 0.3 mM mannitol, 0.1 mM MgSO4, and 0.05 mM CaCl2 and 0.01% (w/v) PVA. 

Each group of less than 20 oocytes was transferred to 100 l of the field solution between two 

parallel stainless electrodes in a chamber (FTC-03; Shimadzu Co. Ltd., Kyoto, Japan). A single 

direct-current pulse of 1,500 V/cm for 100 sec was supplied from an Electro Cell Manipulator 

(ECM 2000; BTX Inc., Sandiego, CA). Electro-activated oocytes were washed 3 times in 

HEPES-199 to rinse off the mannitol solution. Then they were cultured for 2, 4, 6, and 8 h in 

bicarbonate-buffered TCM-199 supplemented with 10% (v/v) heat-treated fetal calf serum, 0.1 

mg/ml sodium pyruvate, 0.08 mg/ml kanamycin sulphate, and 2.2 mg/ml sodium bicarbonate. 

The activated oocytes were cultured under the same temperature and gas phase as the oocyte 

maturation. After culturing, the oocytes were used for immunostaining and kinase assay. 

 

3.2.3. Classification of Nuclear Morphology  

Nuclear morphology of GV-stage oocytes were classified into the following 6 categories as 

described by Motlik and Fulka (1976) and Hirao et al. (1995).   

Filamentous chromatin stage (FC): Decondensed filamentous chromatin is distributed 

throughout the germinal vesicle, and the nucleolus is stained by orcein and has many vacuoles. 

Stringy chromatin stage (SC): Chromatin has begun to condense forming thick chromatin 

strings in the germinal vesicle, and the nucleolus is not stained by orcein. 
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Germinal vesicle I stage (GV I): Intact germinal vesicle is characterized by a distinct nuclear 

envelope and by the chromatin which is stained only around the nucleolus. 

Germinal vesicle II stage (GV II): Chromatin arranges around the nucleolus and a few 

orcein-positive zones (chromocenters) appear near the nuclear membrane. 

Germinal vesicle III stage (GV III): Nucleoplasm loses its granulation, but the nuclear 

membrane still remains distinct. Filamentous bivalents appear around the nucleolus.  

Germinal vesicle IV stage (GV IV): Nuclear membrane becomes less distinct and the 

nucleolus disappears completely. Individual filamentous bivalents are distinguishable.  

After germinal vesicle breakdown, the meiotic stages of oocytes were classified as follows; 

diakinesis (D), metaphase I (MI), anaphase I (AI), telophase I (TI), metaphase II (MII), anaphase 

II (AII), telophase II (TII), and pronucleus stage (PN). 

 

3.2.4. Immunofluorescent Microscopy 

The method is described in Section 2.2.2 in Chapter 2. The first antibodies used here were 

rabbit polyclonal anti-phospho-histone H3 at serine 10 (Cell Signaling Technology Inc., MA), 

rabbit polyclonal anti-phospho-histone H3 at serine 28 (Upstate, Cell Signaling Solutions, VA), 

rabbit polyclonal anti-trimethyl-histone H3 at lysine 9 (Abcam, Cambridge, UK), rabbit 

polyclonal anti-acetyl-histone H3 at lysine 9 (Upstate), rabbit polyclonal anti-acetyl-histone H3 at 

lysine 14 (Upstate), and rabbit polyclonal anti-acetyl-histone H3 at lysine 18 (Upstate) antibodies. 

To determine the integrity of the nuclear membrane and meiotic stages, mouse monoclonal 

anti-lamin A/C (Santa Cruz Biotechnology Inc) and mouse monoclonal anti-α tubulin antibodies 

(Sigma Chemical Co.) were used. The conjugated second antibodies used here were Alexa Fluor 

488-labeled goat anti-rabbit IgG (Molecular Probes Inc.) and Alexa Fluor 568-labeled goat anti- 

mouse IgG (Molecular Probes Inc.). The chromosomes were stained with propidium iodide (400 

µg/ml; Sigma Chemical Co.) or 4,6-diamidino-2-phenylindole (DAPI) (2 µg/ml; Molecular 

Probes Inc.). The oocytes were observed under a fluorescent microscope (U-LH100HGAPO, 

Olympus Optical Co.) or a confocal scanning laser microscope (Bio-Rad Radiance 2100). In the 

negative control, oocytes were reacted with nonimmune rabbit serum instead of rabbit polyclonal 

first antibody, or with mouse IgG instead of mouse monoclonal antibodies. 
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3.2.5. Kinase Assay 

The activities of Cdc2 kinase and histone H3 kinase in the oocytes during growth phase, 

maturation, and after electro-activation were measured using the method described in Section 

2.2.3 in Chapter 2.  

The typical patterns of filamentous chromatin (FC), stringy chromatin (SC), and germinal 

vesicle I (GVI) stages were found in the oocytes from follicles 0.1-0.2, 2-3, and 4-6 mm in 

diameter corresponding to oocyte diameters of 70, 108, and 122 µm, respectively (Fig. 3.1). 

Therefore, oocytes in follicles 0.1-0.2, 2-3, and 4-6 mm in diameter were chosen to measure the 

kinase activity of growing oocytes at FC, SC, and GVI stages, respectively. 

Stages of electro-activated oocytes were determined before they were transferred into 

Eppendorf tubes by staining with 12 µg/ml Hoechst 33342 (Polysciences Inc.) for 20 min 

followed by observation under a fluorescent microscope.     

 

3.2.6. Statistical Analysis 

At least 40 immunostained oocytes were examined for each antibody against modified 

histone H3 and in each meiotic stage. Each kinase assay experiment was performed at least 3 

replicates. Statistical differences in the activities of the kinases in autoradiographs were analysed 

by one-way ANOVA (F1-test) followed by the Tukey’s multiple range test. Other values were 

analysed using the chi-square test. P values less than 0.05 were considered statistically 

significant. 

 

 

3.3. RESULTS 

 

3.3.1. Chromatin and Nucleolus Morphology of Growing Oocytes  

The mean diameters of oocytes isolated from various sized follicles, classes I (0.1-0.2 mm), 

II (0.5-<1 mm), III (1-<2 mm), IV (2-<3 mm), V (3-<4 mm), and VI (4-6 mm), were 70.0±3.2 

(n=75), 89.7±2.5 (n = 70), 108.2±2.6 (n = 64), 115.3±3.0 (n = 69), 119.8±2.7 (n = 71), and 

122.1±2.2 m (n = 79), respectively.  

Nuclear morphology of the oocytes is summarized in Fig. 3.1A. Oocytes in class I contained 
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Fig. 3.1. A) Chromatin configuration of pig oocytes from various sized follicles. B) Nucleolus 

morphology of oocytes from various sized follicles. Figure above each colum shows the number 

of oocytes examined. a-d: P<0.05. 
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Fig. 3.2.  Chromatin configurations in germinal vesicles of pig oocytes. Oocytes collected from 

various sized follicles were fixed in acetic alcohol (1/3, v/v), stained with 1% orcein, and 

examined under a differential interference microscope.  Chromatin configurations of oocytes at 

the germinal vesicle stage were classified into 6 categories as described by Motlik and Fulka 

(1976) and Hirao et al. (1995).  A) Filamentous chromatin stage, B) Stringy chromatin stage, C). 

Germinal vesicle stage I, D) Germinal vesicle stage II, E) Germinal vesicle stage III, and F) 

Germinal vesicle stage IV. 
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decondensed-filamentous chromatin (FC) (Fig. 3.2A). As oocytes grew from class II to class V, 

chromatin became thicker and formed stringy configuration (SC) (Fig. 3.2B). Finally, a high 

frequency of oocytes in class VI formed a condensed chromatin rim around the nucleolus (GV I) 

(Fig. 3.2C).  

All of the oocytes examined in this experiment had a single nucleolus. However, there were 

significant differences in the frequency of nucleoli stained with orcein among different follicle 

classes (Fig. 3.1B). Almost all of the nucleoli in the oocytes in class I were stained with orcein 

(99%). The frequencies of oocytes with orcein positive nucleolus decreased to 83% and 75% in 

class II and III, respectively. In class IV, 65% of oocytes had an orcein-negative nucleolus, and 

most of the oocytes in classes V and VI had an orcein-negative nucleolus (96% and 100%, 

respectively).  

 

3.3.2. Histone H3 Modifications during Oocyte Growth  

The phosphorylation of histone H3 at serine 10 (P-H3-S10) and serine 28 (P-H3-S28) were 

not detected in any oocytes during the growth phase, and oocytes reaching the final size (Fig. 3.3). 

The changes in the activities of Cdc2 kinase and histone H3 kinase during oocyte growth were 

measured. Both of Cdc2 kinase and histone H3 kinase were inactive during oocyte growth (Fig. 

3.4).  

The acetylation levels of various lysine residues on histone H3 were examined by 

immunocytochemistry with specific antibodies against acetylated lysines 9, 14, and 18. 

Acetylation of histone H3 at lysines 9 (Ac-H3-K9), 14 (Ac-H3-K14), and 18 (Ac-H3-K18) were 

detected in oocytes at the filamentous chromatin stage in secondary follicles of 0.1-0.2 mm 

diameter (Figs. 3.5, 3.6 and 3.7). The fluorescent signals of acetylation of H3-K14 and H3-K18 

extended throughout the whole chromatin. Acetylation level of H3-K9 was highest in oocytes 

from secondary follicles, thereafter it decreased as oocytes grew. The acetylation levels of all 

lysines examined appeared high in growing oocytes and were diminished in the fully-grown 

oocytes at the GVI stage. 

The methylation levels of histone H3 were examined by the antibody that specifically 

recognized the trimethylated form of H3 at lysine 9 (Me-H3-K9). The fluorescent signal was not 

detected in oocytes at the filamentous chromatin stage in secondary follicles (Fig. 3.8). 
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Fig. 3.3. Immunofluorescent localization of phosphorylated histone H3-S10 (S10) and H3-S28 (S28) during oocyte growth. PI stained 

the chromosome (red), anti-phospho-histone H3-S10 and Alexa 488-labeled antibodies or anti-phospho-histone H3-S28, and Alexa 

488-labeled antibodies stained the phosphorylated histone H3 (green) in the same oocyte. The meiotic stages are FC: Filamentous 

chromatin stage, SC: Stringy chromatin stage, and GVI: Germinal vesicle stage I. Scale bar = 10 µm. 
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Fig. 3.4. The autoradiograph showing the changes in Cdc2 kinase and histone H3 kinase 

activities of pig oocytes during the growth and maturation. Histone H1 (H1) and histone H3 (H3) 

were used for the substrates of Cdc2 kinase and histone H3 kinase, respectively. The meiotic 

stages are FC: Filamentous chromatin stage, SC: Stringy chromatin stage, GVI: Germinal 

vesicle stage I, MI: Metaphase I, AI: Anaphase I, TI: Telophase I, and MII: Metaphase II. 
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Fig. 3.5. Acetylation of histone H3-K9 (Ac-H3-K9) in growing pig oocytes. DAPI stained the 

chromosome (blue), anti-acetyl-histone H3-K9 and Alexa 488-labeled antibodies stained the 

acetylated H3-K9 (green), and anti-lamin A/C and Alexa 568-labeled antibodies stained the 

nuclear membrane (red) in the same oocyte. The meiotic stages are A) Filamentous chromatin 

stage of an oocyte collected from secondary follicle (2nd follicle), B) Filamentous chromatin 

stage of an oocyte from early antral follicle (FC), C) Stringy chromatin stage (SC), and D) 

Germinal vesicle stage I (GVI). Scale bar = 30 µm. 
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Fig. 3.6. Acetylation of histone H3-K14 (Ac-H3-K14) in growing pig oocytes. DAPI stained the 

chromosome (blue), anti-acetyl-histone H3-K14 and Alexa 488-labeled antibodies stained the 

acetylated H3-K14 (green), and anti-lamin A/C and Alexa 568-labeled antibodies stained the 

nuclear membrane (red) in the same oocyte. The meiotic stages are A) Filamentous chromatin 

stage of an oocyte collected from secondary follicle (2nd follicle), B) Filamentous chromatin 

stage of an oocyte from early antral follicle (FC), C) Stringy chromatin stage (SC), and D) 

Germinal vesicle stage I (GVI). Scale bar = 30 µm. 
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Fig. 3.7. Acetylation of histone H3-K18 (Ac-H3-K18) in growing pig oocytes. DAPI stained the 

chromosome (blue), anti-acetyl-histone H3-K18 and Alexa 488-labeled antibodies stained the 

acetylated H3-K18 (green), and anti-lamin A/C and Alexa 568-labeled antibodies stained the 

nuclear membrane (red) in the same oocyte. The meiotic stages are A) Filamentous chromatin 

stage of an oocyte collected from secondary follicle (2nd follicle), B) Filamentous chromatin 

stage of an oocyte from early antral follicle (FC), C) Stringy chromatin stage (SC), and D) 

Germinal vesicle stage I (GVI). Scale bar = 30 µm. 
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Fig. 3.8. Methylation of histone H3-K9 (Me-H3-K9) in growing pig oocytes. DAPI stained the 

chromosome (blue), anti-methyl-histone H3-K9 and Alexa 488-labeled antibodies stained the 

methylated H3-K9 (green), and anti-lamin A/C and Alexa 568-labeled antibodies stained the 

nuclear membrane (red) in the same oocyte. The meiotic stages are A) Filamentous chromatin 

stage of an oocyte collected from secondary follicle (2nd follicle), B) Filamentous chromatin 

stage of an oocyte from early antral follicle (FC), C) Stringy chromatin (SC) stage, and D) 

Germinal vesicle stage I (GVI). Scale bar = 30 µm. 
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Methylation of H3-K9 started to appear in chromatin knobs in growing oocytes when follicles 

increased from 0.5 to 1 mm in diameter. The staining of Me-H3-K9 was weak in oocytes at the 

FC and SC stages from follicles 1-2 mm in diameter. The methylation of histone H3-K9 extended 

throughout the whole chromatin in the oocytes at the SC stage in 2-4 mm follicles. Finally, the 

methylation became observed at the entire condensed heterochromatin ring when oocytes reached 

to the GVI stage with the final size (Fig 3.8). 

 

3.3.3. Chromosome Morphology and Histone H3 Modifications during Oocyte Maturation 

As shown in Chapter 2, phosphorylation of histone H3-S10 (P-H3-S10) was first detected in 

the clump of condensed chromosomes at the diakinesis stage after 18 h of culture, and thereafter 

the phosphorylation was maintained during oocyte maturation. Fluorescent signal of P-H3-S28 

was seen first around the nucleolus in oocytes at GVII-IV stages after 9 h of culture (Fig. 3.9B). 

The phosphorylation of H3-S28 extended throughout the whole condensing chromosomes in 

oocytes at GVII-IV stages after 15 h of culture. Thereafter, the phosphorylation of H3-S28 was 

maintained during oocyte maturation. The kinase assay showed that histone H3 kinase was 

activated after 9 h and the activity increased during meiotic maturation of pig oocytes (Fig. 3.10). 

The Cdc2 kinase became active at 24 h and reached the maximum level at 27 h. 

All of acetylation of H3 at K9, K14 and K18 were detected in oocytes at GVI stage before 

maturation culture. Intensity of fluorescent signal of acetylation of H3-K9 completely 

disappeared at the diakinesis stage (Fig. 3.11). On the other hand, acetylation of H3-K14 and 

H3-K18 decreased in the clump of condensed chromosomes at this stage (Figs. 3.12 and 3.13). 

The signals of acetylation of H3-K14 disappeared while acetylation H3-K18 still remained at a 

low level at the late diakinesis stage when nuclear membrane brokedown but the membrane 

fragments still remained. Then, Ac-H3-K18 completely disappeared at MI.  

Fluorescent signal of Ac-H3-K9 was detected again with a low level at TI. Similary, 

acetylation of H3-K14 was temporarily appeared around AI and TI. Finally, all of these signals 

completely disappeared again when oocytes reached MII (Figs. 3.11 and 3.12). However, the 

deacetylation of H3-K18 was maintained until MII stage.   

Methylation of H3 at K9 was detected in oocytes at GV I stage, and it was maintained 

throughout meiotic maturation of pig oocytes (Fig. 3.14). 
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Fig. 3.9. Immunofluorescent localization of phosphorylated histone H3-S28 (P-H3-S28) during maturation of pig oocytes. PI stained 

the chromosome (red), and anti-phospho-histone H3-S28 and Alexa 488-labeled antibodies stained the phosphorylated H3-S28 (green) 

in the same oocyte. The meiotic stages are A) Germinal vesicle stage I (GVI), B) Germinal vesicle stage II-IV (GVII-IV), C) 

Diakinesis (D), D) Metaphase I (MI), E) Anaphase I (AI), F) Telophase I (TI), and G) Metaphase II (MII). Scale bar = 10 µm. 
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Fig. 3.10. An autoradiograph showing the changes in Cdc2 kinase and histone H3 kinase 

activities during meiotic maturation of pig oocytes. Histone H1 (H1) and histone H3 (H3) were 

used for the substrates of Cdc2 kinase and histone H3 kinase, respectively. The lower figures 

represent the hours of maturation culture. 
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Fig. 3.11. Immunofluorescent localization of acetylated histone H3-K9 (Ac-H3-K9) during maturation of pig oocytes. DAPI stained 

the chromosome (blue), anti-acetyl-histone H3-K9 and Alexa 488-labeled antibodies stained the Acetylated H3-K9 (green), and 

anti-lamin A/C and Alexa 568-labeled antibodies stained the nuclear membrane (red, A’’- D’’), or anti-tubulin and Alexa 568-labeled 

antibodies stained the microtubule (red, E’’- H’’), in the same oocyte. The meiotic stages are A) Germinal vesicle stage I (GVI), B) 

Germinal vesicle stage II-IV (GVII-IV), C) Early diakinesis (ED), D) Late diakinesis (LD), E) Metaphase I (MI), F) Anaphase I (AI), 

G) Telophase I (TI), and H) Metaphase II (MII). Scale bar = 20 µm. 
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Fig. 3.12. Immunofluorescent localization of acetylated histone H3-K14 (Ac-H3-K14) during maturation of pig oocytes. DAPI stained 

the chromosome (blue), anti-acetyl-histone H3-K14 and Alexa 488-labeled antibodies stained the acetylated H3-K14 (green), and 

anti-lamin A/C and Alexa 568-labeled antibodies stained the nuclear membrane (red, A’’- D’’), or anti-tubulin and Alexa 568-labeled 

antibodies stained the microtubule (red, E’’ - H’’), in the same oocyte. The meiotic stages are A) Germinal vesicle stage I (GVI), B) 

Germinal vesicle stage II-VI (GVII-IV)), C) Early diakinesis (ED), D) Late diakinesis (LD), E) Metaphase I (MI), F) Anaphase I (AI), 

G) Telophase I (TI), and H) Metaphase II (MII). Scale bar = 20 µm.  
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Fig. 3.13. Immunofluorescent localization of acetylated histone H3-K18 (Ac-H3-K18) during maturation of pig oocytes. DAPI stained 

the chromosome (blue), anti-acetyl-histone H3-K18 and Alexa 488-labeled antibodies stained the acetylated H3-K18 (green), and 

anti-lamin A/C and Alexa 568-labeled antibodies stained the nuclear membrane (red, A’’ - D’’), or anti-tubulin and Alexa 568-labeled 

antibodies stained the microtubule (red, E’’ - H’’), in the same oocyte. The meiotic stages are A) Germinal vesicle stage I (GV I), B) 

Germinal vesicle stage II-VI (GVII-IV)), C) Early diakinesis (ED), D) Late diakinesis (LD), E) Metaphase I (MI), F) Anaphase I (AI), 

G) Telophase I (TI), and H) Metaphase II (MII). Scale bar = 20 µm.  
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Fig. 3.14. Immunofluorescent localization of methylated histone H3-K9 (Me-H3-K9) during maturation of pig oocytes. DAPI stained 

the chromosome (blue), anti-methyl-histone H3-K9 and Alexa 488-labeled antibodies stained the methylated H3-K9 (green), and 

anti-lamin A/C and Alexa 568-labeled antibodies stained the nuclear membrane (red, A’’ - D’’), or anti-tubulin and Alexa 568-labeled 

antibodies stained the microtubule (red, E’’- H’’) in the same oocyte, The meiotic stages are A) Germinal vesicle stage I (GVI), B) 

Germinal vesicle stage II-VI (GVII-VI), C) Early diakinesis (ED), D) Late diakinesis (LD), E) Metaphase I (MI), F) Anaphase I (AI), 

G) Telophase I (TI), and H) Metaphase II (MII). Scale bar = 20 µm. 
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3.3.4. Chromosome Morphology and Histone H3 Modifications after Electro-activation  

The typical meiotic stage of oocytes 2 h after electro-activation was AII or TII. After 4 h, most of 

oocytes reached TII and some of them started to form a female pronucleus (PN). Chromosomes 

completely decondensed to form a PN 6-8 h after activation. Activities of histone H3 kinase was 

high in MII oocytes and started to decrease at AII-TII stages (Fig. 3.15). Both kinases became 

inactive in the PN stage 6 h after activation. 

The phosphorylation levels of histone H3 at both S10 and S28 were high in oocytes at MII 

(Figs. 3.16 and 3.17). It still remained at AII and started to decrease at TII. Phosphorylation of 

H3-S10 completely disappeared at the PN stage. On the other hand, phosphorylation of H3-S28 

was still maintained around the nucleoli in the PN (Fig. 3.17) and completely disappeared at the 2 

cells stage (data not shown).  

The fluorescent signals of all of the acetylated lysines were absent in oocytes at MII. 

However, the signals of acetylation of H3-K14 and H3-K9 reappeared in oocytes at TII 2 h after 

electro-activation (Figs. 3.18 and 3.19). The signals of acetylation of H3-K18 reappeared in the 

PN of activated oocytes (Fig. 3.20). After that, the acetylation of all the lysines 9, 14, and 18 was 

maintained in the oocytes that were examined until the 2-cell stage (data not shown).  

The methylation of H3-K9 was detected in the chromosomes at MII. Even after 

electro-activation, the signals were maintained in oocytes at AII, TII, and the PN stage (Fig. 

3.21). 
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Fig. 3.15. The autoradiograph showing the changes in Cdc2 kinase and histone H3 kinase 

activities in pig oocytes after electro-activation. Histone H1 (H1) and histone H3 (H3) were used 

for the substrates of Cdc2 kinase and histone H3 kinase, respectively. The meiotic stages are: 

Germinal vesicle stage I (GVI); Metaphase II (MII); Anaphase II - Telophase II (AII-TII), and the 

pronucleus stage (PN). 
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Fig. 3.16. Histone H3-S10 dephosphorylation in electro-activated pig MII-oocytes. Oocytes were 

cultured for maturation for 42 h, and then electro-activated. Oocytes were examined after 2, 4, 

and 6 h by immunostaining with anti-phospho-histone H3-S10 and Alexa 488-labeled antibodies 

for the phosphorylated histone H3 (P-H3-S10, green), and anti-tubulin and Alexa 568-labeled 

antibodies for the microtubule (red). The chromosome was counterstained by DAPI (blue). The 

meiotic stages are A-A’’’) Metaphase II (MII), B-B’’’) Anaphase II (AII), C-C’’’) Telophase II 

(TII), and D-D’’’) Pronucleus stage (PN). 1st pb: 1st polar body, 2nd pb: 2nd polar body. Scale bar = 

20 µm. 

 



 56 

D
N

A
P

-H
3

-S
2

8


tu
b

u
li

n
M

er
g

e

AII TII PNMII

0 h                    2 h                    4 h               6 h

A B C D

A’ B’ C’ D’

A’’ B’’ C’’ D’’

A’’’ B’’’ C’’’ D’’’

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.17. Histone H3-S28 dephosphorylation in electro-activated pig MII-oocytes. Oocytes were 

cultured for maturation for 42 h, and then electro-activated. Oocytes were examined after 2, 4, 

and 6 h by immunostaining with anti-phospho-histone H3-S28 and Alexa 488-labeled antibodies 

for the phosphorylated histone H3 (P-H3-S28, green), and anti-tubulin and Alexa 568-labeled 

antibodies for the microtubule (red). The chromosome was counterstained by DAPI (blue). The 

meiotic stages are A-A’’’) Metaphase II (MII), B-B’’’) Anaphase II (AII), C-C’’’) Telophase II 

(TII), and D-D’’’) Pronucleus stage (PN). Scale bar = 20 µm.  
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Fig. 3.18. Histone H3-K9 reacetylation (Ac-H3-K9) in electro-activated pig MII-oocytes.  

Oocytes were cultured for maturation for 42 h, and then electro-activated. Oocytes were 

examined after 0, 2, and 6 h by immunostaining with anti-acetyl-histone H3-K9 and Alexa 

488-labeled antibodies for Ac-H3-K9 (green), and anti- tubulin and Alexa 568-labeled 

antibodies for the microtubule (red). The chromosome was counterstained by DAPI (blue). The 

meiotic stages are A-A’’’) Metaphase II (MII), B-B’’’) Telophase II (AII), and C-C’’’) Pronucleus 

stage (PN). Scale bar = 20 µm.  
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Fig. 3.19. Histone H3-K14 reacetylation (Ac-H3-K14) in electro-activated pig MII-oocytes.  

Oocytes were cultured for maturation for 42 h, and then electro-activated. Oocytes were 

examined after 0, 2, and 6 h by immunostaining with anti-acetyl-histone H3-K14 and Alexa 

488-labeled antibodies for Ac-H3-K14 (green), and anti- tubulin and Alexa 568-labeled 

antibodies for the microtubule (red). The chromosome was counterstained by DAPI (blue). The 

meiotic stages are A-A’’’) Metaphase II (MII), B-B’’’) Telophase II (AII), and C-C’’’) Pronucleus 

stage (PN). Scale bar = 20 µm.  
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Fig. 3.20. Histone H3-K18 reacetylation (Ac-H3-K18) in electro-activated pig MII-oocytes.  

Oocytes were cultured for maturation for 42 h, and then electro-activated. Oocytes were 

examined after 0, 2, and 6 h by immunostaining with anti-Acetyl-histone H3-K18 and Alexa 

488-labeled antibodies for Ac-H3-K18 (green), and anti- tubulin and Alexa 568-labeled 

antibodies for the microtubule (red). The chromosome was counterstained by DAPI (blue). The 

meiotic stages are A-A’’’) Metaphase II (MII), B-B’’’) Telophase II (AII), and C-C’’’) Pronucleus 

stage (PN). Scale bar = 20 µm.  
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Fig. 3.21. Histone H3-K9 methylation (Me-H3-K9) in electro-activated pig MII-oocytes.  

Oocytes were cultured for maturation for 42 h, and then electro-activated. Oocytes were 

examined after 0, 2, and 6 h by immunostaining with anti-methyl-histone H3-K9 and Alexa 

488-labeled antibodies for Me-H3-K9 (green), and anti- tubulin and Alexa 568-labeled 

antibodies for the microtubule (red). The chromosome was counterstained by DAPI (blue). The 

meiotic stages are A-A’’’) Metaphase II (MII), B-B’’’) Telophase II (AII), and C-C’’’) Pronucleus 

stage (PN). Scale bar = 20 µm.  
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3.4. DISCUSSION 

 

In this study, the correlation between morphology of chromatin/chromosome and histone H3 

phosphorylation, acetylation, and methylation throughout oocyte growth, maturation, and 

activation was investigated. The findings suggest that the morphological change in growing 

oocyte chromatin is probably regulated by acetylation of histone H3, and that the chromosome 

condensation during oocyte maturation is regulated by phosphorylation of histone H3 at two 

serine residues, S10 and S28. After oocyte activation, acetylation and dephosphorylation of 

histone H3 correlate to the decondensation of chromosomes. The data also indicate that histone 

acetylation and phosphorylation are reversible, whereas histone methylation has the energetic 

stability and is established during the oocyte growth phase. 

Follicle development in pig is associated with the growth of oocytes in which progressive 

change in nuclear organization occurs. The nuclear morphology of growing oocytes was 

characterized by decondensed chromatin with a vacuolated nucleolus. It has been known that pig 

oocytes acquire the meiotic competence as the chromatin changes from the decondensed state to 

condensed state (Hirao et al., 1995). It has also been known that there is a concomitant change in 

the patterns of heterochromatin and the nucleoli progressively from transcriptionaly active to 

inactive state in pig oocytes (Motlik et al., 1984). Chromatin of the oocytes in secondary follicles 

was distributed in patches over the nucleoplasm and did not appear to be condensed in the present 

experiment. As the oocyte diameter increased, orcein-positive nucleoli became orcein-negative 

and the chromatin became more heterogeneous, in part heavily condensed to form 

heterochromatin rim around the nucleolus. When oocytes reached the final size, the nucleoli were 

observed to be encapsulated by highly condensed heterochromatin. These observations 

correspond to the findings by Hirao et al. (1995). Compaction of nucleolus during oocyte growth 

results in the extrusion of the granules into the central vacuole or the surrounding nucleoplasm 

(Fair et al., 1996). Fibrous nucleoli are not stained by orcein. It has been thought that RNA is 

synthesized in granular component in nucleoli (Fiil 1976; Kopecny et al., 1996). Therefore, the 

morphological change of orcein-stained nucleoli to orcein-negative one perhaps reflects the 

transcriptional inactivation. The acetylation of nuclear core histones has been shown to play an 

important role in the regulation of gene expression by producing conformational changes in 
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chromatin structure, which render the DNA accessible to transcription factors during interphase 

(Turner et al., 1998). The acetylation of H3-K9, H3-K14, and H3-K18 was detected in chromatin 

patches spreading over the nucleoplasm of the growing pig oocytes at the filamentous chromatin 

stage in secondary follicles at 0.1-0.2 mm in diameter. The modulation pattern of chromatin 

configurations from decondensed to peri-nucleolar heterochromatin sheath involved transition of 

the histone H3 status from hyper-acetylation to hypo-acetylation of histone H3 at K9, K14, and 

K18. This indicates that deacetylation of histone H3 reflects the chromatin remodeling with the 

decrease of the transcription activity in pig oocytes.  

Studies in fungi and plants have revealed a relationship between DNA methylation and 

histone H3-K9 methylation, and have suggested that DNA methylation acts downstream of 

histone H3-K9 methylation (Tamaru and Selker, 2001). In the present experiments, any 

methylation signal of histone H3-K9 was found in the pig oocytes from secondary follicles. The 

methylation of H3-K9 appeared in chromatin knobs in growing oocytes from the antral follicles 

increasing in size from 1 to 2 mm. Then, towards the end of the growth phase, H3-K9 became 

highly methylated. The result of histone H3 methylation in this study appears to correspond to the 

reports in DNA methylation of oocytes. DNA methylation is proposed to be the imprinting signal 

(Wutz et al., 1997). Non-growing mouse oocyte is lack of maternal imprinting (Obata et al., 

1998) and the imprinting is established during the oocyte growth (Obata and Kono, 2002). 

Recently, a report in mice suggested that the DNA methylation acquirement takes place in every 

imprinted gene correlative with oocyte size. In the present experiments, histone H3 methylation 

at K9 was acquired in the oocytes about 90 m in diameter. The growth stage corresponds to the 

stage where oocytes showed the decrease in acetylation at H3-K9. Moreover, this stage is thought 

that oocytes have the initiation of transcriptional repression (De La Fuente and Eppig 2001). 

Therefore, oocytes acquire the histone H3 methylation as the change from transcriptionaly active 

to inactive. In addition, the present result showed that the methylation became high in the entire 

condensed heterochromatin ring at GVI stage when oocytes reached the final size. This may 

indicate that the complete acquisition of histone H3 methylation corresponds to the formation of 

heterochromatin in fully-grown oocytes. 

Cdc2 kinase and histone H3 kinase were inactive in growing pig oocytes. Histone H3 

phosphorylation of S10 and S28 was negative in these oocytes. The results suggest that there is 
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no histone H3 phosphorylation in growing pig oocytes, and that the phosphorylation is not 

involved in the change in the chromatin morphology and perhaps in the transcriptional activity. 

These findings are quite different from somatic cells where histone H3-S10 is phosphorylated in 

both interphase and mitosis (Cheung et al., 2000a). 

There are many events that specifically occur during meiotic cell cycle. For example, two 

rounds of nuclear divisions follow a single round of DNA replication. Moreover, the oocyte 

genome must be reprogrammed during maturation, which is followed by fertilization to allow the 

remarkable transformation from differentiated oocytes into the totipotent embryos of the next 

generation (Schultz et al., 1999). Therefore, the gene expression patterns of immature oocytes 

need to be reprogrammed, and the new program is established before fertilization. In the present 

experiment, methylation of histone H3-K9 was actually maintained during oocyte maturation 

perhaps for preserving the meternal genomic imprinting. On the other hand, all of histone H3 

acetylation levels decreased dramatically during oocyte maturation. It indicates that the 

deacetylation may be involved in genome remodeling by erasing the epigenetic markers for 

active genes in the oocytes, and renovating the gene expression pattern. In addition, it has been 

suggested that histone acetylation is associated with DNA replication (Jeppesen and Turner 1993; 

Zhang et al., 2002). Meiotic maturation of oocytes has two successive M phases without 

intervening DNA replication. Thus, histone H3 deacetylation is possible to be a prerequisite for 

the absence of DNA replication during oocyte maturation. In the present experiment, all of the 

acetylation of H3-K9, H3-K14, and H3-K18 completely disappeard around GVBD and the 

deacetylated status was maintained during oocyte maturation. However, histone H3-K9 and 

H3-K14 were temporarily acetylated around the MI/MII transition. A low level of acetylation of 

H3-K9 reappeared at TI and disappeared again at MII. Similarly, the acetylation of H3-K14 

temporarily appeared around AI and TI, and disappeared at MII. Since there is no transcriptional 

activity during oocyte maturation (Bachvarova, 1985), the change in histone acetylation would 

not be associated with gene expression. Histone acetylation is a dynamic process that is regulated 

by two kinds of enzymes, histone acetyltransferases (HATs) and histone deacetylases (HDACs). 

It has been suggested that during mitosis, HATs and HDACs are unable to acetylate or 

deacetylate histones because the enzymes are spatially reorganized and displaced from 

condensing chromosomes (Kruhlak et al., 2001). In contrast, Kim et al. (2003) have indicated that 
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HDACs are able to deacetylate histones and HATs are inactivated specifically during maturation 

of mouse oocytes. Thus, there are some differences in the regulation of histone deacetylation in 

mitosis and meiosis. During MI/MII transition of oocytes, Cdc2 kinase activity fell at AI-TI as 

shown in Chapter 2. This oscillation pattern of Cdc2 kinase activity coincides with the temporal 

acetylation of histone H3-K9 and H3-K14 at MI/MII transition. Thus, it is likely that the histone 

H3 acetylation is dependent on the Cdc2 kinase activity directly or indirectly. 

Histone H3-S10 was phosphorylated in condensed chromosomes in pig oocytes during 

maturation as shown in the previous chapter. In addition, the phosphorylation of H3-S28 was 

detected earlier in condensing chromosomes in pig oocytes at GVII-IV stage after 9 h of 

maturation culture. Since chromosome condensation began at this point, the observations led to 

the idea that phosphorylation of H3-S28 might be one of the key events initiating meiotic 

chromosome condensation. The activity of histone H3 kinase increased in oocytes after 9 h of 

culture. The activation occurred at the similar time course to that of phosphorylation of histone 

H3-S28. The fluorescent signal of H3-S28 was seen first around the nucleolus in the germinal 

vesicle after 9 h, and it extended throughout the whole chromosomes after 15 h. The 

phosphorylation of histone H3-S10 occurred after 18 h (in Chapter 2) which was later than the 

activation of H3 kinase.  

The histone code hypothesis predicts that specific combinations of histone modifications 

provide regulatory information through changes in the structure of chromatin (Strahl and Allis, 

2000; Jenuwein and Allis, 2001). In this hypothesis, modification of one residue in a histone may 

affect the type and frequency of modifications at other sites. Since chromosome condensation in 

pig oocytes takes a long time, it is possible to dissect the each step of histone modification. In the 

first step, after 9 h of culture, H3 kinase was activated and histone H3-S28 started to be 

phosphorylated while H3 acetylation was still maintained. In the second step, after 18 h, 

acetylation of histone H3 started to decrease, especially Ac-H3-K9 completely disappeared 

concomitant with the appearance of phosphorylation of H3-S10 at this stage. This suggests that 

deacetylation of H3-K9 and phosphorylation of H3-S10 possibly affect on each other. This 

corresponds to the reports in budding yeasts and nematodes where the decrease in acetylation of 

H3-K9 level was observed when the H3-S10 phosphorylation level increased (Hsu et al., 2000). 

Beside that, histone acetylation levels of H3-K14 and H3-K18 decreased remarkably at the 
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diakinesis stage when H3-S10 started to be phosphorylated. This is opposite to the change in 

somatic cells where histone H3-S10 phosphorylation facilitates the acetylation of H3-K14 

(Cheung et al., 2000b). The metaphase chromosomes in pig oocytes were always found to be 

heavily phosphorylated at both S10 and S28 but to be deacetylated at H3-K9, H3-K14, and 

H3-K18. However, histone H3 phosphorylation at S28 started earlier than S10. It has been 

reported that in mitotic chromosome condensation, Aurora-B kinase directly phosphorylates 

histone H3-S10 and H3-S28 in mammals (Goto et al., 2002). Because S28 position is farer from 

K9, K14, and K18 than S10, the phosphorylation at S28 is possibly not under the influence of 

interactions between phosphorylation and acetylation of other residues.  

The data showed that the methylation of histone H3-K9 was maintained during oocyte 

maturation regardless of the phosphorylation of H3-S10 and H3-S28, and deacetylation at H3-K9, 

H3-K14, and H3-K18. The methylation level of H3-K9 was still high after activation of oocytes 

until the pronucleus stage. It has been suggested that there is a direct link between histone 

methylation and DNA methylation pathways (Tamaru and Selker 2001). This idea is supported by 

the present results, which suggest that methylation of histone H3-K9 is involved in the 

propagation of genomic function through the preservation of stable methylation during 

maturation and after activation of oocytes. The energetic stability of histone methylation may 

have a role in enhancing epigenetic stability. The methylation level of H3-K9 was high regardless 

the reappearance of acetylation of H3-K9, H3-K14, and H3-K18 at TII, AII, and the pronucleus 

stages after electro-activation. These observations were similar to the recent report where the 

methylated H3-K9 was detected in chromosomes in MII mouse oocytes and in the female 

pronucleus of one-cell embryos (Liu et al., 2004). Aoki and Schultz (1999) suggested that during 

the one-cell stage, DNA replication occurred asynchronously between the two pronuclei, in that 

the female pronucleus required a longer time to complete replication. Moreover, methylated 

H3-K9 recruits HP1, an essential protein constituting hetrochromatin (Bannister et al., 2001), and 

this protein is accumulated only in the female pronucleus in mouse embryos at the 1 cell stage 

(Arney et al., 2002). The present results showed that the methylation of H3-K9 was similarly 

maintained after activation until pronucleus stage in pig oocytes.   

After electro-activation of pig oocytes, acetylation of H3-K14 reappeared at AII. The histone 

H3 at S10 and S28 were dephosphorylated at TII. The reappearance of acetylation of H3-K9 was 
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concomitant with the drop of phosphorylation of H3-S10 and H3-S28. This result reinforces the 

suggestion described above that the histone phosphorylation/dephosphorylation coincides with 

the wave of the acetylation. Chromosomes were completely decondensed and H3-S10 was 

completely dephosphorylated at the time of pronucleus formation. Fluorescent signals of 

Ac-H3-K9 increased at the same time. These data are supported by the results indicating that 

phosphorylation of histone H3-S10 antagonizes acetylation of H3-K9 in yeast (Edmondson et al., 

2002). Transcription is initiated in the one-cell stage embryos (Aoki et al., 1997). The 

reappearance of acetylation at H3-K14 and H3-K9 at AII and TII, and H3-K18 at the pronucleus 

stage appeared to prepare for the transcription.  

In conclusion, the findings in this chapter suggest that chromatin morphology and 

chromosome condensation/decondensation of pig oocytes are regulated by acetylation/ 

deacetylation and phosphorylation/dephosphorylation of histone H3. It is also shown that the 

oocytes in secondary follicles lack of histone H3-K9 methylation and the methylation is 

established correlative with oocyte growth. Although histone acetylation and phosphorylation are 

reversible, the stable methylation of H3-K9 is maintained through oocyte maturation. 

Furthermore, it is suggested that the ordered phosphorylation of histone H3 at S10 and S28 is 

thought to be influenced by other modifications, namely acetylation of neighboring lysines in the 

histone H3 molecule.  
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Chapter 4. Chromosome Condensation and Decondensation 

of the Somatic Cell Nuclei Injected into Mature 

 Oocytes 
 

 

4.1. INTRODUCTION 

 

Recent successes in mammalian cloning with differentiated adult nuclei strongly indicate 

that oocyte cytoplasm contains unidentified reprogramming activities with the capacity to erase 

the previous memory of cell differentiation (Wilmut et al., 1997; Wakayama et al., 1998). The 

breakthrough of animal cloning by using adult somatic cells has opened new ways of 

investigation in basic cell biology, and reproductive sciences. Mammalian cloning has been 

achieved by introducing the nucleus of a donor cell into an enucleated mature oocyte. It makes 

possible to study on the interaction of the donor nucleus with the oocyte cytoplasm after embryo 

reconstruction. Following nuclear transfer, nuclear reprogramming a process of returning a 

differentiated somatic nucleus to a topitotent stage is a prerequisite for the clonal development of 

reconstructed embryos. 

The early reprogramming consists of morphological remodeling of the donor nucleus which 

includes nuclear membrane breakdown, initial chromatin condensation, spindle assembly, and 

pronuclear formation after activation. It is suggested that a high level of Cdc2 kinase activity in 

the enucleated MII oocytes induces breakdown of the nuclear membrane of the transferred 

nucleus, resulting in chromosome condensation within the cytoplasm of the ooplast (Campbell et 

al., 1996; Tani et al., 2001). When a stimulus for activation is applied, activity of Cdc2 kinase 

decreases, resulting in chromosome decondensation and formation of a pronucleus-like structure. 

As revealed in Chapters 2 and 3, histone H3-S10 and H3-S28 are phosphorylated in condensed 

chromosomes in pig oocytes during maturation, and the chromosome condensation is correlated 

with histone H3 kinase activity. Therefore, it needs to elucidate whether histone H3 

phosphorylation is involved in the change in chromosome morphology of transferred somatic 

nuclei as it does in oocyte chromosomes.  

The timing of oocyte activation after nuclear transfer is considered to be an important factor 
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in the efficiency of cloned embryo production (Fulka et al., 2001). The time of oocyte activation 

reported has varied among species, for example, immediately to 10 h after nuclear transfer in 

cattle (Wells et al., 1999; Kato et al., 2000; Kasinathan et al., 2001), immediately to 4 h in pigs 

(Onishi et al., 2000; Polejaeva et al., 2000; De Sousa et al., 2002; Walker et al., 2002), and 

immediately to 6 h in mice (Wakayama et al., 1998). The effect of activation timing on the 

development of cloned embryos may be largely through modulation of the degree of nuclear 

reprogramming achieved. The timing of nuclear transformation depends on donor cell types, 

cell-cycle stage, and species. However, it is suggested that the length of direct exposure time of 

chromosomes of somatic cells to the ooplasm is important in reprogramming of the chromatin to 

support embryo development (Wakayama and Yanagimachi, 2001).     

The methylation and acetylation of histones H3 are thought to play important roles in the 

regulation of gene expression and to be essential for normal development in cloned embryos. 

Histone H3 in somatic cells for the nuclear transfer may be differently phosphorylated, 

methylated, and acetylated, and the modifications would change under the influence of ooplasm. 

Moreover, histone H3 phosphorylation and acetylation of the oocyte itself also change during 

decondensation of chromosomes after electro-activation as described in Chapter 3. It has to be 

elucidated whether such processes occur in a similar way in the chromosomes of the somatic cells 

transferred into oocytes.  

The study in this chapter was carried out to determine the involvement of histone H3 

phosphorylation, acetylation, and methylation in the change in chromosome morphology of the 

somatic nucleus transferred into in vitro matured pig oocytes. Next, injected pig oocytes with 

somatic cell nucleus were electro-activated, and the chromosome morphology of the oocytes and 

injected somatic cell nucleus were examined in correlation with their histone modifications in the 

same oosplasm. 

 

 

4.2. MATERIALS AND METHODS 

 

4.2.1. Collection and Maturation Culture of Oocytes 

OCGCs from follicles 4-6 mm in diameter were collected from pig ovaries and cultured in 
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the same manner described in Section 2.2.1. OCGCs were cultured for 45 h for maturation. After 

culture, oocytes were denuded from cumulus cells completely by hyaluronidase and gentle 

pipetting, and used for nuclear transfer experiments.    

 

4.2.2. Collection and Culture of Somatic Cells 

Healthy pig antral follicles of 4-6 mm in diameter were everted in HEPES-199 to collect 

mural granulosa cells using two pairs of fine forceps. Granulosa cells were dispersed by 

vigorously aspirating them in and out of a pipet, and then the suspention was transferred into a 

1.5 ml tube. After centrifugation at 500 g for 3 min, the pellet was resuspended in PBS. This 

treatment was repeated 2 times. The resulting pellet of granulosa cells was resuspended in a small 

amount of Dulbecco’s modified Eagle’s medium (DMEM, Sigma Chemical Co.) supplemented 

with 10% fetal bovine serum, and the cells were seeded in the dish whose bottom had been 

covered by 0.1 % gelatin (Sigma Chemical Co.). Then 2 ml of DMEM was added into the culture 

dish. The granulosa cells were cultured in an atmosphere of 5% CO2 in humidified air at 38.5oC 

for 2 days. After culture, the granulosa cells were collected by trypsinization. Briefly, the culture 

medium was removed and the cells were rinsed thoroughly with PBS two times. Trypsin solution 

(Sigma Chemical Co.) was added to cover the cultured granulosa cells for 1 min, and then 2 ml of 

serum containing DMEM was added. Granulosa cells were dispersed and transferred into a tube. 

After three times washes and centrifugations in PBS, granulosa cells were suspended in 

HEPES-CZB (Chatot et al., 1989) (Fig. 4.1A). 

 

4.2.3. Nuclear Transfer and Oocyte Activation 

Nuclear transfer of granulosa cells was carried out using a piezo-actuated micromanipulator 

system (Prime Tech, Tsuchiura, Japan). Matured pig MII oocytes were placed in droplets (10 µl) 

of HEPES-CZB in a micro-manipulation chamber. The process of injection of somatic cell nuclei 

into MII oocytes is shown in Figs. 4.1B-E. Trypsinzed granulosa cells were transferred into 

droplets of HEPES-CZB containing 12% polyvinyl pyrrolidone (PVP, Mr 360 kDa; Wako, Japan). 

Plasma membrane of granulosa cell was removed using an injection pipet (6-8 m in inner 

diameter) with several piezo pulses, and a single nucleus was injected into an oocyte near the 
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Fig. 4.1. A) Trypsinized pig granulosa cells after culture in DMEM for 2 days. B-E) Procedure of 

nuclear injection into pig oocytes by using a piezo-actuated micromanipulator system. B) 

Granulosa cell membrane was removed using an injection pipet (6-8 m in diameter) with several 

piezo pulses and drew in and out of the injection pipet. 1st pb: 1st polar body. C) Opening hole on 

zona pelucida by piezo-action. D) Injection of a granulosa nucleus into an oocyte. E) 

Withdrawing the injection pipet from the oocyte. 
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holding pipet. After nuclear injection, oocytes were cultured in bicarbonate-buffered TCM-199 

supplemented with 10% (v/v) heat-treated FCS, 0.1 mg/ml sodium pyruvate, 0.08 mg/ml 

kanamycine sulphate, and 2.2 mg/ml sodium bicarbonate. After culture for 1, 2, 3, 4, and 5 h, 

oocytes were fixed for the immunofluorescent microscopy.  

Another group of injected oocytes were cultured in the same medium for 2 h before 

electro-activation. Oocytes were activated by the method described in Section 3.2.2. Oocytes 

were fixed for the immunofluorescent microscopy at 2, 4, 6, and 8 h after electro-activation.   

 

4.2.4. Immunofluorescent Microscopy 

The method for immunofluorescent staining of oocytes was described in Section 2.2.2 and 

3.2.4. The first antibodies used here were rabbit polyclonal anti-phospho-histone H3 at serine 10 

(Cell Signaling Technology Inc.), rabbit polyclonal anti-phospho-histone H3 at serine 28 

(Upstate), rabbit polyclonal anti-trimethyl-histone H3 at lysine 9 (Abcam), rabbit polyclonal 

anti-acetyl-histone H3 at lysine 9 (Upstate), rabbit polyclonal anti-acetyl-histone H3 at lysine 14 

(Upstate), and rabbit polyclonal anti-acetyl-histone H3 at lysine 18 (Upstate) antibodies. To 

determine the integrity of the nuclear membrane and the meiotic stage, mouse monoclonal 

antibody against anti-lamin A/C (Santa Cruz Biotechnology Inc.) and mouse monoclonal 

anti-tubulin (Sigma Chemical Co.) antibodies were used. The conjugated second antibodies 

used here were Alexa Fluor 488-labeled goat anti-rabbit IgG (Molecular Probes Inc.) and Alexa 

Fluor 568-labeled goat anti-mouse IgG (Molecular Probes Inc.). The chromosomes were stained 

with propidium iodide (400 µg/ml; Sigma Chenical Co.) or 4, 6-diamidino-2-phenylindole 

(DAPI) (2 µg/ml; Molecular Probes Inc.). In the negative control, oocytes were reacted with 

nonimmune rabbit serum instead of rabbit polyclonal first antibodies, or with mouse IgG instead 

of mouse monoclonal anti-lamin A/C and anti-tubulin antibodies. 

 

4.2.5. Statistical Analysis 

At least 40 immunostained oocytes were examined by the immunofluorescent microscopy 

in each group. The values were analysed using the chi-square test. P values less than 0.05 were 

considered statistically significant. 
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4.3. RESULTS 

 

4.3.1. Chromosome Morphology and Histone H3 Modifications of Somatic cell Nuclei after 

Injection into Mature Oocytes  

Pig oocytes maintained their MII stage for 5 h after nuclear transfer of granulosa cells 

(Tables 4.1 and 4.2). Histone H3 phosphorylation at S10 and S28 in the oocyte chromosomes was 

also maintained during the culture period.  

Phosphorylation of histone H3-S10 and H3-S28 was not detected in any somatic nuclei 

immediately after injection (Fig. 4.2). Chromatin of injected somatic nuclei started to condense to 

make a single clump of chromosomes, as like the diakinesis stage of oocyte maturation, 0.5 h 

after nuclear transfer (Tables 4.1 and 4.2). In the clump of condensed chromosomes, histone H3 

started to be phosphorylated at both positions S10 and S28 with 49% and 55%, respectively. 

Some of the somatic nuclei showed the metaphase-like stage but the percentage was low after 1 h. 

At this time, intensity of the fluorescent signal of phosphorylation of histone H3 was low at both 

S10 and S28. After 2 h, proportion of somatic cells showing metaphase-like chromosomes 

increased about 80%, thereafter the high proportion was maintained until 5 h after nuclear 

transfer. The highly phosphorylation of H3-S10 and H3-S28 in the condensed chromosomes of 

somatic cells was observed in more than 90% of oocytes between 2 and 5 h after nuclear transfer.  

There were some differences between the morphologies of metaphase chromosomes of 

oocyte nuclei and somatic ones. The oocyte chromosomes were located in the metaphase plate of 

spindle, whereas somatic chromosomes were located on spindle poles or dispersed chaotically on 

the spindle. In addition, there were 20% of oocytes in which some chromosomes of somatic cells 

dispersed in ooplasm, out of the spindle (Fig. 4.3A). There were 10-15% of oocytes having 

somatic nuclei at the diakinesis-like stage even 2 h after nuclear transfer. In the oocytes, histone 

H3-S10 and H3-S28 were phosphorylated in the clumps of condensed chromosomes (Fig. 4.3). 

Fluorescent signals were detected for all of the Ac-H3-K9, Ac-H3-K14, and Ac-H3-K18 in 

the somatic nuclei immediately after nuclear transfer (Figs. 4.4, 4.5, and 4.6). Intensity of the 

signal of Ac-H3-K9 decreased to a low level at 0.5 h and disappeared 1 h after nuclear transfer. 

The signals of Ac-H3-K14 and Ac-H3-K18 decreased after 1 h and disappeared after 2 h.  
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State of nuclei after injection into MII oocytes

Somatic nucleus                     Oocyte nucleus      

P-H3-S10 P-H3-S10

+        +/- - +            +/- -

Time after 

injection

(h)

No. of 

oocytes

injected

0.5               47              24 (51)a 23 (49)a 0 (  0)a 9 (  19)a 14 (30)a 24 (51)a 47 (100)  47 (100)   0 ( 0)   0 ( 0)

1                  43              19 (44)a 20 (47)a 4 (  9)a 8 (  19)a 16 (37)a 19 (44)a 43 (100)  43 (100)   0 ( 0)   0 ( 0)

2                  46                3 (  7)b 7 (15)b 36 (78)b 42 (  91)b 1 ( 2)b 3 ( 7)b 46 (100)  46 (100)   0 ( 0)   0 ( 0)

3                  45                2 (  5)b 6 (13)b 37 (82)b 43 (  95)b 0 ( 0)b 2 ( 5)b 45 (100)  45 (100)   0 ( 0)   0 ( 0)

4                  49                1 (  2)b 6 (12)b 42 (86)b 47 (  96)b 1 ( 2)b 1 ( 2)b 49 (100)  49 (100)   0 ( 0)   0 ( 0)

5                  47                0 (  0)b 5 (11)b 42 (89)b 47 (100)b 0 ( 0)b 0 ( 0)b 47 (100)  47 (100)   0 ( 0)   0 ( 0)

Somatic nuclei were injected into pig MII-oocytes. Oocytes were examined after 0, 1, 2, 3, 4, and 5 h for the chromosome 

morphology and histone phosphorylation (P-H3-S10) by the fluorescent microscopy. Int: Interphase, D: Diakinesis stage, 

and M: Metaphase. Levels of phosphorylation were classified into (+): hight levels of P-H3-S10, (+/-): low levels of P-

H3-S10; and (-) : no P-H3-S10. 
a,b) Values with different superscripts in the same column differ significantly (P<0.05).   

Int D          M MII

 

 

 

 

 

 

 

 

 

Table 4.1. Chromatin configurations and phosphorylation of histone H3-S10 in somatic cell nuclei transferred  

into pig MII-oocytes   
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State of nuclei after injection into MII oocytes

Somatic nucleus                 Oocyte nucleus      

P-H3-S28                                               P-H3-S28

+        +/- - +            +/- -

Time after 

injection

(h)

No. of 

oocytes

injected

0.5          40              18 (45)a 22 (55)a 0 (  0)a 8 (  20)a 14 (35)a 18 (45)a 40 (100)    40 (100)    0 ( 0)    0 ( 0)

1             41              15 (36)a 21 (51)a 5 (13)b 10 (  24)a 16 (39)a 15 (37)a 41 (100)    41 (100)    0 ( 0)    0 ( 0)

2             47                3 (  7)b 6 (12)b 38 (81)c 43 (  91)b 1 (  2)b 3 ( 7)b 47 (100)    47 (100)    0 ( 0)     0 ( 0)

3             44                1 (  2)b 6 (13)b 37 (85)c 41 (  94)b 2 (  4)b 1 ( 2)b 44 (100)    44 (100)   0 ( 0)     0 ( 0)

4             43                0 (  0)b 5 (11)b 38 (89)c 42 (  98)b 1 (  2)b 0 ( 0)b 43 (100)    43 (100)   0 ( 0)     0 ( 0)

5             48                0 (  0)b 4 (  9)b 44 (91)c 48 (100)b 0 (  0)b 0 ( 0)b 48 (100)    48 (100)   0 ( 0)     0 ( 0)

Somatic nuclei were injected into pig MII-oocytes. Oocytes were examined after 0, 1, 2, 3, 4, and 5 h for the chromosome 

morphology and histone phosphorylation (P-H3-S28) by the fluorescent microscopy. Int: Interphase, D: Diakinesis stage, and M: 

Metaphase. Levels of phosphorylation were classified into (+): hight levels of P-H3-S28; (+/-): low levels of P-H3-S28, and (-) : 

no P-H3-S28. 
a-c) Values with different superscripts in the same column differ significantly (P<0.05).   

Int D            M MII

 

 

 

 

 

 

Table 4.2. Chromatin configurations and phosphorylation of histone H3-S28 in somatic cell nuclei transferred into  

pig MII-oocytes   
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Fig. 4.2. Histone H3-S10 (S10) and H3-S28 (S28) phosphorylation of somatic nuclei transferred 

into pig MII-oocytes. Nuclei of pig granulosa cells were injected into MII oocytes. Oocytes were 

examined after 0 and 2 h by immunostaining with anti-phospho-histone H3-S10 and Alexa 

488-labeled antibodies for the phosphorylated histone H3-S10, or anti-phospho-histone H3-S28 

and Alexa 488-labeled antibodies for the phosphorylated histone H3-S28 (green), and anti- 

tubulin and Alexa 568-labeled antibodies for the microtubules (red). The chromosome was 

counterstained by DAPI (blue). SN: somatic nucleus, 1st pb: first polar body. Scale bar = 20 µm.  
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Fig. 4.3. Somatic cell chromosomes showing different morphologies in pig MII-oocytes. Nuclei 

of pig granulosa cells were injected into MII oocytes. Subsequently, the oocytes were cultured for 

2 h and then electro-activated. Oocytes were examined after 2, 4, and 6 h by immunostaining 

with anti-phospho-histone H3-S10 and Alexa 488-labeled antibodies for the phosphorylated 

histone H3-S10 (green), and anti- tubulin and Alexa 568-labeled antibodies for the microtubule 

(red). The chromosome was counterstained by DAPI (blue). ON: Oocyte nucleus, SN: Somatic 

nucleus, FPN: Female pronucleus, SPN: Somatic pronucleus. Scale bar = 20 µm.  

 

 

 

 

 

 

 

 

 



 77 

0 h                    0.5 h                 1 h                2 h
D

N
A

A
c-

H
3
-K

9
L

a
m

in
 A

/C
M

er
g

e
E

n
la

rg
ed

A

A’

A’’

A’’’

A’’’’

B

B’

B’’

B’’’

B’’’’

C

C’

C’’

C’’’

C’’’’

D

D’

D’’

D’’’

D’’’’

SN

SN

SN
SN

ON ON

ON

ON

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4. Active deacetylation of histone H3-K9 (Ac-H3-K9) in somatic cell nuclei after injection 

into pig MII-oocytes. DAPI stained the chromosome (blue), anti-acetyl-H3-K9 and Alexa 

488-labeled antibodies stained the acetylated H3-K9 (green), and anti-lamin A/C and Alexa 

568-labeled antibodies stained the nuclear membrane (red). Oocytes injected with somatic cell 

nuclei were fixed at 0, 0.5, 1, and 2 h after nuclear transfer. ON: Oocyte nucleus, SN: Somatic 

nucleus. Scale bar = 30 µm. 
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Fig. 4.5. Active deacetylation of histone H3-K14 (Ac-H3-K14) in somatic cell nuclei after 

injection into pig MII-oocytes. DAPI stained the chromosome (blue), anti-acetyl-H3-K14 and 

Alexa 488-labeled antibodies stained the acetylated H3-K14 (green), and anti-lamin A/C and 

Alexa 568-labeled antibodies stained the nuclear membrane (red). Oocytes injected with somatic 

cell nuclei were fixed at 0, 0.5, 1, and 2 h after nuclear transfer. ON: Oocyte nucleus, SN: 

Somatic nucleus. Scale bar = 30 µm. 
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Fig. 4.6. Active deacetylation of histone H3-K18 (Ac-H3-K18) in somatic cell nuclei after 

injection into pig MII-oocytes. DAPI stained the chromosome (blue), anti-acetyl-H3-K18 and 

Alexa 488-labeled antibodies stained the acetylated H3-K18 (green), and anti-lamin A/C and 

Alexa 568-labeled antibodies stained the nuclear membrane (red). Oocytes injectied with somatic 

cell nuclei were fixed at 0, 0.5, 1, and 2 h after nuclear transfer. ON: Oocyte nucleus, SN: 

Somatic nucleus. Scale bar = 30 µm. 
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Integrity of the nuclear membrane of injected somatic cell nuclei was monitored by 

immunostaining with the anti-lamin A/C antibody. After 0.5 h, the antibody recognized the entire 

contour of somatic cell nuclei. After 1 h, the breakdown of nuclear membrane was observed in 

some somatic cell nuclei. After 2 h, most of the nuclear membranes had been completely 

disassembled (Figs. 4.4, 4.5, and 4.6).  

The signal from the antibody that recognized the trimethylated form of H3-K9 was detected 

in somatic nuclei immediately after injection. The methylation was maintained until 2 h (Fig. 

4.7).  

 

4.3.2. Chromosome Morphology and Histone H3 Modifications of Injected Somatic Cell 

Nuclei after Electro-activation of Ooocytes 

Proportion of somatic cell nuclei showing metaphase-like chromosomes increased 2 h after 

nuclear transfer and there was no statistical difference in the proportions after 2 h or later. 

Therefore, injected oocytes were electro-activated 2 h after injection of somatic cell nuclei to 

examine the changes in chromosome morphology and their histone modifications after oocyte 

activation.  

Two hours after activation, about 90% of oocytes were at anaphase II/telophase II (AII-TII), 

and chromosomes of somatic cell nuclei in 50% of oocytes showed anaphase/telophase 

(A-T)-like morphology (Figs. 4.8, 4.9, and 4.10). The proportion increased to about 70% at 4 h 

after activation (Fig. 4.8). At this time, the decondensation of chromosomes started in some 

oocytes. After 6-8 h, oocyte chromosomes completely decondensed to form a female pronucleus, 

and somatic chromosomes also formed pronucleus-like structure.  

After 2 h of electro-activation, the phosphorylation levels of H3-S10 and H3-S28 started to 

decrease in both oocyte and somatic chromosomes. The phosphorylation level of somatic 

chromosomes decreased earlier than that of oocyte chromosomes (Figs. 4.9 and 4.10). However, 

4 h after electro-activation, the proportion of histone H3 dephosphorylated oocyte chromosomes 

was similar to that in somatic chromosomes. The phosphorylation of H3-S10 completely 

disappeared when the chromosomes decondensed in both female pronucleus and somatic 

pronucleus 6-8 h after electro-activation. However, the phosphorylation of histone H3-S28 was 

still maintained at the periphery of the nucleoli in both pronuclei.  
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Fig. 4.7. Methylation of histone H3-K9 (Me-H3-K9) in somatic cell nuclei after injection into pig 

MII-oocytes. DAPI stained the chromosome (blue), anti-methyl-H3-K9 and Alexa 488-labeled 

antibodies stained the methylated H3-K19 (green), and anti-lamin A/C and Alexa 568-labeled 

antibodies stained the nuclear membrane (red). Oocytes injected with somatic nuclei were fixed 

at 0, 0.5, 1, and 2 h after nuclear transfer. ON: Oocyte nucleus, SN: Somatic nucleus. Scale bar = 

30 µm. 
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Fig. 4.8. Chromosome morphology and histone H3-S10 (A) and histone H3-S28 (B) 

phosphorylation of oocytes and injected somatic cell nuclei after electro-activation. Somatic 

nuclei were injected into pig MII-oocytes. Subsequently, the oocytes were cultured for 2 h and 

then electro-activated. Oocytes were examined after 0, 2, 4, 6, and 8 h. Figures above each colum 

shows number of oocytes examined. This experiment was repeated 5 times. 
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Fig. 4.9. Histone H3-S10 dephosphorylation of somatic cell chromosomes in electro-activated 

pig MII-oocytes. Oocytes were injected with pig granulosa cells. Subsequently, the oocytes were 

cultured for 2 h and then electro-activated. Oocytes were examined after 0, 2, 4, 6, and 8 h by 

immunostaining with anti-phospho-histone H3-S10 and Alexa 488-labeled antibodies for 

phosphorylated histone H3 (P-H3-S10, green), and anti- tubulin and Alexa 568-labeled 

antibodies stained the microtubule (red). The chromosome was counterstained by DAPI (blue). 

SN: Somatic cell nucleus, ON: Oocyte nucleus, SPN: Somatic cell pronucleus, FPN: Female 

pronucleus. Meiotic stages are AII: Anaphase II, TII: Telophase II, and PN: Pronucleus stage. 

Scale bar = 20 µm. 
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Fig. 4.10. Histone H3-S28 dephosphorylation of somatic cell chromosomes in electro-activated 

pig MII-oocytes. Oocytes were injected with pig granulosa cells. Subsequently, the oocytes were 

cultured for 2 h and then electro-activated. Oocytes were examined after 0, 2, 4, 6, and 8 h by 

immunostaining with anti-phospho-histone H3-S28 and Alexa 488-labeled antibodies for the 

phosphorylated histone H3 (P-H3-S28, green). The chromosome was counterstained by DAPI 

(blue). SN: Somatic cell nucleus, ON: Oocyte nucleus, SPN: Somatic pronucleus, FPN: Female 

pronucleus. Meiotic stages are AII: Anaphase II, TII: Telophase II, and PN: Pronucleus stage. 

Scale bar = 20 µm.  
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Generally, the somatic cell chromosomes showed similar morphological change to those of 

oocytes. In some cases, the meiotic stage of oocytes proceeded, whereas somatic chromosomes 

retained the clump shape (Fig. 4.3C). However, the phosphorylation and dephosphorylation of 

histone H3-S10 and H3-S28 in the somatic chromosomes changed in the similar manner to those 

of oocyte chromosomes. 

The fluorescent signals of all acetylated lysines were absent in oocytes chromosomes and 

injected somatic nuclei 2 h after nuclear transfer (0 h of activation). The acetylation of H3-K14 

reappeared in oocyte chromosomes at AII, then acetylation of H3-K9 appeared at TII. Thereafter, 

acetylation of H3-K18 appeared in oocytes at the pronucleus stage (Figs. 4.11, 4.12, and 4.13). 

The acetylation of H3 at all of K9, K14, and K18 in somatic chromosomes followed the change 

in oocyte chromosomes. However, in 20% of somatic chromosomes did not show the 

reappearance of H3 acetylation although they showed A-T-like morphology or pronucleus-like 

structure (Fig. 4.14).  

After electro-activation, the methylation of H3-K9 was maintained in oocyte chromosomes 

and somatic chromosomes until pronucleus stage (Fig. 4.15). However, in some oocytes, the 

intensity of Me-H3-K9 was lower in somatic chromosomes than that in oocytes. 

 

 

4.4. DISCUSSION 

 

Arrest at MII of pig oocytes was maintained for examined 5 h after nuclear transfer of 

somatic cells. During the time nuclear remodeling of pig granulosa cells took place in the oocytes. 

A series of phenomena were observed during the first 2 h, such as nuclear membrane disassembly, 

chromosome condensation to form metaphase-like configuration, decrease in histone H3 

acetylation levels and increase in histone H3 phosphorylation levels. These results showed that 

the nuclear stage and modifications of histone H3 in injected somatic nuclei were controlled by 

MII cytoplasm. 

In 10-15% of oocytes, somatic nuclei formed clumps of condensed chromosomes like as 

diakinesis stages of oocyte during maturation. The morphology was maintained after subsequent 

electro-activation. This result corresponded with the result of the integrity of nuclear membrane 
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Fig. 4.11. Change in the acetylation levels of histone H3-K9 (Ac-H3-K9) of somatic cell nuclei 

injected into pig MII-oocytes followed by electro-activation. DAPI stained the chromosome 

(blue), anti-acetyl-H3-K9 and Alexa 488-labeled antibodies stained the acetylated H3-K9 (green), 

and anti- tubulin and Alexa 568-labeled antibodies stained the microtubule (red). The oocytes 

were examined 0, 2, 4, and 6 h after electro-activation. ON: Oocyte nucleus, SN: Somatic nucleus, 

FPN: Female pronucleus, SPN: Somatic pronucleus. Scale bar = 30 µm. 
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Fig. 4.12. Change in the acetylation levels of histone H3-K14 (Ac-H3-K14) of somatic cell nuclei 

injected into pig MII-oocytes followed by electro-activation. DAPI stained the chromosome 

(blue), anti-acetyl-H3-K14 and Alexa 488-labeled antibodies stained the acetylated H3-K14 

(green), and anti-tubulin and Alexa 568-labeled antibodies stained the microtubule (red). The 

oocytes were examined 0, 2, 4, and 6 h after electro-activation. ON: Oocyte nucleus, SN: Somatic 

nucleus, FPN: Female pronucleus, SPN: Somatic pronucleus. Scale bar = 30 µm. 
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Fig. 4.13. Change in the acetylation levels of histone H3-K18 (Ac-H3-K18) of somatic cell nuclei 

injected into pig MII-oocytes followed by electro-activation. DAPI stained the chromosome 

(blue), anti-acetyl-histone H3-K18 and Alexa 488-labeled antibodies stained the acetylated 

H3-K18 (green), and anti-tubulin and Alexa 568-labeled antibodies stained the microtubule 

(red). The oocytes were examined 0, 2, 4, and 6 h after electro-activation. ON: Oocyte nucleus, 

SN: Somatic nucleus, FPN: Female pronucleus, SPN: Somatic pronucleus. Scale bar = 30 µm. 
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Fig. 4.14. Abnormal acetylation of histone H3-K14 (A’), H3-K18 (B’), and H3-K9 (C’) of 

somatic nuclei injected into pig MII-oocytes followed by electro-activation. DAPI stained the 

chromosomes (blue), anti-acetyl-histone H3-K14, H3-K18, or H3-K9, and Alexa 488-labeled 

antibodies stained the Ac-H3-K14, Ac-H3-K18, or Ac-H3-K9 (green), and a anti-tubulin and 

Alexa 568-labeled antibodies stained the microtubule (red). The oocytes were examined 0, 2, 4, 

and 6 h after electro-activation. ON: Oocyte nucleus, SN: Somatic nucleus, FPN: Female 

pronucleus, Scale bar = 30 µm. 
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Fig. 4.15. Methylation levels of histone H3-K9 (Me-H3-K9) of somatic nuclei injected into pig 

MII-oocytes followed by electro-activation. DAPI stained the chromosome (blue), 

anti-methyl-H3-K9 and Alexa 488-labeled antibodies stained the methylated H3-K9 (green), and 

anti- tubulin and Alexa 568-labeled antibodies stained the microtubule (red). The oocytes were 

examined 0, 2, 4, and 6 h after electro-activation. ON: Oocyte nucleus, SN: Somatic nucleus, 

FPN: Female pronucleus, SPN: Somatic pronucleus. Scale bar = 30 µm. 

 

 



 91 

of the injected somatic cells by immunostaining with the anti-lamin A/C antibody. In the 10-15% 

of oocytes, the nuclear membrane of somatic cells did not breakdown completely even 2 h after 

nuclear transfer. Because the membranes still remained in the oocytes, the chromosomes of 

somatic cells could not be exposed to the oocyte cytoplasm directly. Therefore, the chromosomes 

counld not form highly condensed state as metaphase-like structure. As shown in Chapter 3, both 

Cdc2 kinase and histone H3 kinase activities are high in MII oocytes. However, it migh be 

happen in some MII-arrested oocytes, the Cdc2 kinase activity decreased and the activity was not 

enough for somatic nuclei to induce the membrane breakdown completely. Alternatively, the 

remaining nuclear membranes of the somatic cells might disturbed the recruitment of oocyte 

microtubules which were required for the spindle formation by the somatic nucleus. The clumps 

of condensed chromosomes were maintained even after electro-activation. The result suggests 

that nuclear membrane breakdown of somatic cell nuclei are important for the morphological 

change of the chromosomes, and the defect possibly concerns the abnormal chromosome 

segregation at the first mitosis of embryos (Nguyen et al., 2004). In addition, there were 20% of 

oocytes in which condensed somatic chromosomes were dispersed in ooplasm, out of the spindle. 

This abnormality would result in some oocytes that had more than 2 pronulei, for example 1 large 

and 2 small somatic pronuclei after electro-activation. It is suggested that most of nuclear 

transferred oocytes form abnormal spindles (Nguyen et al., 2004). Therefore, the abnormality 

resulted in the chaotically dispersed chromosomes and multiple formation of somatic pronuclei.  

Although the chromosome morphology of somatic nuclei was different from oocyte nuclei 

to some extent, somatic cell chromosomes showed similar stage to those of oocytes after 

electro-activation. They showed metaphase- and anaphase-telophase-like stages and formed 

pronucleus-like structures. Especially, the phosphorylation and dephosphorylation of histone 

H3-S10 and H3-S28 of the somatic chromosomes changed in a similar manner to oocyte 

chromosomes. Histone H3-S10 and H3-S28 became phosphorylated after injection into mature 

oocytes, and dephosphorylated in the pronucleus-like structure after electro-activation. These 

results suggest that phosphorylation and dephosphorylation of histone H3 at S10 and S28 in 

injected somatic nuclei were controlled by oocyte cytoplasm.  

Most genes in differentiated cells are regulated through epigenetic modifications that change 

in the chromosome and do not alter the DNA sequences (Kikyo and Wolffe, 2000). During 



 92 

differentiation, somatic nuclei acquire highly specialized DNA and chromatin modifications 

which are thought to result in cellular memory of the differentiated state (Bird, 2002). Studies 

involving the modifications such as histone acetylation and methylation are thought to provide 

insights into the molecular mechanisms of redifferentiation in oocyte cytoplasm. It has been 

thought that the cytoplasm of the MII oocytes is able to reprogram the gene expression pattern of 

transferred somatic nuclei (Wilmut et al., 1997). In addition, it is suggested that acetylated 

histone molecules in chromatin are associated with increased gene expression (Tse et al., 1998). 

Therefore, histone H3 of transferred somatic nuclei should be deacetylated in the oocyes. In the 

present experiments, all of histone H3 acetylation levels of somatic cell nuclei were detected 

immediately after nuclear transfer. However, the acetylation levels decreased and completely 

disappeared 2 h after nuclear transfer. Thus, the cytoplasm of the MII oocytes could remove the 

acetyl groups from H3-K9, H3-K14, and H3-K18 in the transferred somatic nuclei. It suggests 

that histone deacetylase in oocyte cytoplasm deacetylates the somatic chromosomes.  

Transcription is initiated in the one-cell stage embryos (Aoki et al., 1997). After activation, 

acetylation of H3-K14 and H3-K9 of oocyte chromosomes reappeared at AII-TII, perhaps 

preparing for the transcription at the one-cell stage. Reappearance of histone H3 acetylation in 

somatic chromosomes occurred in a similar time course to the oocyte chromosomes. These 

results suggest that acetylation of histone H3 at K9, K14, and K18 in injected somatic nuclei 

were controlled by oocyte cytoplasm. 

However, there were 30% of oocytes in which somatic chromosomes showed low or no 

histone H3 acetylation although the morphological change of the chromosomes followed the 

change in oocyte chromosomes. Since acetylation in oocyte chromosomes reappeared after 

electro-activation, the result suggests that the preparation for the transcription was not sufficient 

in the somatic nuclei. This provides a clue for understading the cause of some results showing 

that epigenetic reprogramming was severely deficient in cloned embryos where aberrant patterns 

of gene expression occurred (Inoue et al., 2002; Niemann et al., 2002).  

In normal fertilization, oocyte cytoplasm regulates and enhances the epigenetic asymmetry 

between parental genomes, and consequently, functional differences are observed between them 

during development in mammals. The epigenetic differences are enhanced in the zygote by 

means of DNA demethylation of the paternal genome shortly after fertilization, while the 
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maternal genome displays de novo methylation (Mayer et al., 2000). Santos et al. (2003) found 

that H3-K9 methylation was reprogrammed in parallel with DNA methylation in normal embryos. 

In the present experiment, the methylation of H3-K9 was observed in the somatic cell nuclei 

immediately after nuclear transfer and the methylation was maintained after 2 h, before 

electro-activation. During the time it could happen that the somatic nuclei were further 

methylated by the influence of oocyte cytoplasm. Arney et al. (2002) have reported that mouse 

zygotes after fertilization show a high level of histone H3-K9 methylation in the maternal 

genome. In contrast, the paternal genome has no methylation of histone H3-K9 at the early stages 

of development. The present results showed that after oocytes activation, the methylation of 

H3-K9 in somatic nuclei was still maintained in oocytes until pronucleus stage. Liu et al. (2004) 

suggested that in normal fertilization, the methylation of H3-K9 was absent in the male 

pronucleus in the mouse, because histone H3 was methylated in the oocyte chromatin, but 

undermethylated in the oocyte cytoplasmic pool. Moreover, after fertilization, the sperm 

chromatin exchanges their protamines for histones. Thus, the paternal chromatin perhaps 

incorporates hypomethylated histone H3. The results in the present experiment indicate that the 

methylation of histone H3-K9 in the transferred somatic nuclei were different from that of 

spermatozoa. The methylation of H3-K9 in somatic nuclei persists after oocyte activation.  

In this study, the methylation level of H3-K9 of somatic chromosomes was lower than that 

of oocyte chromosomes in same MII oocytes and also after electro-activation. It is unknown 

whether erasure of the epigenetic mark of somatic nuclei can occur through active demethylation 

or histone exchange in the oocytes. Some possibilities might be thought about histone 

demethylation in the somatic nuclei. First, if demethylases exist, and they may erase the 

epigenetic mark of histone methylation of the somatic nuclei. Second, early reports demonstrated 

that Xenopus or human somatic nuclei injected into Xenopus oocytes lost 80-90% of the 

preradiolabelled nuclear proteins accompanied with significant incorporation of oocyte proteins 

(Gurdon et al., 1979). Because of the extreme difference of differentiation status between oocytes 

and somatic cells, these protein exchange events rise the possibility that methylated histones of 

somatic nuclei might be exchanged by the oocyte cytoplasmic histones.   

However, under the experimental conditions in the present study, histone H3-K9 methylation 

in somatic nuclei was not diminished after oocyte activation. This persistence indicates that the 
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histone methylation probably retains the previous memory of cell differentiation. This incomplete 

erasure of preexisting methylation in the somatic nuclei will be one important reason why 

mammalian cloning often fails. This corresponds well with some reports that revealed the 

inefficient demethylation and inappropriate reestablishment of DNA methylation in transferred 

somatic nuclei (Bourc’his et al., 2001; Kang et al., 2002).  

The results in this study showing the difference of histone acetylation and methylation 

between the oocyte nucleus and the transferred somatic nucleus would explain the different 

cloning efficacy using different donor cells with different epigenetic modifications, such as low 

levels of methylation and/or high levels of acetylation of histone H3. In summary, histone 

phosphorylation and acetylation, but not methylation of the transferred somatic nucleus is 

controled by oocyte cytoplasm. These results reinforce the fact that one of the key features of 

somatic nuclear transfer will be the establishment of the conditions that allow for erasure of 

heritable memory of differentiated cell types (Wade and Kikyo, 2002).  
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Chapter 5. Effects of Inhibition of Histone Deacetylase, 

Protein Synthesis and Tyrosine Phosphatase on 

the Chromosome Morphology and Histone H3 

Modifications in Pig Oocytes 
 

 

5.1. INTRODUCTION 

 

It was suggested in Chapter 3 that the modulation of chromatin configurations from 

decondensed to peri-nucleolar heterochromatin sheath in GV involved decreased acetylation 

levels of histone H3 at K9, K14, and K18, and that these lysines were deacetylated during oocyte 

maturation. However, the regulation of this meiosis- or oocyte-specific deacetylation has not been 

elucidated. The acetylation and deacetylation of histones is thought to play important roles in 

various cellular functions. The basic mechanisms studied in other cell types indicate that the 

acetylation of core histones is essential in chromatin remodeling and transcription (Peterson and 

Workman, 2000; Agalioti et al., 2002). The discovery of transcription factors, co-activators and 

co-repressors having histone acetyltransferase (HAT) or histone deacetylase (HDAC) activity, 

revealed the role of histone acetylation in regulating gene expression (Strahl and Allis, 2000). 

Histones associated with active genes exhibit high levels of acetylation, while histones associated 

with repressed heterochromatin are hypoacetylated (Braunstein et al., 1993). Consistent with this 

paradigm, in general, HAT activates and HDAC represses transcription. Trichostatin A, a specific 

inhibitor of HDAC, induces cell-cycle arrest (Yamashita et al., 2003). In mammalian cells, 

pericentric heterochromatin is especially responsive to prolonged treatment with trichostatin A, 

which results in the defined regions to relocate at the periphery and lose the properties of 

retaining heterochromatin protein 1 (HP1) (Taddei et al., 2001). It is also suggested that HDAC is 

able to deacetylate histones during meiosis but not mitosis (Kim et al., 2003).  

It is well documented that protein synthesis is required for the successful completion of 

meiotic maturation of oocytes from a variety of species including mammals (Schultz and 

Wassarman, 1977). Although protein synthesis is prominently decreased during mitosis, protein 

synthesis is active during oocyte maturation, and the newly synthesized proteins have vital roles 
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in the progress of meiosis (Schultz et al., 1979; Van Blerkom, 1981). If protein synthesis is 

inhibited during maturation, the activation of Cdc2 kinase and MAP kinase are inhibited, and 

meiosis stops in the mid-course (Hashimoto and Kishimoto, 1988; Sobajima et al., 1993). 

Cycloheximide, a protein synthesis inhibitor, is examined in some species such as mice (Schultz 

and Wassarman, 1977), rats (Ekholm and Magnusson, 1979) and pigs (Fulka et al., 1986). 

Although there are differences among mammalian species in the sensitivity of GVBD to 

cycloheximide, this inhibitor induces arrest of meiosis. In the pig, although the oocytes require 

the newly synthesized proteins for GVBD, premature condensation of chromosomes is induced in 

the GV without protein synthesis (Fulka et al., 1986; Kubelka et al., 1988). It has not been 

elucidated whether the protein synthesis is necessary for the histone modifications with the 

change in chromosome morphology in pig oocytes.   

Protein phosphorylation occurs on specific serine, threonine, and tyrosine residues in 

specific proteins. Although the phosphorylation of protein-tyrosine residues seems to represent 

only a small fraction of the overall modification of cellular proteins by phosphorylation, this 

reversible alteration has been demonstrated to be involved in many critical aspects of cellular 

physiology (Hunter, 1989; Fischer et al., 1991). Reversible tyrosine phosphorylation mediates 

regulation of cell growth, cell division, and differentiation. In the nucleus of somatic cells, 

functionally, tyrosine phosphorylation is linked to the regulation of the transcription factor 

activity. Tyrosine phosphorylation and dephosphorylation appear to be key events at several 

distinct steps during the maturational process of oocytes. It is suggested that many nucleolar 

proteins are tyrosine phosphorylated in bovine oocytes during growth phase, and they are 

dispersed into the oocyte cytoplasm at GVBD (Fair et al., 2001). Sodium orthovanadate is a 

powerful inhibitor of many protein tyrosine phosphatases (PTPase) in mitosis and meiosis. 

Vanadate has been used to study the role of PTPase in vitro (Gordon, 1991). In mouse and rat 

oocytes, vanadate inhibits GVBD by inhibiting tyrosine dephosphorylation of Cdc2 kinase (Choi 

et al., 1992; Goren and Dekel, 1994). In pig oocytes, it inhibits GVBD almost completely at 

concentration of 250 M and 500 M (Aquino et al., 1995). Gowdy et al. (1998) have shown that 

vanadate causes chromosome decondensation in mitotic cells, with masses of condensed 

chromatin interspersed with interphase-like chromatin in a well defined round nucleus. 

This chapter has the objective to examine whether meiosis-specific deacetylation and 
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phosphorylation of histone H3 are affected by the three different chemical inhibitors that have 

been known to regulate meiotic maturation of oocytes. The inhibitors were a HDAC inhibitor 

trichostatin A, a protein synthesis inhibitor cycloheximide, and a tyrosine phosphatase inhibitor 

vanadate. The results of Chapter 3 suggested that histone H3-K14 was highly acetylated in 

growing pig oocytes, and deacetylated during oocyte maturation. Therefore, the changes in 

acetylation of H3-K14 as well as phosphorylation of H3-S10 and H3-S28 were investigated in the 

oocytes treated by the inhibitors.    

 

 

5.2. MATERIALS AND METHODS 

 

5.2.1. Collection and Maturation Culture of Oocytes 

OCGCs from follicles 4-6 mm in diameter were collected from pig ovaries and cultured in 

the same manner described in Section 2.2.1. OCGCs were cultured in the maturation medium 

with one of the inhibitors, trichostatin A (Sigma, Chemical Co.), cycloheximide (Wako Pure 

Chemical Industries Ltd., Osaka, Japan) and sodium orthovanadate (Nacalai Tesque Inc., Kyoto, 

Japan). After culture, oocytes were denuded of cumulus cells completely by hyaluronidase and 

gentle pipetting, then used for immunostaining, Western blot analysis, and kinase activity assay. 

 

5.2.2. Experimental Designs 

Experiment 1: Effect of trichostatin A (TSA) on the chromosome morphology and histone 

modifications 

OCGCs were cultured in 0.5 ml of the maturation medium supplemented with or without 

100 nM TSA for 42 h. Then oocytes were used for immunostaining experiment. 

Experiment 2: Effect of cycloheximide (CHX) on the chromosome morphology and histone 

modifications 

To examine the effect of CHX on the chromosome morphology and histone modifications, 

OCGCs were cultured in 0.5 ml of the maturation medium supplemented with or without 35 µM 

CHX for 42 h. Then oocytes were used for immunostaining experiment. To examine the effect of 

CHX on the activities of oocyte Cdc2 kinase, MAP kinase, and histone H3 kinase, OCGCs were 
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cultured for various time, 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, and 42 h. Then the oocytes were used 

for kinase activity assay.   

Experiment 3: Effect of vanadate (Va) on the chromosome morphology and histone modifications 

To examine the effect of Va on the chromosome morphology and histone modifications, 

OCGCs were cultured in 0.5 ml of the maturation medium supplemented with or without 1 mM 

sodium orthovanadate for 42 h. Then the oocytes were used for immunostaining and Western blot 

analysis.    

 

5.2.3. Immunofluorescent Microscopy 

The method is described in Sections 2.2.3 and 3.2.4. The first antibodies used here were 

rabbit polyclonal anti-phospho-histone H3 at serine 10 (Cell Signaling Technology Inc.), rabbit 

polyclonal anti-phospho-histone H3 at serine 28 (Upstate, Cell Signaling Solutions), and rabbit 

polyclonal anti-acetyl-histone H3 at lysine 14 (Upstate, Cell Signaling Solutions) antibodies. To 

determine the integrity of the nuclear membrane, mouse monoclonal anti-lamin A/C antibody 

(Santa Cruz Biotechnology Inc.) was used. The conjugated second antibodies used here were 

Alexa Fluor 488-labeled goat anti-rabbit IgG (Molecular Probes Inc.) and Alexa Fluor 

568-labeled goat anti-mouse IgG (Molecular Probes Inc.). The chromosomes were stained with 4, 

6-diamidino-2-phenylindole (DAPI) (2 µg/ml; Molecular Probes Inc.). In the negative control, 

the oocytes were reacted with nonimmune rabbit serum instead of rabbit polyclonal first 

antibody. 

 

5.2.4. Kinase Assay 

The changes in the activities of Cdc2 kinase, MAP kinase, and histone H3 kinase in the 

oocytes were measured using the method described in Section 2.2.4.  

 

5.2.5. Electrophoresis and Western Blotting 

After culture, denuded oocytes were washed twice in PBS-PVA. Each group of 50 denuded 

oocytes was transferred into an Eppendorf tube with 15 l of SDS sample buffer (Laemmli, 

1970), boiled for 5 min, and stored at -20 oC before electrophoresis. After thawing, samples were 

run in 13% SDS-polyacrylamide gels, and proteins were transferred to hydrophobic 
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polyvinylidene difluoride membranes (Immobilin, Millipore Corporation, Bedford, MA) in a 

Trans-Blot SD semi-dry transfer cell (Bio-Rad Laboratories, Hurcules, CA) for 1.5 h at 2 

mA/cm2 in transfer buffer. The membrane were blocked with 10% fetal calf serum in PBS 

containing 0.1% Tween20 (PBS-Tween) for 2 h, then incubated with mouse monoclonal 

anti-phosphotyrosine antibody PY99 (1:500; Santa Cruz Biotechnology, Inc., CA) for 4 h at room 

temperature. After three washes in PBS-Tween, the membranes were treated with horseradish 

peroxidase-labeled anti-mouse Ig (1:1000, Dako Japan, Tokyo, Japan) in the blocking buffer for 1 

h at room temperature. After three washes of 10 min each with PBS-Tween, peroxidase activity 

was visualized with ECL Western blotting detection system (Amersham Life Science, UK). 

 

5.2.6. Statistical Analysis 

At least 40 immunostained oocytes were examined by the immunofluorescent microscopy 

in each group. The values were analysed using the chi-square test. P values less than 0.05 were 

considered statistically significant. 

 

 

5.3. RESULTS 

 

5.3.1. Histone Deacetylase (HDAC) Inhibition Induces Maturation Arrest 

    Trichostatin A maintained H3-K14 acetylation. No oocytes underwent GVBD by trichostatin 

A treatment, while control oocytes had reached MII with deacetylation of H3-K14 after 42 h 

(Figs. 5.1B, 1D, and 5.2A). In addition, in the treated oocytes, chromosomes started to condense, 

and nuclei showed GVII-IV-like stage (Fig. 5.1B) and SC-GVI-like stage (Fig. 5.3B). However, 

no histone H3 phosphorylation at both S10 and S28 were observed in these chromosomes (Figs. 

5.3B and 5.4B). This was different from that in oocytes during normal maturation where oocytes 

at GVII-IV stage had phosphorylated H3-S28 after 9-15 h of culture (in Chapter 3).  

 

5.3.2. Protein Synthesis Inhibition Maintains Histone H3 Acetylation 

Oocytes were incubated for 42 h with cycloheximide. The fluorescent signal of Ac-H3-K14 

did not disappear and no oocyte underwent GVBD (Figs. 5.1C and 5.2B). On the other hand, 
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Fig. 5.1. Effects of trichostatin A (TSA) and cycloheximide (CHX) on the chromatin 

configuration, histone H3-K14 acetylation (Ac-H3-K14), and nuclear membrane of pig oocytes. 

Oocytes were cultured with or without TSA or CHX for 42 h, and then stained with DAPI for the 

chromatin (blue), anti-acetyl- histone H3-K14 and Alexa 488-labeled antibodies for the 

Ac-H3-K14 (green), and anti-lamin A/C and Alexa 568-labeled antibodies for the nuclear 

membrane (red). MI: Metaphase I. Scale bar = 20 µm.  
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Fig. 5.2. Chromatin morphology, phosphorylation of histone H3-S10 and H3-S28, and acetylation 

of H3-K14 in the oocytes treated with A) Trichostatin A (TSA), B) Cycloheximide (CHX), or C) 

Vanadate (Va) for 42 h. This experiment was repeated 3 times. 
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Fig. 5.3. Effects of trichostatin A (TSA), vanadate (Va) and cycloheximide (CHX), on the 

chromatin configuration, histone H3-S28 phosphorylation (P-H3-S28), and nuclear membrane of 

pig oocytes. Oocytes were cultured with or without TSA, Va, or CHX for 42 h, and then stained 

with DAPI for the chromatin (blue), anti-phospho-histone H3-S28 and Alexa 488-labeled 

antibodies for the P-H3-S28 (green), and anti-lamin A/C and Alexa 568-labeled antibodies for the 

nuclear membrane (red). MII: Metaphase II. Scale bar = 20 µm.  
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Fig. 5.4. Effects of trichostatin A (TSA), vanadate (Va) and cycloheximide (CHX), on the 

chromatin configuration, histone H3-S10 phosphorylation (P-H3-S10), and nuclear membrane of 

pig oocytes. Oocytes were cultured with or without TSA, Va, or CHX for 42 h, and then stained 

with DAPI for the chromatin (blue), anti-phospho-histone H3-S10 and Alexa 488-labeled 

antibodies for the P-H3-S10 (green), and anti-lamin A/C and Alexa 568-labeled antibodies for the 

nuclear membrane (red). MII: Metaphase II. Scale bar = 20 µm.  
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control oocytes reached MII and histone H3-K14 was deacetylated after 42 h (Figs. 5.1A and 

5.2B).  

The activities of Cdc2 kinase and MAP kinase were measured in cycloheximide-treated 

oocytes. Both of them were inactive during the treatment (Fig. 5.5). On the other hand, in control 

oocytes, Cdc2 kinase became active after 24 h of culture, then MAP kinase became active in MI 

oocytes after 27 h (Fig. 5.5). In cycloheximide-treated oocytes, histone H3 kinase was also 

inactive during the treatment, while it was high in control oocytes at MI and MII (Fig. 5.6).  

In cycloheximide-treated oocytes, chromosomes condensed in the GV (Figs. 5.1, 5.3 and 

5.4). The condensed chromosomes had no histone phosphorylation at S10 (Fig. 5.4D), while 

histone H3-S28 was phosphorylated at a low level around the nucleolus after 42 h (Figs. 5.2B and 

5.3D).  

 

5.3.3. Tyrosine Phosphatase Inhibition Causes Chromatin Decondensation and Maintenance 

of Histone H3 Acetylation  

In vanadate-treated oocytes, the chromatin configuration changed from condensed 

heterochromatin ring around the nucleolus to decondensed morphology like filamentous stage or 

sringy stage in growing oocytes. No oocytes underwent GVBD by the treatment after 42 h of 

culture (Figs. 5.2C, 5.7B, and 5.7C). In the oocytes, there were intense fluorescente signals of 

acetylation of H3-K14 even after 42 h of treatment (Figs. 5.2C, 5.7B’, and 5.7C’), while control 

oocytes reached MII with deacetylation of H3-K14 (Figs. 5.7D and D’). In addition, 

vanadate-treated oocytes had no histone H3 phosphorylation at both S10 and S28 (Figs. 5.2C, 

5.3C’ and 5.4C’).  

Immunoblot analyses using anti-phosphotyrosine antibodies confirmed the effect of 

vanadate on tyrosine phosphorylation of oocyte proteins. Vanadate caused a massive 

accumulation of various tyrosine phosphorylated proteins with different molecular weights (Fig. 

5.8).  
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Fig. 5.5. The autoradiograph showing the changes in Cdc2 kinase and MAP kinase activities 

during meiotic resumption of pig oocytes. Pig oocytes were cultured in the medium with (+) or 

without (-) cycloheximide (CHX). Histone H1 (H1) and myelin basic protein (MBP) were used 

for the substrates of Cdc2 kinase and MAP kinase, respectively. The lower figures present the 

hours of maturation culture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6. The autoradiograph showing the changes in Cdc2 kinase and histone H3 kinase 

activities during maturation of pig oocytes. Pig oocytes were cultured in the medium with (+) or 

without (-) cycloheximide (CHX). Histone H1 (H1) and histone H3 (H3) were used for the 

substrates of Cdc2 kinase and histone H3 kinase, respectively. The lower figures present the 

meiotic stages are Germinal vesicle stage I (GVI), Metaphase I (MI), Metaphase II (MII) and the 

time of CHX treatment (CHX(+) 27 h and CHX(+) 42 h). 
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Fig. 5.7. Effects of vanadate (Va) on the chromatin configuration, histone H3-K14 acetylation 

(Ac-H3-K14), and nuclear membrane of pig oocytes. Oocytes were cultured with or without Va 

for 42 h, and then stained with DAPI for the chromatin (blue), anti-acetyl histone H3-K14 and 

Alexa 488-labeled antibodies for the Ac-H3-K14 (green), and anti-lamin A/C and  Alexa 

568-labeled antibodies for the nuclear membrane (red). GVI: Germinal vesicle stage I, SC-like 

Stringy chromatin stage by the vanadate treatment. FC-like: filamentous chromatin stage by the 

vanadate treatment. Scale bar = 20 µm.  
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Fig. 5.8. Tyrosine-phophorylated proteins in pig oocytes treated with vanadate. 1: immature 

oocytes collected from 4-6 mm follicles. 2: oocytes cultured for 42 h for maturation. 3: oocytes 

treated with vanadate for 42 h. Mouse monoclonal anti-phosphotyrosine antibody PY99 was 

used. 
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5.4. DISCUSSION 

 

The results presented here showed that inhibition of HDAC by trichostatin A induced oocyte 

arrest at the GV stage. In addition, both of cycloheximide and vanadate induced oocyte arrest. In 

all of the arrested oocytes, acetylation of histone H3-K14 was maintained. The results also 

suggest that tyrosine phosphatase(s) and newly synthesized proteins are required for 

deacetylation of histone H3-K14 as well as GVBD. 

 Trichostatin A maintains the H3-K14 acetylation, although the chromosome morphology 

changed to GVII-IV-like stage in treated oocytes. It was shown in Chapter 3 that histone H3-S28 

is phosphorylated in chromosomes of GVII-IV stages during normal oocyte maturation. The 

chromosomes in trichostatin-A treated oocytes condensed in a different manner from the oocytes 

in normal maturation.  

Since many kinds of proteins are known to be synthesized specifically during maturation, 

and they are required for the successful completion of meiotic maturation of oocytes, the 

association between protein synthesis and H3-K14 deacetylation was examined in pig oocytes. 

The result showed that the cycloheximide induced arrest of oocytes with inactivity of both Cdc2 

kinase and MAP kinase. It maintained the acetylation of H3-K14 although chromosomes started 

to condense. The configuration of chromosomes looked similar to that in trichostatin A-treated 

oocytes, and dephosphorylation of H3-S10 and acetylation of H3-K14 were maintained, although 

the phosphorylation of H3-S28 appeared at the periphery of the nucleolus in 

cycloheximide-treated oocytes. It was indicated in Chapter 3 that phosphorylation of H3-S28 

might be one of the key events initiating meiotic chromosome condensation, therefore, it might 

affect the beginning of chromosome condensation in the treated oocytes. However, the histone 

H3 kinase activity did not increase during the treatment. The phosphorylation of H3-S28 was 

possibly induced through the decreased activity of H3-S28 phosphatase induced by 

cycloheximide. A burst of phosphorylation of H3-S10 and H3-S28 could not be induced because 

of the low activities of histone H3 kinase and Cdc2 kinase. Nevertheless, these results 

demonstrate that the newly synthesized proteins are essential for the histone H3 phosphorylation 

and deacetylation during meiotic resumption of pig oocytes. 

Chromatin configuration of vanadate-treated oocytes was different from trichostatin A- or 



 109 

cycloheximide-treated oocytes. It has been suggested that sodium orthovanadate causes mitotic 

cells to revert to an interphase-like state (Anderson et al., 1998). Gowdy et al. (1998) suggested 

that tyrosine phosphatase inhibitors caused chromosome decondensation and nuclear envelope 

reformation in mitotic cells. The present experiments showed that in the vanadate-treated pig 

oocytes, condensed heterochromatin decondensed to filamentous or sringy configuration. In the 

oocytes, histone H3 was not phosphorylated at both S10 and S28. These results suggest that the 

inhibitor of tyrosine phosphatases inhibits the condensation of chromosomes and induces the 

decondensation of heterochromatin. In vanadate-treated oocytes, intense fluorescent signal of 

Ac-H3-K14 was detected even after 42 h. This indicates that the tyrosine phosphatase inhibitor 

maintained the acetylation of H3-K14 during the treatment. The result of immunoblot analyses 

using anti-phosphotyrosine antibodies confirmed the effect of vanadate on tyrosine 

phosphorylation of oocyte proteins. Vanadate caused a massive accumulation of tyrosin 

phosphorylated proteins with different molecular weights. This indicates that the tyrosine 

phosphatase inhibitor induces tyrosine phosphorylation of some proteins which in turn inhibit 

HDAC or promote HAT activity to maintain the acetylation of histone H3 in the oocytes, because 

it has been shown that the balance between the activities of HAT and HDAC determines the 

acetylation status of histones (Yamagoe et al., 2003).  

In summary, the three different inhibitors used in the experiments prevented the meiotic 

resumption of pig oocytes. Although the chromatin configurations were different among 

treatments, acetylation of histone H3-K14 and dephosphorylation of H3-S10 were maintained. 

Based on the results in Chapter 3 and here, it is possible that deacetylation of histone H3-K14 is a 

prerequisite to the phosphorylation of H3-S10. 
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Chapter 6. General Summary 
 

In mammalian fetal ovaries, oogonia enter the meiotic cell cycle to become primary oocytes, 

and then they are arrested at the diplotene stage of the first meiotic prophase. During this arrest, 

some of the oocytes start to grow. They increase in volume with the change in chromatin 

morphology. Fully-grown oocytes resume meiosis under the stimulation of gonadotropic 

hormones, and mature to metaphase II. During this oocyte maturation, chromosomes start to 

condense, and Cdc2 kinase and MAP kinase become active. The chromosome condensation is the 

first step of the oocyte maturation and has been thought to be induced by Cdc2 kinase. However, 

the mechanism of the chromosome condensation has not been understood completely. 

Morphological change in chromosomes in somatic cells has been implicated by histone 

modifications. Histone N-terminal tails provide sites for a variety of post-translational 

modifications including acetylation, phosphorylation, and methylation. The sites for the 

modifications are clustered within the first 30 amino acids of core histones, and the juxtaposition 

of the modification sites provides potential cross-regulation of different modificational events.  

The main objective of this research was to investigate the regulation of chromosome 

morphology by histone modification in pig oocytes during the growth, maturation, and activation. 

In addition, the study was carried out to determine the involvement of histone H3 modifications 

in the change in chromosome morphology of the somatic nuclei transferred into in vitro-matured 

pig oocytes. Finally, the possible involvement of histone modifications induced by some 

inhibitors that had been shown to affect on chromosome morphology in pig oocytes was 

investigated.  

In Chapter 2, the correlation between chromosome condensation and histone H3 

phosphorylation at serine 10 (H3-S10) during maturation of pig oocytes was examined. The 

phosphorylation of histone H3-S10 was first detected in the clump of condensed chromosomes at 

the diakinesis stage after 18 h of culture, and thereafter it was maintained until metaphase II. The 

kinase assay showed that histone H3 kinase activity was low in the oocytes at the germinal 

vesicle stage and increased markedly at the diakinesis stage, and that the high activity was 

maintained until metaphase II. To elucidate the involvement of Cdc2 kinase, MAP kinase, and 

histone H3 kinase on the chromosome condensation and histone H3 phosphorylation, the effects 
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of protein phosphatase 1/2A (PP1/PP2A) inhibitors on the chromosome condensation, 

phosphorylation of histone H3-S10, and activities of histone H3, Cdc2, and MAP kinases were 

investigated. The results showed that inhibitors of PP1/PP2A induced rapid chromosome 

condensation associated with histone H3-S10 phosphorylation after 2 h of treatment (Fig. 6.1). 

Both histone H3 kinase and MAP kinase were activated in the treated oocytes, although Cdc2 

kinase was not activated. In oocytes treated with a PP1/PP2A inhibitor (calyculin A) and a MEK 

inhibitor (U0126), neither Cdc2 kinase nor MAP kinase was activated, although histone H3 

kinase was still activated and the chromosomes condensed with histone H3-S10 phosphorylation. 

The inhibitor experiments made clear that the chromosome condensation correlated with histone 

H3 kinase activity, but not with Cdc2 kinase and MAP kinase activities. These results 

demonstrate the phosphorylation of histone H3-S10 occurs in condensed chromosomes during 

maturation of pig oocytes. 

In Chapter 3, correlation between the morphological change of chromatin/chromosome and 

histone H3 phosphorylation, acetylation, and methylation was investigated throughout oocyte 

growth, maturation, and activation. The results indicated that the modulation of chromatin 

configurations from decondensed state to peri-nucleolar heterochromatin sheath during oocyte 

growth involved the change in the levels of histone H3 acetylation at lysine 9 (H3-K9), H3-K14, 

and H3-K18. The phosphorylation of histone H3-S10 and H3-S28 was not involved in the change 

in the chromatin morphology in growing oocytes. The data also showed that the complete 

acquisition of histone H3 methylation corresponded to the formation of heterochromatin in 

fully-grown oocytes. Early in oocyte maturation, phosphorylation of H3-S28 was detected in 

condensing chromosomes in the oocytes at GVII-IV stage after 9 h of maturation culture, and 

then histone H3-S10 was phosphorylated. During the maturation, the histone H3 acetylation 

levels decreased dramatically, however, methylation of histone H3-K9 was maintained. After 

electro-activation of matured oocytes, acetylation of H3-K14, H3-K9, and H3-K18 reappeared at 

anaphase II, telophase II, and the pronucleus stage, respectively. The reappearance of acetylated 

H3-K9 was concomitant with the drop of phosphorylation levels of H3-S10 and H3-S28 at this 

stage. Chromosomes were completely decondensed and H3-S10 was completely 

dephosphorylated at the time of pronucleus formation, while fluorescent signal of acetylated 

H3-K9 increased. The methylation of H3-K9 was maintained during maturation and after 
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Fig. 6.1. A hypothetical model showing how PP1/PP2A inhibition induces histone H3 

phosphorylation leading to chromosome condensation in pig oocytes.  
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activation until pronucleus stage in the oocytes. These findings suggest that chromatin 

morphology and chromosome condensation/decondensation of pig oocytes are regulated by 

acetylation/deacetylation and phosphorylation/dephosphorylation of histone H3. It was also 

shown that the oocytes in secondary follicles lacked histone H3-K9 methylation and the 

methylation was established correlative with oocyte growth. Although histone acetylation and 

phosphorylation were reversible, the stable methylation of H3-K9 was maintained throughout the 

oocyte maturation and activation. Furthermore, it is suggested that the ordered phosphorylation of 

histone H3 at S10 and S28 is thought to be influenced by other modifications, acetylation of 

neighboring lysines in the histone H3 molecule. 

In Chapter 4, nuclei of somatic cells were transferred into in vitro-matured pig oocytes, and 

their histone H3 phosphorylation, acetylation, and methylation were investigated in relation to the 

change in the chromosome morphology. A series of phenomena were observed in the somatic 

nuclei during the first 2 h after nuclear transfer; chromosome condensation to form 

metaphase-like configuration, nuclear membrane disassembly, decrease in histone H3 acetylation 

levels, and increase in histone H3 phosphorylation levels. These results showed that nuclear 

remodeling including histone H3 modifications of injected somatic nuclei took place in the 

oocytes under the regulation of oocyte cell cycle. In the next experiment, pig oocytes injected 

with nuclei of somatic cells were electro-activated, and the chromosome morphology of oocytes 

and somatic cell nuclei was examined in correlation with their histone modifications in the same 

ooplasm. In most of the case, somatic chromosomes showed similar morphological change to 

those of oocytes, they progressed to anaphase II-telophase II-like stage, and then formed 

pronucleus-like structures. They also showed similar change in histone H3 phosphorylation and 

acetylation as oocytes. These results suggest that histone H3 phosphorylation and acetylation, but 

not methylation, of transferred somatic nuclei are controlled by oocyte cytoplasm.  

In Chapter 5, it was examined whether meiosis-specific deacetylation and phosphorylation 

of histone H3 were affected by three different chemical inhibitors that had known to regulate 

meiotic maturation of oocytes. The inhibitors were a histone deacetylase (HDAC) inhibitor 

trichostatin A, a protein synthesis inhibitor cycloheximide, and a tyrosine phosphatase inhibitor 

vanadate. The results showed that HDAC inhibition induced maturation arrest, protein synthesis 

inhibition maintained histone H3 acetylation, and tyrosine phosphatase inhibition caused 
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heterochromatin decondensation and maintenance of histone H3 acetylation. The data indicated 

that all the three different inhibitors prevented the meiotic resumption of pig oocytes. Although 

induced chromatin configurations were different among treatments, acetylation of histone 

H3-K14 and dephosphorylation of H3-S10 were maintained.  

The correlation of juxapositional histone H3 modifications during the growth, maturation 

and activation of pig oocytes can be summarized in a model as follows (Fig. 6.2). During their 

growth phase, histone H3-K9 becomes methylated for establishment of the maternal gene 

imprinting and histone H3-K9, H3-K14, and H3-K18 are acetylated for their transcriptional 

activity. When the fully-grown oocytes are stimulated by gonadotropins and start their maturation, 

histone H3-S28 and then H3-S10 become phosphorylated for the meiotic chromosome 

condensation. The phosphorylation of H3-S10 is accompanied by the deacetylation of H3-K9, 

H3-K14, and H3-K18. In oocytes at metaphase I and II, histone H3 at S10 and S28 are 

phosphorylated and K9, K14, and K18 are deacetylated completely. After activation of mature 

oocytes, H3-S10 and then H3-S28 become dephosphorylated for decondensation of chromosomes 

and H3-K9, H3-K14, and H3-K18 are reacetylated for preparing the zygotic transcription. 

Although histone acetylation and phosphorylation are reversible, the stable methylation of H3-K9 

is maintained throughout the oocyte maturation and activation.  

The oocyte growth, maturation, and activation are complex processes, which include 

transcription, meiotic arrest with condensed heterochromatin, chromosome condensation and 

decondensation, two consecutive meiotic divisions, and genomic imprinting, for producing the 

female gamete, egg. The work described in this dissertation suggests that oocytes have unique 

ability to manage these complex processes through the histone, at least core histone H3 

modifications in chromatin. The phosphorylation of histone H3 is the first sign of oocyte 

maturation, and the balance of histone H3 kinase and PP1/PP2A activities regulates the 

phosphorylation leading to the chromosome condensation. The acetylation of histone H3 during 

oocyte growth and reacetylation after oocyte activation perhaps concern the transcriptional 

activities. The deacetylation during oocyte maturation and after somatic nuclear transfer may 

concern in erasing some memories in oocyte growth and differentiated state, respectively, to 

create the undifferentiated or totipotent embryos. Since the sites for the modifications are within 

the short histone tail, the juxtaposition of the modification sites is thought to provide 
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Fig. 6.2. A model of the histone H3 modifications during the growth, maturation, and activation 

in pig oocytes. 
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cross-regulations of different modifications. Deacetylation of histone H3-K14 is a prerequisite to 

the phosphorylation of histone H3-S10. When histone deacetylases are inhibited, histone H3 is 

not phosphorylated and the meiotic resumption is arrested. In contrast to the phosphorylation and 

acetylation, the energetic stability of histone H3 methylation through the maturation and 

activation perhaps contributes to the oocyte maternal epigenetic memory.  
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